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\ Foreword 

The First Berkeley Workshop on Recent Advances in Yeast Molecular Biology, 
sponsored by the Biology and Medicine Division of Lawrence Berkeley Laboratory 
and the Department of Biophysics and Medical Physics, was held on May ~O-22, 
1982. The meeting focused upon the novel insights regarding chromosomal 
structure, gene regulation, recombination, DNA repair, and cell type control, 
that have been obtained by experimental approaches incorporating the new 
technologies of yeast DNA transformation, molecular cloning, and DNA sequence 
analysis. 

The workshop was instituted to provide yeast researchers having closely 
related interests an opportunity for informal discussion and exchange of 
scientific views. The organization of the workshop was initiated during a 
period of limited funding of scientific activities. We thank Prof. Edward L. 
Alpen, Director of Donner Laboratory, the Henry Miller Fund, and all of our 
colleagues, whose vital support made this meeting a reality. 

Since workshops are by nature limited in attendance, we asked several 
participants to contribute) manuscripts summarizing their presentations which 
could be shared with the scientific community. We are grateful to the authors 
for the care and rapidity with which their articles were prepared. The 
assembly of these proceedings was overseen by Kathleen Bjornstad, Loretta 
Lizama and Peggy Little, who are responsible for the timely appearance of this 
volume. 
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Rec. Adv. Yeast Mol. BioI. (1982) 1:1-12 

IDENTIFICATION OF DNA SEQUENCES REQUIRED FOR * 
MITOTIC STABILITY OF CENTROMEREPLASMIDS IN YEAST 

M. Fitzgerald-Hayes and J. Carbon 
Department of Biological Sciences 

University of California 
Santa Barbara, California ~3l06 

Segments of Saccharomyces cerevisiae DNA that act as functional centromere 
units when introduced into yeast on autonomously replicating plasmids have been 
isolated from chromosomes III and XI. Portions of these DNA fragments have 
been subcloned into vector YRp7' to form plasmids pYe(CEN3)30 -(627 bp fragment) 
and pYe(CENU)5 (858 bp fragment), which exhibit the mitotic stabilization 
aspect of centromere function. Nucleotide sequence analysis of the small CEN 
DNA inserts has revealed seve.ral features of sequence organization -(sequence 
elements I, II, III, IV) common to both CEN3 and CENll DNA. Deletion muta
tions were constructed which alter 'the CEN fragments and, in some cases, abol
ish mitotic stability. The deletion mutant plasmids that lack sequence 
elements I, II and III from the CEN region are extremely unstable during cell 
division and are present in elevated copy number in yeast cells. The DNA 
sequences removed by these deletions may confer mitotic stability by providing 
an attachment site for the spindle fiber to ensure proper segregation during 
cell division. 

INTRODUCTION 

The centromere regions of eukaryotic chromosomes play a fundamental role 
in chromosome movement to ensure that genetic information is stably maintained 
and properly transmitted during cell division. The DNA sequences within a 
functional centromere probably interact with nuclear proteins to provide a 
microtubule or membrane attachment site and allow stable chromosome segrega
tion. Procedures used to fsolateand characterize large segments of yeast DNA 
from the centromere region of chromosome III (CEN3) have been described pre
viously (3). Centromere DNA from yeast chromosome XI (CENU) was originally 
isolated on plasmid pYe(MET14)2 by taking advantage of ·the tight genetic 
linkage between the MET14 gene and the centromere of chromosome XI (12,5). 
Functional CENll sequences were localized by subcloning restriction fragments 
from pYe(MET14)2 and testing the resulting plasmidsfor mitotic stability-in 
yeast (Figure 1). In the absence of a functional CEN fragment, autonomously 
replicatingplasmids like YRp7' (TRPI arsl), which replicate in yeast using an 
ars function, are very unst.able during mitosis and are quickly lost under non
selective growth conditions (16,9). ,These unstable plasmids-appear to attain 
an elevated copy number in a small portion of the population but segregate 
improperly during mitosis and continually generate progeny lacking plasmids. 
The addition of a functional centromere segment to an unstable plasmid allows 
it to be stabiymaintained'and transmitted at low copy number to daughter 
cells during mitosis, presumably by offering an attachment site for the 
spindle fiber. 

* M.F.-H. was supported by a Damon Runyon-Walter Winchell Cancer Fund post-
doctoral fellowship. This research was funded by a grant (CA-l1034) from the 
National Cancer Institute, National Institute of Health. 
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The smallest CEN fragments capable of mitotic stabilizat{on are contained 
in plasmids pYe(CEN3)30 (627 bp) (4,6) and pYe(CENll)5 (858 bp; Figure 1). 
These DNA fragments differ in primary nucleotide sequence but share several 
unique features of DNA sequence organization (6). The most obvious of these 
is an extremely [A+T]-rich core segment of about 90 bp (element II), which is 
flanked by two small regions (elements I and III) that are perfectly homolo
gous in both CEN3 and CENll DNAs (Figure 2). A third homologous region, 
element IV, occurs in both centromere sequences. The most striking observa
tion is that these three short regions of complete homology, elements I 
(14 bp), III (11 bp) and IV (10 bp), which surround the [A+T]-rich element II, 
are positioned in an almost identical spatial arrangement within the two 
centromere sequences as shown in Figure 2. In both CEN3 and CENll sequences, 
the most homologo.us region (71%) is a segment of about 130 bp including 
element I and extending 20 bp beyond element III. 

Toinvestigate'the role these conserved centromere sequences might play 
in mitotic stabilization, we have constructed deletion mutations which alter 
the CEN DNA in pYe(CENll)5. We find that DNA fragments conferring stable 
mitotic segregation in yeast include sequences extending from element I 
through element III; deletion of this region inactivates mitotic centromere 
function. 

MATERIALS AND METHODS 

Strains, Media and EnZymes 

Saccharomyces cerev~s~ae strain J17(~ his2 adel trpl met14 ura3) was 
constructed as described in reference 5. S. cerevisiae strain J170Bl (a 
adel trpl his2 ura3) is a canavanine-sensitive strain which demonstrates the 
canavanine response test useful for determining ploidy (14). It was con
structed by crossing J17 with RH218(~ CUPI ga12 mal ~ trpl) and analyzing 
the meiotic products for segregants with the appropriate genetic markers and 
the proper mutation response to canavanine resistance after irradiation with 
ultraviolet light. Media for bacterial and yeast growth have been described· 
previously (9). Restriction endonucleases were purchased from New England 
Biolabs and used with buffers and reaction conditions as specified by the 
vendor. Transformation of yeast was performed by a modification described in 
references 8 and 9. 

Construction of Ba13l Deletion Mutations 

Full-length linear molecules of pYe(CENll)5 were generated by cleavage 
with BamllI and purified by extraction with phenol, chloroform:isoamyl alcohol 
(24:l~and ethanol precipitation. The BamHI linears were treated with Ba13l 
(Bethesda Research Labs) in buffer containing 12 mM CaC12, 12 mM MgC1 2' 600 mM 
NaCl, 20 mM Tris-HCl (pH 8.1), and 1 mM EDTA. Two sets of reaction conditions· 
were used to generate sets of nested deletion mutations; 2.5 ~g linear DNA, 
2.5 units Ba13l, 50 ~l final volume, 32°C for 30, 60, 90 and 180 seconds (13) 
or; 5 ~g linear DNA, 2.5 units Ba13l, 25 ~l final volume, 20°C for 30 and 90 
seconds (7). Reactions were stopped by the addition of EDTA to 50 mM and 
extraction with phenol, chloroform-isoamyl alcohol, and precipitation with 
ethanol. After ligation in vitro, DNA preparations were used to transform E. 
coli to ampicillin resistance. Plasmid DNA was isolated from single colonies 
and the deletion mutations were characterized by restriction analysis and 
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CENll (MET14?) 
YEAST 'VVV\. 'VVVV\ 

CHROMOSOME 
1.~~1.1 

)( 1 &E )(.0. 
XI 

0 )( 10 

pYe(MET14)2 

~ 
.. 

pYe(MET14)27 
1.6 

X HindIII ~" ., 
pYe(CENll) 12 + EeaRI 0.0---0.: 

II BamHI 
0.9 pYe(CENll)5, 10 , Sail 

0--0 
.0 Sau3A 

Figure 1. Subcloning Experiments to Localize CENll. 

The indicated segments of yeast DNA in pYe(MET14)2 (5.2 kb) and 
pYe(MET14)27 (3.4 kb) are cloned into the BamHI site of YRP7, the pYe(CENll)12 
fragment (1.6 kb) is in the SaIl site of YRp7', and the 0.9 kb Sau3A fragment 
is cloned in two different orientations (pYe(CENll)5 and pYe(CENll)lO) into the 
BamHl site of YRp7'. The reconstructed BamHl site is distal to the unique Clal 
site (in pBR322) in pYe(CENll)5 and proximal to it in pYe(CENll)lO. The only 
difference between YRp7 and YRp7' is the orientation of the 1.4 kb fragment of 
yeast DNA (TRPI arsl) cloned into the EcoRl site of pBR322. Not all of the 
Sau3A sites are shown. 
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CEN3 

CENll 

II 
I III 

J 

~--------- 88bp (94% A + T) ----.,.----------1 .. 
r---~ r--~ 

AAAACAT A TTT AAAA TTTT AAAAAAA TT AATTTT CAAAA T AM TTT A TT A TA TTTTTTT AAA T ACAT AA T CAT AAAAAT AAATGTT C 
TTTTGT A TAAA TTTT AAAA TTTTTTT AA TT AAAAGTTTT A TTT AAA T AAT AT AAAAAAA TTT ATGT A TT AGT A TTTTT A TTT ACAAG 

14bp II bp 

IV 

Figure 2. Spatial Arrangment of Sequence Elements Common to CEN3 and CENII. 

The regions of perfect sequence homology between CEN3 and CENll, ele
ments I (14 bp), III (11 bp) .and IV (10 bp), are positioned in an almost 
identical spatial arrangement within the two centromere sequences. The very 
[A+T] -rich core (element II) lies between elements I· and III in both DNA se- . 
quences. There is an overall homology of 71% in the region from element I 
through element III when CEN3 and CENII are compared. The complete DNA se
quences compared for this analysis are the 858 bp Sau3A fragment in pYe(CENll)5 
and the 627 bp Sau3A fragment in pYe(CEN3)30 (6). --. . 

4 



subsequent DNA sequence determination (11). Plasmid isolates containing the 
appropriate deletion mutations were tested for mitotic stability after trans
formation into strain J17. 

Preparation of DNA for Southern Analysis 

For copy number analysis, yeast strain J170Bl was transformed with 
pYe(CENll)5 DNA or with various deletion mutant plasmid DNAs. Total yeast DNA 
(genomic and plasmid) was prepared according to Bloom and Carbon (1) from 
haploid J170Bl transformants grown overnight under non-selective conditions 
(plus tryptophan, 50 ~g/m1). Ploidy was determined by the canavanine response 
test as described by Schild et al. (14). Total DNA preparations were cleaved 
to completion with BglII , electrophoresed in 1.4% agarose slab gels (90 mM 
Tris-borate pH 8.3, 2.5 mM EDTA) and transferred to nitrocellulose paper (15). 
Hybridization and nick translation procedures have been described (1). 

RESULTS 

Construction of Deletion Mutations in pYe(CENll)5 

When the mitotic stabilities of different CEN-containing plasmids were 
compared, no consistent, significant differences in stability that correlate 
with the size of the yeast centromere insert could be observed (6). In our 
earlier studies, the smallest segment of chromosome XI tested was the 858 bp 
Sau3A fragment contained in pYe(CENll)5. Sequence analysis of the CEN insert 
in this mitotically stable plasmid revealed the presence of the [A+Tl-rich core 
region (element II) flanked by the short sequence elements I, III and IV 
(Figure 2). To further delimit the centromere sequences required for mitotic 
stabilization, we now have constructed deletion mutations within the CEN insert 
in pYe(CENll)5 and analyzed the behavior of the altered plasmids during cell 
division in yeast. 

Plasmid pYe(CENll)5 DNA was cut to' completion with BamHI and the resulting 
full-length linear DNAs were treated with the double strand specific exonu
clease, Ba13l (7,13), ligated in vitro, and amplified by transformation into E. 
coli. Plasmid DNA was prepared from the progeny of single colonies and the 
extent of the deletion mutation was characterized by restriction enzyme analy
sis of each isolate. All the deletion mutations analyzed removed the unique 
BamHI site in pYe(CENll)5, and the segments deleted ranged in size from less 
than 100 bp to greater than 1000 bp. Plasmids were selected with deletion 
mutations affecting a minimal amount of pBR322 vector DNA and extending an 
appropriate distance into CEN yeast. sequences as shown in Figure 3. Nucleo
tide sequence analysis indicated that the deletion in plasmid d13l-28 removes 
sequences up to element I but does not alter the segment of DNA containing 
elements I through III or the remaining portions of the yeast DNA. The muta
tion introduced into plasmid d13l-48 deletes element I, the [A+T]-rich core 
and element III, but ends at the junction of element III with the flanking 
DNA. The deletion in d13l-6 removes these sequences plus an additional 100 bp 
of yeast DNA. Thus, the region of centromere DNA from element I through 
element III is present only in plasmids pYe(CENll)5 and d13l-28, and has been 
deleted in both d13l-48 and d13l-6. None of the three deletion mutations 
described here alter the region of yeast DNA encompassing element IV, nor do 
they affect the TRPI arsl segment required for autonomous replication and 
selection of the plasmids in yeast. 
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PLASMID 

pYe(CENll)S 
d131-28 

d131-48 

d131-6 

MITOTIC 

f··.······· ·f· .. · ... 6~ rI_...., ... ...----lIril--+-__ ....,o.fTAB+~ LlTY 
d131-28 

't---------' 
d131-48 

d131-6 

~lOObp 

Figure 3. Diagram of the Deletion Mutations Constructed in pYe(CENU)5. 

The relevant region of plasmid pYe(CENll)5 containing the 858 bp Sau3A 
CENll yeast DNA insert (solid lines) and flanking pBR322 DNA (dotted lines) is 
indicated. Segments of DNA removed by the deletion mutations constructed at 
the BamHl site in pYe(CENll)5 are delineated by the brackets and designated 
by the plasmid names; d13l-28, d13l-48 and d13l-6. The mitotic stabilities 
of these plasmids were~etermined by the method described in Figure 4. Only 
selected restriction sites are shown; BamHl (~), Sau3A (0), Sall (.), 
HinfI (+) and HincH (A). The endpoints of the deletion mutations are 
as follows: d13l-28, pBR322 nt 490 to CENll nt 217; d13l-48, pBR322 nt 584 
to CENllnt 328; d13l-6, pBR322 nt 485 to CENU nt 462. Numbering is accord
ing to Sutcliffe (17) for pBR322 and Fitzgerald-Hayes et ale (6) for the CENll 
fragment. 
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Mitotic Stability and Copy Number in Yeast of pYe(CENll)5 and the Deletion 
Mutant Plasmids 

We have examined the effect of the deletion mutations introduced into 
pYe(CENll)5 on the stable maintenance of these plasmids during mitotic cell 
division in yeast. Plasmid DNA from each mutant isolate was used to transform 
yeast strain J17 to TRPl+. Plasmid mitotic stabilities were determined by 
assaying the percentage of TRPl+ cells remaining in the population after 
several generations of non-~elective growth. As shown in Figure 4, plasmids 
pYe(CENll)5 and d13l-28 demonstrate the same relatively high level of mitotic 
stability. In contrast, both deletion mutant plasmids d13l-48 and d13l-6, 
which lack sequence elements I through III, show a dramatic decrease in 
stability and are lost very rapidly from the population. The mitotic behavior 
of these unstable deletion plasmids resembles that of the vector, YRp7', which 
segregates improperly during mitosis and thereby continuously produces progeny 
without plasmid. The presence of a DNA fragment including all or a portion of 
the region containing element I, the [A+T]-rich core, anq element III appears 
to be required for stabilization and proper segregation of the plasmid during 
mitosis, presumably because this region contains sequences necessary 'for 
attachment to the mitotic apparatus. 

The copy number maintained by pYe(CENll)5 and the deletion mutant plas
mids in haploid cells was determined using total yeast DNA (genomic and plas
mid) prepared from J170Bl TRP+ transformants grown overnight under non-selec
tive conditions. Haploid J170Bl transformants were detected by assaying the 
frequency of mutation to canavanine-resistance (14). This avoids the testing 
of cell-fusion diploids (ala) produced during transformation. Total DNA 
preparations were digested completely with BglII, which cleaves at a unique 
site within the TRPI arsl segment in each plasmid. After electrophoresis and 
transfer t,o nitrocellulose paper, the blot was hybridized with 32P-labeled 
CENII Sau3A fragment (858 bp). The results of this analysis are shown in 
Figure~ The, larger molecular weight band in all the lanes (a-f) is the 
BglII fragment derived from the centromere region of chromosome XI. As ex
pected, it is the only radioactive band in lane f, which contains BglII
cleaved total DNA from untransformed J170Bl cells. The lower molecular weight 
band9 in lanes a through e of Figure 4 correspond to BglII linears of the 
various plasmids being tested. Comparison of the relative intensity of the 
plasIIlid band to the genomic band gives an estimate of the number of plasmid 
copies per haploid genome. Different autoradiographic exposures of this blot 
were subjec~ed to tracing with a densitometer to aid in comparing relative 
intensities of the different bands. The copy number calculations on a per 
cell basis include a correction for the percentage of cells in the population 
that contained plasmid at the time the cells were harvested to prepare total 
DNA. The results of this q.nalysis show that the copy number of pYe(MET14)27 
(Figure 5, lane a) is approximately one plasmid per TRPl+ cell. Plasmids. 
pYe(CENll)5 and d13l-28 (Figure 5, lanes b and c) are present in about one to 
two copies per TRPl+ cell. A dramatically different result is obtained with 
the mitotically unstable plasmids d131-48 and d131-6 (Figure 5, lanes d and 
e), which have elevated copy numbers of about 50 and 25 copies per cell. " 
These plasmids are present in only a small percentage (6% and 9%) of the totai 
population. In addition, the copy number values for d13l...;28, d13l-48 and 
dl3l-6 are likely to be underestimates. The 858 bp probe used in the analysis 
is 75% homologous with the CEN insert in d13l-28, while the larger deletions 
in d13l-48 and d13l-6 contain even less yeast DNA complementary to the probe 
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Figure 4. Mitotic Stability Analysis of pYe(CENll)5 and Various Deletion 
Mutant Plasmids in Yeast. 

., 
" 

" 

The various plasmid DNAs were used to transform yeast strain J17. Single 
colony transformants containing pYe(CENll) 5 (.), d13l-28 ( X ), d13l-48 (f:::.) 
and d13l-6 (D) were grown for two generations at 32°C in selective media, at 
whic~time tryptophan (50 ~g/ml) was added and incubation continued for several 
generations. Aliquots were removed at appropriate intervals after a zero time 
point taken just before the addition of tryptophan, sonicated briefly, diluted 
and spread on YPD agar (2% peptone, 1% yeast extract, 2% glucose, 2% agar) 
suppl'emented with tryptophan. After growth for 2 days at 32°G, colonies were 
replica-plated onto YNB agar (Difco yeast nitrogen base, 2% glucose, 0.5% 
casamino acids, 20 ~g/ml each adenine and uracil) in the presence or absence 
of tryptophan, to assay for the presence of plasmid. The percentage of Trp+ 
and Trp- colonies was scored after overnight incubation at 32°C. 
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Figur~ 5. Copy Number Determinations for pYe(CENll)5 and Deletion Mutant 
Plasmidsin Yeast •. 

Haploid transformants of yeast strain Jl70BI containing pYe(METI4)27 
(a), pYe(CENII) 5 (b), d131-28 (c), d13F-48 (d), d131-6 (e) or YRp7' (g) 
were grown overnight under non-.selective conditions and total DNA (genomic 
and plasmid) was prepared (1). A sample of DNA from untransformed Jl70BI cells 
(f) was also prepared. At the time of harvest, the proportion of cells con
taining plasmid in each sample was determined from the percentage of Trp+ cells 
in the populations (see legend to .. Figure 4). Total DNA was cut to completion 
with ~II, electrophoresed in 0;7% agarose, transferred to nitrocellulose and 
hybridized with 32P-Iabeled 858.bp CENll Sau3A fragment. The upper bahds 
present in lanes a through:g represent the genomic BgIII DNA fragment contain
ing the centromere region from chromosome XI. The lower molecular, weight bands 
in lanes a through e represent linearized.plasmid DNA. 
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(62% and 46%, respectively). Thus, these unstable deletion plasmids resemble 
the vector YRp7' in displaying both an elevated copy number and an inability 
to segregate properly during mitosis. 

DISCUSSION 

We have cloned and analyzed small segments of yeast chromosomal DNA that 
function as centromere sequences in yeast, as assayed by mitotic stabilization 
of autonomously replicating arsl plasmids. Plasmids containing small frag
ments of DNA from the centro;ere regions of chromosomes III and IX, 858 bp 
(pYe(CENll)5) and 627 bp (pYe(CEN3)30), demonstrate the same relative level of 
mitotic stability as do plasmids carrying larger DNA segments from these 
centromere regions (6). The rate of loss of these CEN plasmids during mitosis 
(1-3% per generation) is fairly consistent, although .subtle differences in 
mitotic function might not be detected in the stability assays we have used. 

Sequence analysis of the small centromere-containing PNA fragments in 
plasmids pYe(CENll)5 and pYe(CEN3)30 reveals an [A+T]-rich region (element II) 
and three short sequence homologies (elements I, III and IV) common to both 
CEN3 and CENll DNAs. These features of sequence organization are positioned 
in an almost identical spatial arrangement within both centromere fragments 
(Figure 2) suggesting a role for these DNA sequenc.es in centromere function. 
To determine the functional boundaries of the sequences required for mitotic 
stabilization, deletion mutations were constructed that alter the GEM insert 
in pYe(CENll)5 (Figure 3). Mitotic analysis of the deletion mutant plasmids 
(Figure 4) demonstrated that the smallest GEN fragments capable of conferring 
mitotic centromere function (in pYe(CENll)5 and dl3l-28) contain DNA segments 
that include sequence elements I, II and III. Deletions that completely remove 
this region, in dl3l-48 and dl3l-6, result in unstable plasmid segregation 
during cell division. Recently, we have analyzed the effect of a deletion 
(dl3l-l) in pYe(CENll)5 that removes the first 5 bp of sequence element I, 
but does not alter the remainder of element I, or any DNA to the right of 
element I (as diagrammed in Figure 2). This deletion plasmid demonstrates 
the same level of mitotic stability as is observed with the parent plasmid, 
pYe(GENIl)5. Another deletion plasmid (dl31-35) lacks the region containing 
element IV, but does contain the entire region extending from element r' through 
element III. This plasmid shows no reduction in mitotic stability as a result 
of removing sequence element IV (data not shown). Similar mutations con
structed within the element I through element III region should allow further 
delineation of the sequences necessary for stable chromosome maintenance. 

The CEN plasmids, pYe(METl4) 27, pYe(CENll)5 and d13l-28., are stably 
maintained through mitosis at low .copy number, either one or two copies per 
cell (Figure 4). Thus., the active CEN element in some way controls the copy 
number of the minichromosome to a low value. This behavior is strikingly dif
ferent from that of plasmids containing an ars but lacking a functional cen
tromere. For example, plasmid YRp7' is mitotically quite unstable and always 
occurs at high copy number in a small proportion .of the cells. This plasmid 
is apparently incapable of proper segregation and the replicated plasmid 
copies have a strong tendency to remain with the mo;ther cell during cell 
division. While the centromere plasmid pYe(METl4)27, which contains a 3.4 kb 
DNA insert, is reproducibly present at one copy per plasmid-containing cell, 
the bias toward two copies per cell in the cas.e ·of pYe(CENll) 5 and d13l-28 
could reflect a slightly increa.sed level of mitotic non-disj unction occurring 
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during segregation of the plasmids with smaller CEN inserts. In contrast with 
the stable CEN plasmids, the unstable deletion mutant plasmids,. d13l-48 and 
d13l-6, are present at an elevated copy number in a small proportion of the 
total population of cells, as is observed with the parent vector, YRp7'. This 
must reflect the inability of these plasmids to segregate, presumably because 
the mitotic attachment site has been deleted. The exact mechanism of the copy 
number control exerted by the CEN region is still unclear. However, these 
results suggest that in cases where the plasmids can segregate efficiently 
(pYe(MET14) 27 , pYe(CEN11)5,d13l-:-28),the low plasmid copy number per haploid 
genome is maintained. This may be due to a limitation in the number of extra 
spindle attachment points for extra centromeres, or it might reflect an active 
centromere-mediated copy number control mechanism. 

In conclusion, we have identified small segments of yeast centromere DNA 
(about 130 bp or less) that are directly involved in maintaining the proper 
mitotic segregation of autonomously replicating minichromosomes in yeast. 
Proper segregation during mitotic. cell division could result from the direct 
interaction of these DNA sequences in chromatin with specific DNA binding 
proteins to mediate attachment to the mitotic spindle fiber. Recent studies 
indicate that these DNA sequences are capable of binding specifically to 
certain nuclear proteins and are maintained in a unique chromatin conformation 
(1,2) • 
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* CHROMATIN STRUCTURE OF YEAST CENTROMERES 

K. S. Bloom and J. Carbon 
Department of Biological Sciences 

University of California 
Santa Barbara, California 93106 

The centromere sequences in the yeast chromosome are structurally dis
tinct from the bulk of the nucleosomal chromatin. A discrete protected region 
of 220-250 bp of CEN sequence flanked by highly nuclease-sensitive sites 
was revealed by mapping the exact nuclease cleavage sites within the centro
meric chromatin. On both sides of this protected region specific nuclease 
cutting sites exist at nucleosomal intervals (160 bp) for a total of 2.5-3 kb. 
The central protected region in the chromatin of both centromeres spans the 
130 bp segment, extending from sequence element I through the AT-rich element 
II to about 20 bp beyond element III, that exhibits the highest degree of 
sequence homology (71%) between functional CEN3and CENll DNAs. This unique 
chromatin conformation is maintained on CEN sequences introduced into yeast on 
autonomously replicating plasmids as well as on .deletion mutant plasmids 
demonstrating centromere function in yeast. These results suggest that the 
same chromatin components are associated with centromere DNA sequences ir
respective of their plasmid or chromosomal location to give rise to a region 
of structural differentiation that is required for centromere function in 
vivo. 

INTRODUCTION 

The centromere is an essential structural element of the eukaryotic chro
mosome. The presence of a centromere ensures the stable maintenance and 
proper segregation of chromosomes through mitosis and meiosis, presumably by 
providing an attachment point for spindle fibers or membrane sites involved 
in chromosome movement. 

Functional centromere sequences have been isolated from chromosomes III 
(CEN3) and XI (CENll) of the yeast, Saccha.romyces cerevisiae (3,4). When DNA 
segments containing either CEN3 or CENll are introduced into yeast on auton
omously replicating plasmids:Jgenetic markers on these plasmids are stably 
maintained at low copy number through mitosis in the absence of selective 
pressure and segregate through meiosis in a manner similar to that expected 
for centromere-linked genes (3,4). Thus CEN DNA segments contain sequences 
required for stable mitotic maintenance and proper meiotic segregation of 
minichromosomesin yeast. . 

The DNA fragments containing functional CEN3 and CENll activity differ 
in overall· nucleotide sequence but share several features of sequence organiza
tion (5,6). Both contain a region of about 90 bp (element II) that consists 
of greater than 90% A+T base pairs. Three regions of complete homology be
tween CEN3 and ~ENll, elements I (14 bp), III,(ll bp) and IV (10 bp), surround 

* K.S.B. was supported by a Jane Coffin Childs Postdoctoral Fellowship. This 
work was supported by NIH grant CA-ll034 from the National Cancer Institute. 
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the A+T-rich core segment and are positioned in virtually identical spatial 
arrangements within the two centromere sequences (S,6). In both centromeres 
the most highly conserved region (71%) is a 130 bp segment from element I to 
about 20 bp beyond element III. 

To determine specifically how the centromere DNA sequence is folded in the 
yeast chromosome and how this region of DNA gives rise to a functional centro
meric unit, we have analyzed the structural organization of centromeric chro
matin. Our results show that a specific region of 220-2S0 bp in the centro
mere DNA sequence is in a unique chromatin conformation, and the surrounding 
chromosomal DNA directs the nucleosomal subunits into a very ordered and 
specifically aligned array. The centromere DNA sequences are in this same con
formation in the genome and on autonomously replicating plasmids in yeast. _ 

MATERIALS AND METHODS 

Plasmids and Yeast Transformation 

Plasmids pYe(CEN3)4l, pYe(CDClO)l and pYe(CEN3)11 (3), pYe(CENll)S and 
pYe6 (6), and deletion mutant plasmids d13l-28, d13l-48 and d13l-6 (S) were 
described previously. Plasmid DNA was isolated as detai1ed.by Tschumper and 
Carbon (16).. Transformation of yeast was performed by a ,modification of the 
procedure of Hinnen et al. (8) as described by Hsiao and Carbon (9). 

Preparation and-Digestion of Nuclei 

A modification of the procedures of Forte and Fangman (7) and Nelson and 
Fangman (12) as described by Bloom and Carbon (1) were used. 

Preparation of DNA for Southern Analysis 

DNA was extensively deproteinized, restriction digested and resolved by 
electrophoresis in agarose gels (1). Transfer of DNA from agarose gels to 
nitrocellulose paper was performed by the method of Southern (IS). Nick 
translation and hybridization conditions have been described (1). 

RESULTS 

Chromatin Structure of Centromere DNA on Yeast Chromosomes 

To understand how a specific DNA segment containing a functional centro-
mere directs chromosomes through mitosis and meiosis, we have examined the 
chromatin structure of the centromere region as it exists in the yeast cell. 
Utilizing the mapping technique of Wu (17) we discovered the existence of a 
discrete nuclease-resistant core of 220-250 bp of CEN DNA in both chromosomes 
III and XI (1). The position of the nuclease cleavage sites within the cen
tromere III and centromere XI region of chromatin DNA and naked, deproteinized 
DNA are shown in Figures 1 and 2, respectively. Following partial micrococcal 
nuclease or DNAase I cleavage of chromatin DNA from isolated yeast nuclei, DNA 
fragments were extracted and subsequently digested to completion with the 
restriction enzyme BamHI (large arrow, Figures 1 and 2). The DNA fragments 
were separated electrophoretically, blotted to nitrocellulose and probed with 
the 627 bp CEN3 fragment extending through the centromere from the BamHI site 

. on chromosome III (Figure 1) or the 800 bp fragment from chromosome XI 
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Figure 1 . Mapping Nuclease Sensitive Sites on the Centromere Chromatin From 
Yeast Chromosome III. 

Nuclei were prepared from yeast strain X2l80a and were digested with 
micrococcal nuclease (50 units/ml) (A) or DNAase I (5 ~g/ml) (B) for the 
times (min) indicated, as described in Haterials and Hethods. For the ex
periments with naked DNA, nuclei were prepared exactly as described for the 
chromatin digests, but immediately prior to nuclease cleavage, DNA was ex
tensively deproteinized as described previously (1). The deproteinized DNA 
was s ubsequently digested under the same conditions as described for the 
chromatin digests with micrococcal nuclease (0 . 5 units/ml) (A) or DNAase I 
(50 ng/ml) (B) for the times (min) indicated. Following partial micrococcal 
nuclease of DNAase I cleavage, DNA samples were deproteinized, incubated in 
the presence (+) or absence (-) of BamHI and electrophoresed on 1 .4% agarose 
gels . The DNAs were transferred to nitrocellulose filters a nd hybridized 
to the radiolabeled 627 bp CEN3 fragment . The identical pattern was obtained 
fol lowing hybridization to a radiolabeled 150 bp fragment extending t oward 
the centromere from t he BamHI si t e (data not shown) . Holecular weight markers 
(H.W.) indicate yeast nuclear DNA fragments cut with BamHI, HindIII, BamHI/ 
EcoRI, Sau3A and Sau3A/HinfI. These fragments contain regions complementary 
~the radiolabeled pro~(3). To the left is shown a partial restriction 
site map of the centromere region of yeast chromosome III. Restriction en
zyme sites are BamHI (6.) and Sau3A (0 ). The large arrows indicate the 
BamHI site on yeas t chromosome III that i s immediately proximal to the 627 bp 
labeled DNA probe. 
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Figure 2. Mapping Nuclease Sensitive Sites on Centromere Chromatin From 
Yeast Chromosome XI . 

Conditions for digestion of the chromatin or deproteinized DNA, cleavage 
with BamHI, gel electrophoresis and Southern transfer were as described in 
the legend to Figure 1 and Nateria1s and Hethods. After transfer to nitro
cellulose, the filters were hybridized to the radio labeled 800 bp fragment 
from chromosome XI, extending toward the centromere from the BamHI site 
(large arrows) . Molecular weight markers (M.W.) indicate yea~DNA fragments 
containing regions complementary to the probe, cut ',ith BamHl, EcoRl, BamHI/ 
Sall, HindlIl/Sa11 and HindIlI (6). To the left is shown a partial restric
tion site map ~the centromere region of yeast chromosome XI. Restriction 
enzyme sites are BamHI (f'::.) and Sau3A (0). 
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extending toward the centromere from the BamHI site on chromosome XI (Figure 
2). Only those fragments that contain the DNA in the same direction from the 
restriction site as the probe will be visualized following hybridization. The 
lengths of the hybridizing fragments provide a direct map of the points of 
nucleolytic cleavage within the chromatin DNA relative to the BamHI site. The 
appearance of a very distinct and ordered DNA fragmentation pattern (Figures 1 
and 2, chromatin, restricted lanes) indicates that in all cells the same micro
coccal nuclease and DNAase I cutting sites occur at regular intervals in the 
centromere region. The mo.st striking feature of the centromere chromatin 
pattern is that a 220-250 bp region of centromere DNA from both chromosomes III 
and XI is completely protected from nucleolytic cleavage and is bounded by 
micrococcal nuclease and DNAase I cleavage sites. This discrete protected 
region can be visualized 350-600 bp in a centromere-proximal direction from the 
BamHI site on chromosome III (Figure 1) and 1200-1450 bp in a centromere
proximal direction from the BamHI site ori chromosome XI (Figure 2). Specific 
micrococcal nucrease cleavage sites are also visualized following digestion of 
naked, deproteinized DNA (Figure lA and 2A, naked DNA lanes). The cleavage 
pattern given by unprotected DNA is somewhat similar to that seen using whole 
chromatin, however specific sites in naked DNA are masked from nuclease action 
in chromatin. In particular, micrococcal nuclease-sensitive sites in naked, 
deproteinized DNA occurring 500 bp from BamHI site on chromosome III and 
1350 bp from the BamHI site on chromosome XI are totally masked in the same 
region of chromatin DNA (Figure lA and 2A, compare chromatin and naked DNA 
lanes). Thus the 220-250 bp protected region of DNA results in most part from 
the conformation of the DNA in chromatin, rather than from intrinsically 
nuclease-insensitive sites in naked DNA. 

Mapping the chromatin structure in the centromere flanking region (1) 
revealed that the discrete 220-250 bp protected region of CEN DNA is flanked 
by micrococcal nuclease and DNAase I cleavage sites, and 2.5-3 kb of the sur
rounding chromatin is organized into a highly ordered and specifically 
aligned nucleosomal array. 

Chromatin Structure of Centromere DNA on Minichromosomes 

Since the unique structure of centromere chromatin is highly conserved 
between the two centromeres from chromosome III and XI in yeast (Figures 1 and 
2), a similar organization might be expected to be associated with any yeast 
centromere sequence and the surrounding DNA, whether these sequences are 
present in chromosomes or on mitotically stable minichromosomes. To examine 
the structural organization of CEN DNA and the surrounding sequences on auton
omously replicating plasmids in yeast, nuclei were prepared from yeast cells 
transformed with plasmids carrying yeast DNA from the centromere region of 
chromosome III (Figure 3). A time course of micrococcal nuclease cleavage of 
chromatin DNA in the isolated nuclei from transformed yeast cells is shown in 
Figure 4. To map only the centromere region cloned on the plasmid, the iso
lated DNA fragments were cleaved with HindIII, which cleaves the plasmid in the 
pBR322 vector DNA, and the hybridization probe was a 346 bp pBR322 DNA fragment 
(Figure 4) that extends toward the centromere from the HindIII site (large 
arrow, Figure 4). Only the centromere sequences that are contiguous to the 
pBR322 vector DNA should be visualized following hybridization and autoradi
ography. 

The plasmids pYe(CEN3)4l and pYe(CDClO)l are mitotically stable in yeast 
(3) and contain 1.6 and 7 kb, respectively, of yeast DNA from the centromere 
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Figure 3. Comparative Restriction Maps of the Relevant Subcloned DNA Frag
ments from the Centromere Region of Yeast Chromosome III. 

The position of the functional 627 bp CEN3 DNA fragment on the yeast 
DNA inserts is indicated by the wavy line above each restriction map. The 
solid lines indicate the yeast DNA inserts and the dotted lines denote vector 
(pBR322) sequences. The complete structures of pYe(CEN3)4l, pYe(CDClO)l, 
and pYe(CEN3)11 are given in Clarke and Carbon (3). pYe6 is described in 
Fitzgerald-Hayes et al. (6). Only selected restriction sites are shown. 
The DNA fragments shown below each restriction map were used as hybridization 
probes; lengths are given in base pairs. The large arrows denote the re
striction sites chosen for the nuclease mapping studies. Restriction enzyme 
cleavage sites are BamHI (l:::.), Sau3A (0 ), SaIl (.), HindUI ( X ) and 
EcoRI ( I ). 
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Figure 4. Mapping Nuclease Cleavage Sites on Plasmid pYe(CEN3)4l, pYe(CDClO)l, 
pYe6 and pYe(CEN3)ll Chromatin From Transformed Yeast Cells. 

Yeast cells (J17) were transformed ,.ith the appropriate plasmid DNA as 
described by Hsiao and Carbon (9). Restriction maps of the plasmid DNAs 
are shown in Figure 3. The relevant portion of each restrictio n enzyme map 
is shown to the left . Restriction enzyme sites are HindIII( X ), BamHI (6.), 
Sau3A (0) and EcoRI ( I ). Nuclei were prepared and digested for-the times 
(min) indica t ed with micrococcal nuclease as described in the l egend to 
Figure 1 . The resulting DNA fragments were purified, digested with (+) o r 
without (-) HindIII, and fractionated by electrophoresis. Samples were 
blotted and hybridized to the pBR322 bp DNA fragment shown in Figure 3. 
Molecular weight markers (M.W.) were prepared from DNA isolated from the 
appropriate yeas t strain; for pYe(CDClO)l (A), DNA was restricted with 
HindIII, HindI II/BamHI, HinfI and Sau3A; for pYe(CEN3)4l (B), DNA was re
~icted with BamHI/HindIII and Sau3A ; for pYe6 (~DNA was r estr icted with 
HindIII/BamHI, HinfI a nd Sau3A; a nd for pYe(CEN3)11 (D), DNA was res tricted 
with HindIII/BamHI, HindIII/EcoRI and HinfI.--rhe size of these DNA frag
ments serves t o confirm the actual restriction map of the plasmid chromatin 
as it occurs in the transformed yeast cell . The large arrows indicate the 
HindIII site on the respective plasmid DNAs that is immedia t ely proximal to 
the labeled 346 bp probe. 
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region of chromosome III (Figure 3). Specific micrococcal nuclease cleavage 
sites at nucleosomal intervals are evident on the 1000 bp region of yeast DNA 
(400-1400 bp from the vector HindIII site, Figure 4A and B) that is' contigu
ous with the CEN3 sequence in both plasmids (to the left of CEN3 in Figure 3). 
The CEN3 region, 1400-2000 bp from the vector HindIII site, occurs in a struc
ture analogous to the chromosomal CEN3 region, and contains the 220-250 bp 
region of protected chromatin DNA (revealed by the 1400 and 1650 bp fragments). 
On pYe(CEN3)4l (Figure 4B), vector pBR322 DNA sequences juxtapose the BamHI 
site in the yeast DNA segment shown in Figure 3, whereas pYe(CDClO)l contains 
'an additional 5.4 kb of yeast DNA before pBR322 sequences are encountered. The 
yeast DNA contiguous with the BamHI site on pYe(CDClO)l is cut into very 
ordered DNA fragments (Figure 4A), again very similar to the ordered pattern 
visualized on these sequences in chromosomal DNA (1). In marked contrast, the 
pBR322 DNA sequences immediately adjacent to the yeast DNA in the analogous 
region of pYe(CEN3)4l (Figure 3) are not cleaved in the chromatin at specific 
sites by micrococcal nuclease (Figure 4B, 2000-4000 bp region), but instead a 
uniform smear is visualized in the 2000-4000 bp region. It therefore appears 
that the nucleosomal array characteristic of the sequences flanking the cen
tromere in yeast chromosome III is not simply being propagated from the cen
tromere boundary through any DNA sequence. To examine if the nucleosomal 
ordering would be propagated through any yeast DNA sequence, the nuclease 
cleavage sites in chromatin were mapped on the mitotically stable plasmid 
pYe(CEN3)11 (3). A 3.5 kb BamHI yeast DNA fragment present in pYe(CDClO)l was 
deleted in pYe(CEN3)11 (Figure 3). The yeast DNA sequences juxtaposed to the 
new position immediately adjacent to the CEN3 sequence in pYe(CEN3)11 (Figure 
4D, 2000 bp from the HindIII site) are not cleaved at regular 160 bp intervals. 
Thus the highly ordered nucleosomal array is not propagated through pBR322 or 
yeast DNA sequences brought into new positions proximal to the CEN3 region on 
plasmid DNA, but instead is a characteristic property of the DNA sequence 
normally found flanking the centromere. 

Since the sequences contiguous with the chromosomal CEN3 DNA are re
quired for the higher order chromatin structure observed in this region of 
the chromosome, these sequences might be organized into highly ordered nucleo
somal arrays regardless of their proximity to CEN3 DNA. To examine this 
possibility, the nuclease cleavage sites in chromatin were mapped on the plas
mid pYe6. This plasmid carries 1000 bp of. yeast DNA from the CEN3 flanking 
region without the 627 bp CEN3 Sau3A fragment (Figure 3) and is not stably 
maintained through mitosis-c6).~icrococcal nuclease cleavage sites are 
evident at approximately nucleosomal intervals on this 1000 bp region of yeast 
DNA (400 to 1400 bp from the vector HindIII site, Figure 4C). Thus the se
quences 'contiguous with the CEN3 DNA in yeast chromosome III are cleaved in the 
same specific manner by micrococcal nuclease when they are cloned into plasmids 
with or without the adjacent 627 bp CEN3 fragment (Figure 4). These results 
indicate that the nuclease-resistant centromere core as well as the flanking 
yeast DNA are in the same conformation whether present on the genome or on 
autonomously replicating plasmids in yeast. 

Fine Structure Mapping of the Nuclease-Resistant Centromere Core 

The 220-250 bpprotected region in chromatin includes the region of DNA, 
extending from sequence element I to about 100 bp beyond sequence element III 
(Figure 1, 2 and 4), that is responsible for proper mitotic segregation of 
autonomously replicating plasmids in yeast (5). To relate the structure of 
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these CEN sequences to their function we have examined the chromatin structure 
of CEN sequences on plasmids containing small DNA fragments capable of cen
tromere function, and on deletion mutant plasmids with altered CEN sequences. 
If the nuclease-resistant core is a structural element necessary to the func
tional centromere in chromatin, then a similar distinct structure would be 
expected to be characteristic of any yeast centromere sequence that stabilizes 
minichromosomes through mitosis. Conversely, altered sequences that no longer 
demonstrate centromere function would not be expected to be in the same chro
matin conformation as their functional counterparts. The plasmids used for 
these studies were constructed by introducing deletion mutations within the 
CEN insert in pYe(CENll)5 (5). The resulting deletion mutant plasmids, 
d13l-28, d13l-48 and d13l-6 all have lost the unique BamHI site in pYe(CENll)5 
and varying amounts 0~pBR322 and yeast DNA as shown in Figure 5 (left). The 
structure of these sequences in chromatin was examined as described in 
Figure 4. 

In pYe(CENll)5 chromatin a 200-250 bp nuclease resistant region occurs 
between 800 and 1000 bp from the pBR322 HindIII site, and is bounded on both 
sides by micrococcal nuclease cleavage sites (Figure 5, wt-chromatin lanes). 
Micrococcal nuclease-sensitive sites occur in naked, deproteinizedDNA 800 to 
1000 bp from the HindIII site and are totally masked in this region of chro
matin DNA (Figure 5, wt-naked DNA lanes). Thus the 250 bp protected region 
of DNA results in most part from the conformation of these sequences in chro
matin. This region is the same 220-250 bp sequence of CENII DNA that is re
sistant to nuclease digestion in chromosome XI (Figure 2). Mapping the 
deletion mutant d13l-28, a mitotically stable plasmid (5), revealed a nuclease
resistant region between 800 and 1000 bp from the pBR322 HindIII site, that is 
bounded on only one side by a micrococcal nuclease cleavage site (Figure 5, 
28-chromatin lanes). The resistant region is again the same 220-250 bp 
sequence of CENII DNA that is resistant to nuclease digestion in pYe(CENll)5 
and chromosome XI. The nuclease-sensitive site in pYe(CENll)5 chromatin 
that bounds the protected region distal to the HindIII site is deleted in 
d13l-28. Since the pBR322 sequences adjacent to element I in d13l-28 DNA are 
not sensitive to cleavage in d13l-28 chromatin, the nuclease-sensitive site 
that bounds the protected region in pYe(CENll)5 chromatin is not simply a 
consequence of the structure of the nuclease-resistant region in chromatin 
but may result from the interaction of specific yeast DNA sequences flanking 
the protected centromere core. 

In deletion mutant d13l-48, a mitotically unstable plasmid (5), elements 
I through III are delete~ Mapping studies of d13l-48 revealed specific 
nuclease cleavage sites in the chromatin DNA 800 to 1000 bp from the HindIII 
site (Figure 5, 48-chromatin lanes). The same pBR322 DNA sequences in this 
region of d13l-48 are cleaved in chrpmatin and naked, deproteinized DNA 
(Figure 5,~8-naked DNA lanes). The intact yeast DNA in d13l-48, 850 bp 
from the HindIII site, is nuclease sensitive in chromatin and insensitive in 
naked, deproteinized DNA (compare Figure 5, 48-chromatin and 48-naked DNA 
lanes). In deletion mutant d13l-6, also mitotically unstable (5), elements I 
through III and the flanking:lOO bp of yeast DNA proximal to the HindIII site 
are deleted (Figure 5, left). Specific nuclease cleavage sites occur in the 
800-1000 bp region from the HindIII site and are the same in both chromatin 
or naked, deproteinized DNA (Figure 5, compare 6-chromatin and 6-naked DNA 
lanes). Thus, the nuclease-resistant region is eliminated when the sequence 
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Figure 5. Mapping Nuclease Sensitive Sites on pYe(CENI1)5 and Deletion Mutant 
Plasmids From Transformed Yeast Cells. 

The relevant portions of each restriction site map for pYe(CENII)5 
(wt) , d131-28 (28), d131-48 (48) and d131- 6 (6) are shown to the left. Re
s tr iction enzyme sites are HindIII ( ,[), Sau3A (0), HinfI ( \ ), HincII 
( .. ) , BamHI (/:;) and SalI (.). The solid lines represent yeas t DNA in
serts and the dotted lines denote vec tor. (pBR322) sequences. Nuclei were 
prepared from the appropriate yeast t ransformants as described in the legend 
to Figure 1. Micrococcal nuclease digestion of chromat in and naked, de 
proteinized DNA was performed as described in Figure I for 5 min. The result
ing DNA fragments were purified and incubated in the presence (chromatin and 
naked DNA lanes) or absence (v) of HindIII. v DNA was prepared from 
pYe(CENIl)5 transformants. The samples were electrophoresed on a 1.7% 
agarose gel, blotted and hybridized with the 346 bp pBR322 fragment extending 
from the HindIII site (large arro\,) to the Sau3A site in a centromere proximal 
direction-.-}lolecular weight markers (M . W.) were prepared from DNA isolated 
from pYe(CENII)5 transformant s and restric ted with HindIII/HinfI, HindIII/ 
HincII, HindIII/BamHI and HindIII/SaII. The size oy-rhese DNA fragments 
serves to confirm the actual restriction map of the plasmid chromatin as it 
occurs in the yeast cell. 
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containing elements I-III is deleted, and coincides directly with the loss of 
ability of these fragments to confer mitotic stability to autonomously 
replicating plasmids in yeast. 

DISCUSSION 

To determine how the sequences common to both CEN regions might mediate 
centromere function, we have examined the chromatin structure of these se- I 

quences in the yeast cell. A highly nuclease-resistant centromere core was 
found that includes the region extending from sequence element I to about 
100 bp beyond sequence element III (Figures 1, 2 and 6). This unique chromatin 
structure was found to be associated with the smallest CEN sequences capable of 
stabilizing autonomously replicating plasmids in yeast (Figure 5, wt and 
d13l-28) but was not evident on the plasmids with altered CEN sequences th~t 
were mitotically unstable (Figure 5, d13l-48 and d13l-6). Thus a region of 
structural differentiation has been defined that encompasses the sequences 
required for centromere function. 

A highly ordered and specifically aligned array of nucleosomes spans 
2.5-3 kb of DNA surrounding the central nuclease-resistant core. Mapping the 
nuclease cleavage sites within plasmid chromatin allowed us to determine that 
the ordered distribution of -nucleosomes in the CEN flanking region does not 
result as a consequence of propagation from the centromere boundary, but 
rather these sequences must contain specific recognition signals for nucleo
some alignment. Since the centromere flanking sequences do not stabilize 
autonomously replicating plasmids in yeast (6), it is possible that the highly 
ordered nucleosomal arrays surrounding the centromere core play a significant 
role in other centromere functions, such as the ability to segregate properly 
through meiosis in a typical Mendelian pattern and to maintain a controlled 
copy number. The highly ordered array of nucleosomes adjacent to the centro
mere in yeast may resemble the chromatin structure associated with the highly 
repetitive satellite DNAs occurring in the centromeric heterochromatin of 
higher eukaryotes (2). Although the biological significance of these regions 
of DNA remains to be elucidated, there could bean evolutionary relationship 
between the centromere regions in yeast and satellite sequences in higher 
eukaryotes. 

The centromere is defined in cytological terms as the primary constriction 
of the chromosome where the spindle fibers attach. In yeast, a single micro
tubule attaches directly to each chromatin fiber without any visible structural 
differentiation (13). Similar direct attachments of microtubules with the 
chromatin fiber also seem to occur in other organisms (10). It is possible 
that the nuclease-resistant centromere core we have observed in yeast chromatin 
might serve as the microtubule attachment site, a structurally primitive kine
tochore. As shown in Figure 6, the structural parameters that have been 
identified for the individual components of the mitotic apparatus are consis
tent with this view. The structural description of the centromere core as 
revealed by chromatin mapping studies (Figure 1, 2, 4 and 5) indicate that 220-
250 bp of DNA are in a unique chromatin structure. The most extensively 
characterized unit of chromatin, the nucleosome core particle, consists of 
160 bp of DNA wrapped around histone proteins to give rise. to a roughly cylin
drical particle with a diameter of about 11 nm and a height of approximately 
5 nm (11). We can therefore estimate that the centromere core may be' folded 
into a chromatin particle 15-20 nm in diameter. Microtubules, which are the 
major component of the mitotic apparatus, are about 20 nm in diameter (Figure 
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Figure 6. Schematic Representation of the Centromere Region of Chromosome XI. 

A map of the chromosomal region surrounding CENll shows the 858 bp CENU 
fragment and the relative positions of sequence elements I, III and IV (5,6) 
that are homologous between CEN3 and CENU. The very [A+T] -rich region 
(element II) lies between elements I and III. Restriction enzyme sites 
are Sau3A ( 0 ), HincII (A) and HinfI (+). Micrococcal nuclease ( + ) 
cleavage sites that bound the nuclease-resistant centromere core (shaded 
box) are indicated. The DNA fiber is presented in linear form to visualize 
the position of the 220-250 bp nuclease-resistant core and the nucleosome 
cores relative to the restriction map of chromosomal DNA. In chromatin the 
nucleosomal DNA is wrapped around histone proteins tO,form a roughly cylin
drical particle with a diameter of 11 nm as indicated and· a he'ight of approx
imately 5 nm (11). By extrapolation, we estimate the centromere core particle 
to be at least 15:"'20 nm in diameter, however the conformation of DNA within 
the 220-250 bp nuclease-resistant core remains to be elucidated. The arrows 
below the restriction map indicate how far the ordered nucleosomalarrays 
extend from the nuclease-resistant centromere core (1). 
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6) (13) and have been visualized in electron micrographs to make direct contact 
with the chromatin fiber (13). Thus, despite the lack of visual chromosome 
condensation, mitosis in yeast maybe very similar to mitosis in higher 
eukaryotes. Recent evidence in support of this view revealed that the highly 
differentiated mammalian kinetochore actually consists of a series of coiled 
DNA fibers in close apposition, that are resolved only upon high resolution 
electron microscopy (14). Since a yeast chromosome is on the average 100 times 
smaller than a mammalian chromosome, a single coiled DNA fiber that serves as a 
microtubule attachment site may comprise the entire yeast kinetochore (see 
Figure 6). 
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Abstract 

We have found conditions that' permit the addition of a chromosome to a 
nucleus of S. cerevisiae (karl niediated .chromosome transfer) and conditions 
that permit--: removal of a chromosome (MBC induced chromosome loss). These 
methods were utilized to constructdisomes and monosomes. Experiments demon
strated that the loss of chromosome VII from chromosome VII disomic haploid 
cells or chromosome V from diploid cells could be efficiently selected. A 
fluctuation analysis demonstrated that the freque~y' of mitotic chromosome 
loss in either of these cases is about one in 5 x 10 divisions. We conclude 
that this is an accurate estimate of the fidelity with which mitotic yeast 
cells replicate and segregate their chromosomes. 

karl Mediated Chromosome Addition 

We (6) and Nillson-Tillgren et al. (12) have found that chromosomes are 
transferred from one nucleus to another during abortive nuclear fusion in 
heterokaryons having one parent with the karl-l mutation (3). Haploid progeny, 
cytod,:\-cta.pts, were selected in c.f0s~es of the tollowing type: MATa KARl cyh2 
x y M N [rho] x MATa karl-l X Y m n [rho], where cyh2 is a recessive 
nuclear mutation conferring resistance to cycloheximide, x, y, m, and n are 
nucl.far mutations conferring auxotrophy for various nutrients, [rho] and 
[rho ] signify the absence and presence of mitochondrial DNA, respectively. 
Cytoductants were selected by plating conjugation mixtures onto medium contain
ing cycloheximide with glycerol as the carbon source. Neither of the two 
parents nor 'the true diploids arising from the cross grow on this medium. 
Cytoductants in this cross that have the genotype of the KARl parent bearing 
the cyh2 allele and have received functional mitochondria from the cytoplasm 
of the karl-l parent will grow on this medium. The unselected nuclear markers, 
x, y, m, and n were scored+ in+ the cytoductants. Most cytoductants retained 
the nuclear genotype (x y M N) of+thelKARl parent, but a small proportion of 
the cytoductants had acquired the X , Y , m, orn markers of the karl-l parent 
(exceptional cytoductants). 

Of the 60,800 KARl cytoductants examined from the sele2tive medium 
monitoring 10 of the 17 chromosomes from four independent crosses, 349 excep
tional cytoductants were found. Transfers involving 9 (chrom. I, II, III, IV, 
V, VI, XI, XII and XVI) chromosomes were found. Only chromosome VII failed to 
be transferred in these experiments and subsequent experiments (see below) 
demonstrate transfer of this chromosome as well. 

* Support was obtained from NIH Grant GM17709 to L.H. and NIGMS Training Grant 
GM07735. 
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Coincident acquisition of linked markers from the donor nucleus by the 
recipient nucleus indicates that whole ,::hromosomes are being transferred 
between nuclei. The loci his7, tyrl, and lys2 map to a region about 120 
centimorgans long on the right arm of chromosome II. In a cross in which the 
two parents had the genotypes his7 tyrl lys2 and HIS7 TYRl LYS2, 20 of 21 of 
the exceptional cytoductants that became prototrophic for lysine were also 
prototrophic for histidine and tyrosine. Loci, adel and cysl, located on 
opposite arms of chromosome I, were also found to be acquired together in 
exceptional cytoduc~ants. In the ~ross MATa karl-l adel CYSl cyh2 [rho] x -
MATa ADEl cysl [rho ], 15 of 16 ADE exceptional cytoductants were also cysl. 

Cytod!t!ct!fnts w,fre also selected in cr4?ss,fs of the reciprocal type: MATa 
KARl x y M N [rho] x MATa karl-l cyh2 X Y m n [rho]. Cytoductants from 
these crosses, selected to have the nucleus of the karl parent, were tested 
for exceptional nuclear markers coming from the KARl parent. Of the 18,260 
cytoductants examined, 83 exceptional cytoductants were observed. Again, 
acquisition of linked markers was almost always coincident. Of the 31 excep~ 
tional cytoductants that became prototrophic for leucine (LEU2) or nis.tidine 
(HIS4), 25 were coincident for the acquisition of the mating type locus. 
Acquisition of markers on different chromosomes showed only slight coinci
dence. ·The frequency of exceptional KARl cytoductants was the same as that of 
exceptional karl cytoductants. Thus, fhromosomal markers are transferred at 
the same frequency and with the same coincidence to karl and KARl exceptional 
cytoductants. 

Cytoductants were also selected in crosses in which no karl parent was 
involved. Cytoductants are produced at a low frequen.f.Y (1 c4tod-fictant per 
1,000 diploids) i~ c~osses of the type: MATa KARL CYH x y M N (rho +] x 
MATa KARl cyhs2 X Y m n [rho]. No exceptional cytoductants were found when 
5 of the 17 chromosomes were monitored among 8,750 cytoductants. ' Therefore, 
transfer of chromosomal markers is reduced at least 50-fold in· KARl x KARl 
zygotes compared to KARl x karl zygotes. 

The frequency with which various nuclear markers were transferred varied 
over a 24-fold range, from 0.7 to 19.5 exceptional cytoductants per 10,000 
cytoductants examined. The frequency of transfer for a particular nuclear 
marker was inversely correlated with the genetic size of the chromosome upon 
which it was located. Chromosomal I, the shortest chromosome, based on known 
genetic loci, with a genetic length of approximately 100 centimorgans, was 
transferred most frequently. Chromosome IV, one of the longest chromosomes, 
was transferred infrequently. Chromosomes of intermediate size were tra.ns
ferred with intermediate frequencies. However, the frequencies of t.rans.fer of 
two chromosomes, VI and XII, were anomalous with respect to their known 
genetic map lengths. The discrepancy for chromosome XII could be accounted 
for since the physical length of chromosome XII is greater than predicted by 
its genetic map length because it contains the ribosomal DNA cistrons (16), 
which show little or no recombination and thus have no genetic length. 

Disomes for the recipient nucleu$ would be expected to be the primary 
product of chromosome transfers. The fact that exceptional. cytoductants are 
usually haploid suggests. that such disomes are usually transient. However 
chromosomes III transfers frequent lead to stable chromosome III disomes (6, 
12) suggesting that the failure to recover disomes for most chromosomes is 
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merely a consequence of the fact that most disomes are at a growth disadvan
tage compared to the haploid progeny that they invariable produce by chromo
some loss or nondisjunction. 

We set out to determine ~hether disomes were frequently produced as the 
primary event for other chromosomes as well. In order to test for this possi
bility it was necessary to be able to select for exceptional cytoductants 
without selecting for disomy and to have a convenient method for distinguishing 
disomes from Ejploids._4Exceptional cytoductants for a particular chromosome 
are rare (10 to 10 of the cytoductants) and the mating mixture will 
contain unmated haploids, normal cytoductants, and diploid cells at much 
greater frequencies than the exceptional cytoductants. Therefore we used 
recipient haploid cells that were multiply resistant for recessive drug 
resistance alleles (permitting selection against the donor haploid or cytoduc
tant and the diploid) and were auxotrophic for a marker on the itinerant 
chromosome homologue (permitting selection for the prototrophic allele' and 
hence the chromosome from the donor strain, fig. 1). Furthermore, the reci
pient haploid nucleus contained a recessive drug resistance allele on the 
itinerant chromosome homologue. Thus if the product of the transfer is a 
disome the exceptional cytoductant should be drug-sensitive and prototrophic 
for the markers on the itinerant chromE&ome but should produce drug-resistant 
progeny ata frequency of about 10 due to mitotic recombination. The 
drug-resistant mitotic recombinants are easily detected by replica plating to 
drug containing plates where the disome will display a drug sensitive patch 
with papillations to drug resistance. If the primary product of the transfer 
is a haploid where the donor chromosome replaces the recipient chromosome the 
exceptional cytoductant will also be prototrophic and drug sensitive but will 
not produce drug resistant mitotic recombinants at detectable frequencies. 

The rare clones that grew up were picked and streaked onto nonselective 
medium for marker tests_ by replica plating or in the case of itinerant chromo
some V first cloned onto medium lacking tryptophan since 'in this case there 
was a noticeable background of contaminating cells on the selective plate 
(Table 1). 

The frequency of selected clones was about 1 x 10-4 that of diploids 
produced in each cross but this number 'strongly. underestimates the actual 
frequency of exceptional cytoductants since many generations intervened 
between mating and selection during which time the disomes will be at a growth 
disadvantage relative to the diploids. The recipient nucleus in each case 
contained some recessive markers on chromosomes that were not selected and 
these markers should display the recessive allele in all cases of chromosome 
addition (disomes) or chromosome replacement (haploids). In each case some 
clones were found that were not recessive for these unselected markers and 
such clones were subtracted from the number of selected clones to give the 
number of potential disomes. Clones that received dominant alleles from the 
donor strain for unselected chromosomes may be cases of coincident transfer of 
more than one chromosome as observed previously (6). 

Clones were considered disomes if they had the genotype of potential 
disomes for unselected markers (thus assuring that they were haploid and 
contained the selected dominant nutritional marker from the itinerant chromo
some of the donor) and the resistance allele from the itinerant homologue of 
the recipient. These clones must have contained two copies of both homologues 
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Cells containing the recipient nucleus with three recessive res is
tence alleles, rl, r2 and r3 fuse with cells containing the donor 
nucleus during conjugation and since one of the parents is karl a 
transient heterokaryon results. With a probability of abouto:" 02 
the donor nucleus loses an itinerant chromosome and with a proba
bility of about 0.05 a recipient nucleus captures the itinerant 
chromosome (see 6). Exceptional cytoductants are selected that 
receive the A+ allele from the donor and the rl and r2 alleles from 
the recipient. Exceptional cytoductantsare then examined for the 
r3 allele which will be absent if chromosome replacement has occurred 
and present in the heterozygous form (evident as a papillations of 
growth on medium containing inhibitor 3) if chromosome addition has 
occurred. 
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Table 1 

Markers on 
Itinerant Number 

Itine- Chromosome of Number 
Strains rant Drug Selected Number of of 

Parent karl-l Chromo- Auxo- Resis- Selected Clones Potential Actual 
Recipient Donor some trophy tence Markers Examined Disomes Disomes 

3400-10-3 JCK5-25 V trp2 canl cyh2, 32 27 5 
sap3, 
TRP2 

" " VII ade5 cyh2 canl, 64 53 53 
sap3, 
ADE5 

" " XVI 96 83 70 

3450-25a 3449-9-1 XV ade2 tcml canl, 
cyh2, 
ADE2 

189 136 98 
3450-46 3449-5-4 XV ade2 tcml canl, 

cyh2, 
ADE2 
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of the itinerant chromosome although they ~ere selected to contain only the 
itinerant chromosome donated by the karl-l strain. For chromosome VII, XV and 
XVI the majority of the rare clones arose from disomes. In each of these 
three cases the difference between potential disomes and the actual disomes 
are clones that .contain only the itinerant chromosome from the donor but did 
not have the resistance allele from the recipient. For chromosome V only a 
minority of the clones retained alleles from both parents and surprisingly 
most of the difference betwee~ potential and actual disome~ were missing the 
TRP2 allele from the donor even though this marker had been selected. Never
theless, it is likely in this case as ·well that the majority of the primary 
events were disomes since the clones initially without tryptophan. The 
potential chromosome V disomes grow extremely slowly (see below) and strong 
selection exists for chromosome loss. We conclude that in the majority of the 
cases where a chromosome transfer occurs the resulting cell is a disome 
capable of propagating both homologous chromosomes for many generations. 

MBC Induced Chromosome Loss 

Methyl-2-yl-benzimidazole carbamate (MBC) is the aCtiVe component of the 
widely used fungicide BenomYl. In both fungal and mammalian cells MBC has 
been found to· cause metaphase arrest (4, 8, 19). This block iri mitosis 
observed cytologically has been found functionally to be a stage-specific 
block in early nucl'eardivision (l3; Wood and Hartwell, in press). The 
primary genetic effect· of MBC has been reported to be chromosome nondisjunc
tion, observed as an increased frequency of mitotic segregation for hetero-
zygous markers {I, 7, 11). . 

The effects observed with MBC are all apparently due to the disruption of 
microtubules. Davidse and Flach found that MBC bound to a fungal protein 
closely resembling mammalian tublin (5). Conclusive evidence that this 
protein was tubulin has been. presented by Sheir-Neiss, et al. (18); they 
demonstrated that Benomyl resistant strains of Aspergillus had S-tubulins with 
altered electrophoretic charge or peptide fingerprints. Resistant or super
sensitive mutants also had altered binding coefficients for Benomyl to tubulin. 
Cytological evidence suggests that this is the case; MBC arrested cells had 
few or no spindle microtubles (17;B. Byers, personal communication). 

The ability of 'MBCto indu~e chromosome loss in~. cerevisiae was tested 
in strains heterozygous for a recess.ive drug marker and heterozygous for a 
recessive auxotrophic marker on the opposite arm of the same chromosome, with 
both of the recessive markers linked in coupling. The frequency of drug 
resistant cells was assayed before and after MBC treatment, and then 50 to 100 
independent, drug .resistant clones were tested for the appearance· of the 
auxotrophic marker located·on the opposite arm of the chromosome from the drug 
resistance allele. This design distinguished between mitotic recombination 
(one chromosome arm altered) and chromosome loss (both chromosome arms altered) 
events. 

A haploid strain disomic for chromosoine III was treated wi~ MBC. Prior 
to MBC. treatment the ~~quency of cryptopleurine resistant (cry ) clones was 
approximately 1.2 x 10 and 74% of these were due to mitotic recombination. 
After 24 to 48 hours in MBC, th~3frequency of resistant clones was increased 
more than 100 fold to 4-5 x 10 and 90% of these had ·uncovered markers on 
both arms of chromosome III .. 
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Since the frequency of these presumptive chromosome III loss colonies 
increased more than 100 fold while viability declined less than 10 fold, MBC 
treatment could not be simply selecting for pre-existing or spontaneous 
chromosome loss cells, unless 'such cells were resistant to dkvision arrest by 
MBC. This latter possibility was tesI£ed by pooling 10 cry chromosome loss 
colonies into one culture and 10 cry mitotic recombination colonies into 
another, and treating each of these pooled cultures with MBC. Neither culture 
was resistant to the inhibitory effect of MBC: the viable cell counts after 
48 hours in MBC were 84% and 125%, respectively, of their starting values. 
Thus the increase in chromosome loss frequency caused by MBC must have been 
due to the induction of new events. 

To see if loss occurred for other chromosomes as well, a similar experi
ment was performed with a diploid strain heterozygous for both the recessive 
drug resistance markers to canavanine on chromosome V and cycloheximide on 
chromosome VII as well as for auxotrophic markers on the opposite arms of 
thesR same chromosomes. At the start of the experiment canava~\ne resistant 
(can ) clones occurred at a frequency of approximately 2 x 10 and 62% of 
these were the result of ~totic recombination. After 13 hours of MBC treaEz 
ment the frequency of can was increased 150 fold to approximately 3 x 10 
and 92% of these were due to chromosome loss. In the same experiments cells 
were plated on cyc~heximide medium to determine the freq~ncy of cyclohexi
mide r~5istant (cyh ) cells. The initial frequency of cyh clones was about 
4 x 10 and essentially all of these (98%) were caused by mitotic recombin~4 
tioR' After 13 hours in MBC the frequency had increased 20 fold to 8 x 10 
cyh and 66% of these were the result of chromosome loss. Although MBC did 
not induce intragenic recombination we found a small and irreproducible 
induction of intergenic recombination. 

Chromosome loss was examined in a strain which was heterozygous for 
auxotrophic markers on 13 chromosomes to examine the relative frequencies of 
loss of each of these chromosomes after MBC treatment. We found 'that all 
chromosomes were lost at approximately equal frequencies. 

The Fidelity of Chromosome Replication and Segregation. 

One of our interests is the fidelity of chromosome replication and 
segregation. We wished to monitor the frequency with which a cell fails' to 

. donate a specific chromosome to one of its progeny. In order to make this 
measurement it is necessary to be able to propagate the parent cell and 
progeny derived from it by chromosome loss and to demonstrate unequivocally by 
meiotic analysis that the parent and progeny differ in their chromosome 
complement. Furthermore, since chromosome loss events are likely to be rare 
it is necessary to be able to select for the progeny that have lost a chromo
some. Finally, in order to determine the frequency of loss one must determine 
the phenotypic lag necessary for the genetic event that produces a chromosome 
loss to be manifest in a cell that can reproduce under the selective condi
tions. These conditions have not previously been met although in a number of 
studies estimates of the spontaneous frequency of chromosome loss in S. 
cerevisiae have been made but none of these were designed to quantitatively 
measure this value. All monitored the yield of chromosome loss events after 
growth of a culture rather than rate of chromosome loss. Parry and Zimmerman 
(15) selected purported monosomes for chromosome VII on cycloheximide contain
ing medium from cyh2/+ heterozygous diploid strains and found that the 
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6 frequency of monosomes was between 0.86 and 289/10 cells in various cultures 
(14, 15), and were unable to confirm the monosomy of the products by meiotic 
analysis. Campbell et a1. (2) selected mating cells from chromosome III 
Mata/a disomes and determined the proportion that were due to haploids; they 
es!~mate the spontaneous yield of chromosome III loss events at about 
10 /cell. Liras et al. (10) examined the appearance of auxotrophs in 
diploids marked heterozygous1y on both chromosome arms for several chr~~osomes 
and estimated th,e spontaneous yield of monosomic cells at less than 10 / cell. 

Phenotypic Expression 

When heterozygous cells lose a dominant allele for antibiotic resistance 
they become genotypically resistant. However, it might take several divisions 
to dilute out the sensitive gene "product and hence there might be a phenotypic 
lag before such cells would be detected by plating on antibiotic containing 
medium. Conversely, heterozygous cells might be able to complete one or more 
divisions on antibiotic medium thus producing resistant offspring on the 
selective plate. We wished to determine whether recessive resistance markers 
showed phenotypic lag or leakiness so that the observed frequency of resistant 
cells from a heterozygous parent could be properly interpreted. karl generated 
heterokaryons provide a convenient method for accomplishing this goal since 
the heterokaryotic zygote can be genotypically heterozygous' if one haploid 
parent carries the sensitive allele and the other parent carries the resistant 
allele. Further, the progeny produced by end buds of the zygote are haploid 
and hence half are genotypically resistant but newly arisen from a sensitive 
heterokaryon. We have demonstrated that heterokaryons with one sensitive and 
one resistant nucleus do not divide when placed onto cycloheximide containing 
medium but that first buds containing the cyh2 allele do divide and produce 
colonies (Dutcher, in press). A similar result is observed with cani/CANI 
heterokaryons (Hartwell, unpublished). Thus the cyh2 and can1 alleles are 
neither leaky nor show phenotypic lag. 

Our experience with disomic strains generated by karl mediated chromosome 
transfer demonstrated that chromosome VII disomes were able to divide mitotic
ally only slightly slower than the haploids they produce by chromosome loss. 
Meiotic analysis of the chromosome VII disomic strains showed that they 
contained two copies of chromosome VII while the haploid cells produced by 
chromosome loss contained only one copy of chromosome VII (unpublished). 

) 

The frequency of chromosome VII loss from disomic haploids was determined 
in chromosome VII disomes heterozygous for the cyh2 allele on one chromosome 
arm in coupling to an auxotrophic marker on the other arm. Individual clones 
were picked and plated onto cycloheximide medium. The cyh2 colonies that were 
prototrophic for the auxotrophic marker were assumed due to recombination and 
those that were auxotrophic were assumed due to chromosome loss. The frequency 
of recombination and loss was determined by the methgd of the median (9). One 
copy of chromosome VII was lost once in about 2 x 10 cell divisions. 

Although the fidelity of chromosome replication and segregation seems 
reasonably high in these disomic strains it is possible that the fidelity is 
much lower than in a euploid cell either because of the abnormal dosage of 
chromosome VII genes or the abnormal number of centromeres per spindle pole. 
Consequently we wished to determine the frequency of chromosome loss from a 
euploid cell. We needed to find therefore a monosome that could be efficiently 
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selected from a diploid cell. MBC induces the loss of all chromosomes with 
nearly equal frequency when the mono somes are detected nonselectively. 
However when we attempted- to select mono somes for chromosomes III, V, or VII 
the frequencies of recovered monosomes differed by orders of magnitude. 
Chromosome V monosomes were about 30 times as frequent as chromosome VII 
monosomes. For chromosomes V and VII we know that this discrepancy is not due 
to phenotypic expression since canl and cyh2 do not show a phenotypic lag. 
Furthermore, since we selected chromosome V monosomes at nearly the same 
frequency as they were detected without selection after MBC treatment we 
conclude that chromosome V monosomes can be efficiently selected on canavanine 
containing medium while chromosome VII monosomes cannot be selected on cyclo
heximide containing medium. 

A diploid Matala strain heterozygous for canl on one arm of chromosome V 
and, in coupling, hom3 on the other was cloned onto nonselective medium. 
Individual clones were picked and plated onto canavanine containing medium and 
the frequency of auxotrophic (chromosome loss) and prototrophic (recombinant) 
colonies were determined. Ten of the purported monosomes were crossed to a 
Matal a strain and monosomy was confirmed by dissection of the resulting 
tetraploid was dissected. The frequency of chromosome V loss from this 
euploid diploid cell was found to be essentially the same as that observed for 
the frequency of chromosome VII loss from a disomic cell. We conclude that 
the normal fidelity of chrom~somereplication and segregation in~. cerevisiae 
is about 1 failure in 5 x 10 cell divisions. -
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SUMMARY 

Yeast histone mRNA levels are tightly regulated during cell 
division by distinct transcriptional and post-transcriptional 
mechanisms. Transcriptional"tegulation is evidenced by the 
restriction of histone mRNA synthesis to an interval between late 
Gl and early S. Using ~Q~ mutants it can be shown that 
activation and termination are temporally separable and-dependent 
upon continued progressicin of cells through the cell division 
cycle: transcription is activated in late Gl but is not 
terminated until cells enter S phase. Sequences responsible for 
this phenomenon appear to reside in or near functional origins of 
replication located at the 3' ends of each of the two H2B genes. 
This observation suggests that histone gene expression is closely 
tied to the replicative state of the DNA, and may be regulated by 
mechanisms responsible for the periodicity of DNA replication. 

INTRODUCTION 

The eucaryotic cell division cycle is comprised of a precise 
series of temporally ordered events which result in the 
production of two progeny cells. A striking example of this 
orderliness is the DNA replication process, where, at a defined 
point within the cell cycle, DNA synthesis is initiated. Genetic 
analysis of cell division in yeast has clearly established that 
this event is dependent upon the sequential function of a number 
of gene products and, further, that the completion of S is 
necessary for coninued progression through cell division (for a 
review see reference 19). While tilis process in and of itself is 
remarkable, it is also the case that during the S phase newly 
replicated DNA must be assembled into functional chromosomes. By 
analogy with phage morphogenesis, this is most likely an 
exquisitely orchestrated series of events dependent upon 
mechanisms which ensure maintenance of correct stoichiometry 
among the various chromosomal proteins. 

* 

+ 

Support was obtained from National Institutes of Health grant 
GM 27334. 

Present address: Sidney Farber Cancer Institute and the 
Department of Microbiology and Mole~ular Genetics, Harvard 
Medical School, Boston, Massachusetts 02115 

39 



To date, the most dramatic example of such mechanisms is the 
regulation of histones, the most ubiquitous chromosomal proteins. 
In a variety of organisms, including yeast (28), histone 
synthesis is tightly coupled to DNA replication as evidenced by 
the observation that newly synthesized histones are found only in 
S phase cells, and, further, that inhibition of DNA replication 
results in a parallel inhibition of histone synthesis (for a 
review, see reference 24). While these phenomena are well 
documented, the mechanisms underlying them have been the subject 
of some controversy. Extremes in interpretation range from no 
reg u 1 a t i on a tall ( 16 ) t 0 po s t - t r an s c rip t i on aIr e g u 1 a t i on ( 2 7 ) , 
or to combined post-transcriptional and transcriptional 
regulation (2,3,5,8,13,14). In spite of the controversies, we 
were sufficiently encouraged by what appeared to be overwhelming 
evidence for some type of regulation to reinvestigate the problem 
in yeast, where we felt that the obvious biochemical and genetic 
tractability, combined with the ease of synchrony and the 
availabili ty' of ~ mutants, would' allow us to make more 
definitive conclusions regarding regulatory mechanisms. Our 
approach was to clone the histone genes and then utilize the 
cloned sequences as probes to investigate the behavior of histone 
mRNA during cell division. In this paper we will briefly review 
our findings on the structure of the histone genes and then 
describe, in some detail, the regulatory mechanisms which govern 
their expression. 

RESULTS 

Histone ~ Structure 

Presumably as a reflection of its small genome size, the 
histone genes of yeast do not comprise a highly .t;epetitive gene 
family. As we showed some years ago, there are only two copies 
of H2A and H2B genes per haploid genome and they are arranged 
into two divergently transcribed H2A-H2B pairs (21). Mitchell 
Smith (personal communication) has identified the same pairwise 
arrangement for the H3 and H4 genes, which again are present in 
only two copies per haploid genome. All 4 histone pairs are 
genetically unlinked to one another (Smith and Hereford, 
unpublished observations). One H2A-H2B pair (TRT-2,3) is tightly 
linked to the centromere of chromosome 2. The location of the 
other pair (TRT-l), which is not centromere linked, is unknown. 

The relevant structural features of TRT-l and TRT-2,3 are 
summarized in Figure 1. 

Our initial analysis suggested that TRT-l and TRT-2,3 share 
limited homology and that this homology is restricted to the H2A 
and H2B coding sequences, that is, both the spacer DNA between 
the genes as well as the 3' flanking regions are single copy DNA. 
The plasmids also contain additional, non histone genes. Genes 1 
and 2 are genes identifi~d by both r-looping and hybrid arrest 
translation; 3 and 4 are genes which code for minor transcripts 
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transcripts which have been identified only by r-loops (21). 

The limited homology between TRT-l and TRT-2,3 has been 
directly confirmed by sequence analysis of both of the H2B and 
H2A genes. The H2B genes show 12.6% sequence divergence and 
differ by 4 amino acids (33), while the H2A genes show a 6% 
sequence divergence and differ by only 2 amino acids (7). In 
contrast to the high degree of conservation of coding sequences, 
the 5' flanking regions show no obvious homology either between 
homologous genes or gene pairs (7,33). 

The finding that there are two copies of the H2A and H2B 
genes raised the question of whether both copies were expressed. 
By Northern blot analysis, we established that both H2B genes 
were expressed and that the levels of expression were 
approximately equal (22). This observation has been corroborated 
by the elegant experiments of Rykowski ~~ £~. (3) which 
demonstrate, by frame shift mutations, that cells can exist with 
either copy of the H2B genes. 

In the case of the H2A genes, we were unable to detect unique 
transcripts and therefore did not know whether only one gene was 
expressed or whether both were expressed but produced transcripts 
of identical size. This issue has been recently resolved by 
Kolodrubetz ~ gl. (26), who, using the same mutational approach 
described for the H2B genes, have shown that both the H2A genes 
are functional. 

Histone ~ Regulation 

,Transcriptional Regulation. We have found that the synthesis 
of H2A and H2B mRNA is restricted to the S-phase of the cell 
cycle and is the consequence of two levels of regulation -
transcriptional and post-transcriptional. Preliminary evidence 
that transcriptional control is an important component of histone 
synthesis originated from measurements of the steady state levels 
of histone transcripts throughout synchronous cell division (22). 
This analysis showed that the accumulation of histone mRNA is co
ordinate and periodic. Since the peak accumulation of these 
transcripts appeared to precede the point of maximal DNA 
synthesis, we argued that the pattern was consistent with a model 
of periodic tranacription of histone genes. 

A more direct approach to the question of periodic 
transcription was undertaken in a series of experiments in which 
the rate of synthesis of histone mRNA was measured (20). Two 
important conclusions were produced by these investigations. The 
first was that synthesis of histone mRNA is indeed periodic. The 
second was somewhat unexpected and was that significant synthesis 
of histone mRNA begins well before the onset of DNA replication. 
The latter observation eliminated a simple model of 
transcriptional activation in which the synthesis of histone mRNA 
is triggered by active chromosome replication. To dissect the 
steps required for histone gene transcription, the synthesis of 

42 



histone mRNA was examined in synchronous cultures of two ~ 
mutants. Cells arrested late in GI by the £d~2 mutation 
synthesize histone mRNA at rates comparable to those observed in 
wild type cells. However, in these cells, histone mRNA synthesis 
is not periodic but continues at maximal rates for as long as 
cells are maintained at the restrictive temperature. Periodicity 
is restored in cells arrested in early S by the cdc8 mutation. 
Taken together, these results suggest that the periodicity of 
histone mRNA synthesis is not an intrinsic property which is 
simply entrained by some event late in GI • Rather, activation 
and cessation of synthesis are temporally separable events which 
are dependent upon continued progression of cells through the 
cell division cycle. 

~-Transcriptional Regulation 

Three lines of evidence demonstrate that post-transcriptional 
controls, mediated via changes in histone ~RNA stability, are 
also important in expression of histone genes. First, when DNA 
synthesis is inhibited, the levels of histone mRNA dramatically 
fall (22). This phenomenon cannot be accounted for simply by 
inhibition of transcription followed by normal turnover of 
existing transcripts, since, under these conditions, the mRNA 
decays wi th a half-life on the order of 3-5 minutes, in contrast 
with the normal histone mRNA half-life which is about 15 minutes 
(29) • 

Second, a direct demonstration that histone mRNA stability 
can be altered arises from the consequences of increasing the 
copy number of histone genes (29). Duplication of one H2A-H2B 
gene pair results in a two-fold elevation in the rate of 
synthesis of mRNA encoded by these genes. The extra RNA, 
however, is degraded two times faster than normal, resulting in a 
concentration of histone mRNA corresponding to only one gene 
copy. 

Finally, a more detailed examination of the pattern of 
accumulation of histone transcripts vis-'a-vis the rate of 
chromosome replication (20) reveals that histone mRNA is most 
abundant at the time in the ceil cycle when the rate of DNA 
synthesis is maximal. This response can be interpreted to mean 
that histone transcripts synthesized before this period are 
differentially stabilized as a function of the rate of 
replication: when the replication rate is high, histone 
transcripts are stable; when the replication rate is reduced, 
these transcripts are degraded. 

Model Qf mRNA Regulation 

A general model incorporating our results on transcriptiorial 
and post-transcriptional control of histone gene expression is 
shown in Figure 2. 

Histone mRNA synthesis is initiated in GI at a point which is 
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either prior to or concomitant with the ~ function. Termi
nation of transcription occurs early in S. The histone mRNA 
produced within this interval is then regulated post
transcriptionally by changes in its half life. These changes, 
which we believe are a consequence of the DNA replication rate, 
result in the nearly perfect coincidence of histone mRNA 
accumulation and this rate. We assume that the two modes of 
regulation have complementary functions., The transcriptional 
regulation ensures that histone mRNA is produced at the proper 
time during cell division, while the post-transcriptional 
regulation ensures that it is produced in the proper amount. 

As regards the mechanisms responsible for these two levels of 
control, we have postulated that the post-transcr iptional 
regulation may be similar to the autogenous regulation exhibited 
by certain phage proteins such as gene 32 (15) or reg A (25) as 
well as the .E..a.. ~ ribosomal proteins (4,11,12,35) in which 
these proteins modulate expression by specifically binding to 
their cognate mRNAs. We propose that changes in half-life may be 
a reflection of the translational efficiency of the mRNA, which 
in turn is governed by the level of free histones. Thus histone 
mRNA would be maximally translated and thereby stabilized during 
periods of peak DNA synthesis. While we have no evidence that 
this is, in fact, the mechanism, the appeal lies in the 
similarity between histones and other proteins which exhibit 
autogenous regulation: namely, that all of them are proteins 
with high affinities for nucleic acid. ' 

Any mechanism postulated to explain the transcriptional 
regulation must take into account the observation that activation 
and cessation of histone mRNA synthesis are temporally separable 
and dependent upon continued progression of cells through the 
cell division cycle. The simplest way to achieve this 
regulation, without evoking complex cycles of transcription 
factors, is to couple transcription to some cell cycle event. 
The most obvious would be the DNA replication cycle itself. One 
could imagine that mechanisms which govern the periodic 
activation of origins of re~lication also serve to activate 
hist()ne gene transcription. Thus, alterations in chromatin 
structure which lead to the activation of an origin could also 
activate transcription. Replication through the region would 
then restore the chromatin to its prereplicative state and would 
serve to terminate transcription. The appeal of this model is 
its simplicity. Moreover, it is also consistent with the 
observed behavior of histone gene transcription: namely, that 
histone mRNA is activated in Gl , but is not terminated until 
cells have entered S. 

Correlation between ARS Sequences smd Histone ~ Transcription 

One way to envision this model is simply to have histone 
genes positioned near an origin of replication. We were 
therefore struck by the observation that both TRT-l and TRT-2,3 
appear ed to contain functional orig ins of repl ica tion (ARS 
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sequences (32» as assayed by yeast transformation. Further 
analysis revealed that they were located at the 3' ends of each 
of the H2B genes. The fact that ARS sequences occur on the 
average about every 40 kb in the yeast genome (1,6) argued that 
it was unlikely that this arrangement would occur randomly and 
therefore suggested that these seque~ces might indeed play a role 
in histone gene expression. 

To assess the role of the origin sequences in histone gene 
expression, we took advantage of the recent observations of Rose 
.e..t li. (30), and Guarente and ptashne (18), that gene fusions to 
beta-galactosidase can be utilized as a rapid and convenient 
assay of yeast promoter activity. Thus, fusions were created 
between the histone promoters, either with or without the origin 
sequences, and the levels of beta-galactosidase produced after 
transformation of these plasm ids into yeast were determined. 

The features of the TRT-l H2A-H2B gene pair relevant to the 
plasmid constructions are shown in Figure 3. 

Transcription of the histone genes is divergent and initiates 
within the 800 nucleotides of spacer DNA which separates them. 
A 1.1 kb Hind II.! fragment encompasses the entire spacer region 
as well as a portion of the 5' coding sequences of both the H2A 
and H2B genes. A second Hind III fragment of 1.3 kb immediately 
adjacent to the 1.1 kb region includes the 3' end of the H2B gene 
and flanking sequences as well as the origin of chromosome 
replication in an 800 bp region which is bounded by one of the 
Hind III sites and an internal Bam HI site. Insertion of the 1.1 
kb Hind III fragment into the 5' end of ~gQ~ in either 
orientation produces a fusion in the correct reading frame. 
Although both hybrid genes are expressed in yeast, our analysis 
has been restr icted to the H2A-lacZ fusion (pfusAl-l. Figure 3B). 

Two additional plasmids were constructed by inserting the 
origin-containing 1.3 kb Hind III fragment of TRT-l (Figure 3A) 
into the distal Hind III site on ,the pfusAl-l fusion plas~id. 
Insertion of this fragment in the correct orientation (pfusAl-2, 
Figure 3C) reconstitutes an intact H2B gene, while insertion in 
the opposite orientation (pfuSAl-3, Figure lC) results in the 
separation of the 5' and 3' H2B coding regions by the origin 
sequences. 

To determine whether the origin sequences play any role in 
the expression or regulation of the H2A gene, we took advantage 
of the fact that integration of plasmid sequences introduced by 
transformation occurs by homologous recombination (23). The 
plasmids which we constructed, therefore, integrated either at 
t"he TRT-l locus or at loci homologous to the selectable marker 
present on the plasmid. The selectable marker which we used is 
the yeast l&.U.2.±. gene (Figure 3B, C). Since the DNA fragment 
containing this gene also contains a portion of a repetitive Ty 
sequence (H. Klein, personal communication), integration occurred 
either at the leu2 locus or at random Ty sites within the genome. 
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Figure.3.. Construction Q.f H2A fusion plasmids. 
A. Organization of genes at TRT~11ocus showing H2A and H2B 

and nonhistone protein 1 gene (21). The arrows represent 
the direction "of transcription. The two Hind III 
fragments used to construct the fusion plasmids are 
indicated. The 1.1 kb Hind III fragment includeg 40 
nucleotides of H2A coding sequence, 236 nucleotides of H2B 
coding sequence and about 800 nucleotides of spacer DNA 
separating the two genes. The 1.3 kb Hind III fragment 
contains the 3' end of the H2B gene and its flanking DNA 
and also includ'es a functional origin of chromosome 
replication (ori) which has been localized to a :800. bp 
Hind III-BamHl fragment. 

B.- pfusAl-l was created by inserting the 1.1 kb Hind III 
f rag me n t show n inA. in t 0 the un i que Hi n d I I lsi teat the 
5' end of the lacI~lacZ fragment carried on plasmid pG200 
(17). This plasmid ,also contains the yeast LEU2+ gene to 

, provide a selectable marker for maintenance of the plasmid 
in yeast. 

c. pfusAl-2 results from the insertion of the 1.3 kb Hind III 
fragment shown in A. into pfusAl-l in the correct orienta
tion. pfusAl-3 has this same fragment in the reverse 
orientation. 
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As a consequence of integration at these different genomic 
locations, the sequences flanking pfusAI-I vary greatly. When 
pfusAI-I is integrated at the TRT-I locus, it displaces the 
resident H2A gene and is thus properly positioned with respect to 
the origin sequences. At ~ or any other chromosomal location, 
however, the only histone gene sequences present are those 5' 
sequences in which transcription is initiated. If the latter 
sequences are all that are required for expression and 
regulation, we would expect the levels of beta-galactosidase to 
be independent of the chromosomal location of the fusion gene. 

Leu+ transformants of pfuSAI-I were initially screened on x
Gal indica tor pIa tes. Only two phenotypic classes, which 
differed markedly in their degree of beta-galactosidase 
expression, were obtained. In all cases, transformants producing 
high levels of enzyme contained the fusion integrated at the TRT= 
~ locus, as determined by Southern blot analysis. This 
difference was confirmed by enzyme assays which showed 4-fold 
differences in beta-galactosidase levels (data not shown). 

To determine whether the enhancement of beta-galactosidase 
expression reflected a role for the origin sequences in 
regulation, we assayed the levels of beta-galactosidase in 
synchronous cell cultures. We found that in the absence of these 
sequences beta-galactosidase is synthesized at low constitutive 
levels during cell division, whereas, in their presence, a 
dramatic step in enzyme synthesis was observed. This step occurs 
exactly at the point at which histone mRNA is maximally 
accumulated (data not shown). These results, which have been 
confirmed at the RNA level by Northern gel analysis, lead us to 
the conclusion that sequences in or near the origin sequences are 
necessary for the transcriptional regulation of the histone 
genes. As such, they lend support to our notion that this 
transcriptional regulation may be inextricably linked to the 
periodic activation of DNA replication sites. 

DISCUSSION 

As we have demonstrated, histone synthesis is tightly 
regulated during cell division by concerted transcriptional and 
post-transcriptional mechanisms. Our preliminary results suggest 
that the first of these mechanisms may be mediated by the 
periodicity of the DNA replication cycle: that is, that histone 
transcription is regulated by the periodic activation of origins 
of replication. As we have said, we suggest that the coupling of 
replication and transcription is a consequence of alterations in 
the state of the histone gene chromatin. Thus, we envision that 
activation of DNA replication origins results in changes in 
chromatin structure which allow activation of transcription. 
Termination of transcription can then be readily achieved simply 
by replication through the histone gene region and restoration of 
the chromatin to its GI state. Formally this model is similar to 
those in which restructuring of chromatin during DNA synthesis 



ul timately changes the developmental fate of a particular cell 
(34). The only difference is that the changes we propose are 
oscillatory rather than permanent. 

At present we do not know whether these interpretations are 
correct or whether, in fact, the mechanisms are far more complex 
than our experiments suggest. In any case we feel that we have 
identified a potentially novel form of regulation., Even though 
this type of regulation appears to be novel, we feel that it need 
not be limited to histones. We therefore suggest that there are 
other proteins which may be similarly regulated and such proteins 
would be those which are required during S phase either for 
structural or enzymatic functions. 
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SUMMARY 

MAPPING AUTONOMOUSLY REPLICATING SEGMENTS ON A 
CIRCULAR DERIVATIVE OF CHROMOSOME 1111 

Carol S. Newlon, Rodney J. Devenish2 and Lolya R. Lipchitz 
Department of Zoology, University of Iowa 

Iowa City, Iowa 52242 

A method for purifying a 190 kilobase (kb) ring chromosome derived from 
chromosome III of Saccharomyces cerevisiae has been developed. The extracts, 
which contain 70-85% of the expected yield of ring chromosome, also contain 
other circular DNAs, including the 2~m plasmid, 3-5 copies per cell of cir
cular ribosomal DNA, and· less than 1 copy per cell of a circular molecule 
which hybridizes to Tyl-17. The electrophoretic properties of the ring 
chromosome are anomalous: nicked circles fail to enter an 0.7% agarose gel, 
and closed circles do not enter such a gel in the presence of ethidium 
bromide. 

Replication origins used in vivo are being mapped on the ring chromosome 
by electron microscopic techniques. In addition, a library has been construc
ted which consists of BamHI fragments of the ring chromosome inserted into 
the integrating URA3 vector YIpS. We have identified at least three BamHI 
fragments from the ring which contain an autonomously replicating segment 
(ARS) . One of these ARS-containing fragments is within the 125kb of the 
chromosome for which we have a restriction map and is located approximately 
20 kb distal to the HIS4 locus. 

INTRODUCTION 

DNA replication initiates at many sites spaced along eukaryotic chromo
somal DNAs at intervals of 50 - 330 kb (reviewed in 16). The precision with 
which origins of replication are spatially and temporally ordered on eukar
yotic chromosomes is largely unknown. Saccharomyces cerevisiae offers an 
ideal system for studies of eukaryotic DNA replication for two reasons. 
First, although its chromosomal DNAs replicate like those of higher eukar
yotes (26), they are at least 100 times smaller than a typical eukaryotic 
chromosome, and the smallest yeast chromosomal DNA's are only the size of T4 
DNA (28). Their small size makes it feasible to isolate intact chromosomal 

1Support was obtained from NIH research grant GM 21510 and NIH RCDA GM 
00265 to C.S.N. 

2 
Present address: Department of Biochemistry, Monash University, Clayton, 

Victoria, 3168, Australia 
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DNAs (25, 29). Second, the yeast transformation system makes possible 
genetic manipulations which cannot yet be done in other systems. 

Two lines of evidence suggest that replication or1g1ns on yeast chromo
somal DNA may be at defined sequences. We have used electron microscopy to 
examine the replication of the smallest yeast chromosomal DNA's and have con
cluded that replica"tion origins are located non-randomly at intervals of about 
36 kb (25). Others have isolated DNA sequences from yeast which, when in
serted into plasmids, confer on those plasmids the ability to replicate auto
nomously in yeast (1, 7, 19, 20, 32). These autonomously replicating segments 
(ARSs) seem likely to be origins of replication, since prokaryotic sequences 
which by a variety of criteria are replication origins allow autonomous rep
lication of prokaryotic plasmids. In addition, the frequency of occurrence 
of ARSs in yeast chromosomal 'DNA, one per 40 kb (1, 7), is consistent with 
the Spacing of replication origins, and ARS-containing plasmids replicate 
under the same cell cycle control as chromosomal DNA (40). However, it re
mains to be demonstrated that these sequences function as initiation sites 
on chromosomes or plasmids in vivo. 

A number of studies in both higher and lower eukaryotes suggest that 
DNA replication is temporally ordered (reviewed in 16). However, the reso
lution of these studies was at best approximately one-fifth of S-phase, a 
time much longer than the time required for an individual replication unit 
to complete DNA synthesis. Evidence from both Drosophila and Triturus demon
strates that the spacing between replication origins varies with developmental 
stage (3, 4). These results mean that either not every origin is used in 
every S phase or that the temporal order of activation of origins can vary. 

The identification of a circular derivative of chromosome III (34, 13) 
has provided an opportunity to further define the location and temporal order 
of activation of replication origins. This ring chromosome contains approxi
mately 190 kb of DNA. Based on the average spacing between origins (25), 
this chromosome should have five or six replication origins. Because it is 
Circular, it can be uniquely identified by electron microscopy. We are taking 
two approaches in studying the replication of this chromosome. First, we 
are using electron microscopy to map replication origins and define their 
temporal order of activation on the molecule as it replicates in vivo. Sec
ond, we are identifying and mapping ARSs on the ring chromosome. Ultimately 
we will be able to determine whether ARSs function as replication origins in 
vivo and whether there is a perfect Correlation between ARSs and origins. 
In this paper we report progress in identifying ARSs. 

MATERIALS AND METHODS 

Strains and Media 
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Yeast strains DC021/DC022 H62 and DC021/DC022 H20, a [cirO] ring chrom
osome strain and its ~ildtype counterpart were isolated by J. Strathern as 
described for the [cir ] strains XG1 H24 and XG1 HI (34). Detailed genotypes 
are given in reference 13. A364A (lB) was from L. Hartwell and YNN27 (33) 
was obtained from D. Stinchcomb. E. coli strain JA226 (13) was used as the 
transformation recipient. Yeast strains were grown in Y-minimal medium (26) 
supplemented with 2% glucose and when necessary with amino acids, purines, 
and pyrimidines at 50 mg/l. Bacteria were grown in L broth. 

Preparation of Genomic DNA 

Total DNA was prepared from yeast by the method of Fitzgerald-Hayes and 
Bloom (per. comm.). Spheroplasts 'were suspended in O.lM Tris-Cl, O.OSM Na 
EDTA, pH B.O and lysed by the addition of 10% sodium dodecyl sulfate to a 
final concentration Of 0.5%. The lysate was made O.SM in NaCl by the addi
tion of a SM solution and extracted with 0.75 volume phenol: CHC1 3 : isoamyl 
alcohol (50:24:1) and then with 0.5 volume CHC1 3 : isoamyl alcohol (24:1). 
DNA was precipitated with ethanol and the DNA pellets redissolved in STE 
(10mM NaCl, 10mM Tris-Cl, 1mM EDTA, pH B.O) and treated with S~g/ml pancre
aticRNase at 37° for 1 hr. SDS and salt were added as above and the organic 
extractions repeated before DNA was precipitated with ethanol. . 

Preparation of Covalently Closed Circular (ccc) DNA 

The method is a modification of the procedure of Casse et al. for iso
lating Ti plasmids from Agrobacterium (6), and has been described in detail 
(13). Briefly, spheroplasts were lysed at pH 12.45 which denatures linear 
but not covalently closed circular (ccc) DNA. The lysate was then taken 
through a gentle high salt-phenol extraction to remove single stranded DNA 
and protein. The ccc DNA was recovered from the aqueous phase by ethanol 
precipitation. A standard gel track contained lysate from about 4 x 108 

cells. 

Cloning of Ring Chromosome DNA 

+ ccc DNA prepared from the [cirO] or [cir ] ring chromosome strain was 
centrifuged to equilibrium in CsCl gradients, precipitated with ethanol and 
redissolved. It was cut to completion with BamHI, for which no sites exist 
in 2~m DNA (17) or in ribosomal DNA (2), and then ligated into BamHI-cut YIpS 
vector which had been treated with bacterial alkaline phosphatase-to prevent 
recircularization of the vector. The ligation mix was transformed into E. 
coli JA226 and approximately 500 tetracycline-sensitive, ampicillin-resistant 
colonies, containing plasmids with inserts, were picked from each starting 
yeast strain. The plasmid-containing strains were stored in 96-well micro
titer dishes at -BOo in the presence of B% dimethylsulfoxide. 
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Gels, Transfers, Nick Translations, and Hybridizations 

Electrophoresis of DNA was in 0.7% agarose gels using a Tris-borate
EDTA buffer. Transfer of DNA to nitrocellulose filters, nicktranslation of 
DNA probes, and hybridizations were by standard procedures as described pre
viously (l3). 

RESULTS 

Isolation of the Ring Chromosome 

The ring chromosome results from an intrachromosomal recombination be
tween homologous sequences at the mating type locus (MAT) on the right arm 
of chromosome III and the silent cassette, HML, on the left arm as depicted 
in Figure 1 (34). Early efforts to isolate DNA from this ring chromosome 
bearing strain yielded only about 1% of the expected amount of ring chromo
some DNA. To isolate enough ring chromosome DNA for cloning, we have devel
oped a method of extracting ccc DNA which yields up to 85% of the theoretical 
yield of the ring chromosome (1 molecule per diploid, or 0.6% of the total 
DNA). Tracks a and b of Figure 2 show an+ethidium bromide-stained agarose 
gel in which ccc DNA extracts from a [cir ] ring chromosome strain and an 
isogenic wildtype diploid have been electrophoresed. A slowly migrating DNA 
species is present in the ring strain that is absent from the wildtype dip
loid extract. The autoradiograms in the same figure demonstrate that this 
DNA, labeled "ring", is derived from chromosome III. DNA from pairs of tracks 
corresponding to the stained tracks shown was transferred to nitrocellulose 
and hybridized to various 32P-labeled probes. The ring band hybridizes to 
the chromosome III probe (MATa, tracks c and d), but not to a probe from chro
mosome V (CYC7, tracks e and f). In addition to MATa, probes from the HIS4 
and LEU2 loci on chromosome III hybridize to the ring band. However ~ 
expected, a probe from the region of chromosome III distal to HML fails to 
hybridize to the ring band (13). Probes from chromosomes IV, X, and XV also 
fail to hybridize to the ring band. The chromosome III probe also hybridizes 
to a second band which migrates at the same rate as linear fragments of chro
mosomal DNA. Since this band contains little or no fragmented DNA from other 
linear chromosomes, as evidenced by its failure to hybridize to non-chromosome 
III probes, presumably it results from broken ring chromosome. 

Other DNA species in the extract. We have extended the hybridization 
analysis to identify other circular DNA species in the extract. The 21..lm 
plasmid monomer is clearly visible in the EtBr stained tracks. Hybridiza
tion with a 21..lm probe (Figure 2, tracks g and h) reveals multimers of 21..lm 
DNA up to at least pentamers. In experiments not shown, we have quantitated 
the yield of 21..lm DNA and estimate that the monomer band contains 75-90% of 
the theoretical yield of 21..lm DNA (13). The extracts also contain circular 
copies of ribosomal DNA (Figure 2, tracks i and j). The monomer species is 
often weakly visible in the stained gel. We estimate that we recover 3-4 
copies per cell of this ribosomal DNA circle (13). 
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LEU2 
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Figure 1. Generation of the ring chromosome. Homologous recombination be
tween the regions of homology at MATa and HMLCi yields the ring chromosome 
and an acentric fragment (not show~ The acentric fragment is presumably 
lost during mitotic growth. The recombination between HMLCi and MATa yields 
a hybrid locus which expresses Ci-infor·mation derived from HML. 
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Figure 2. Identification o~ DNA species in ccc DNA extracts . ccc DNA ex
tracts from XG1 111, a l cir J wild type diploid, and XG 1 1124, its isogenic 
ring chromosome strain were electrophoresed in an 0.7% agaro se gel (20 rnA, 
17 hrs). The gel was stained with EtBr and photographed, and DNA from pairs 
of tracks was transferred to nitrocellulose after partial depurination (31). 
(a) and (b) s how the EtBr-stained gel containing extract from XG 1 #1 (a) and 
XG1 1124 (b). DNA from pairs of tra cks equivalent to (a) and (b) was hybri
dized to 32P-l abe led DNA fragments as follows and hybridization was detected 
by autoradiography. (c) and (d) the EcoRI-HindIII yeast fragment from MATa 
on chromosome III (35); (e) and (f)the PstI -EcoRI yeast fragment from 
pYeCYC7, isolated from chromosome V (24); (~andCh) the 2fJm DNA monomer 
excised from plasmid 82-6B with PstI (17); (i) and (j) the Sma I fragment 
conta ining a single rDNA repeat from pBD4 (2). 
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In view of recent reports of circular copia elements in Drosophila (14), 
we tested ccc DNA extracts of yeast for hybridization to a Tyl-17 probe. In 
Figure 3 it can be seen that Tyl-17 hybridizes to three DNA species in ex
tracts from [cirO] ring strains (tracks e and f): the ring chromosome, lin
ear DNA, and a third, faster migrating species. The hybridization to the 
ring chromosome is expected because there are at least two !y elements in 
the ring, one just distal to LEU2 (Tyl-17, ref. 21) and one near PGK +Tyl-161, 
ref. 21). The faster migrating species is also present in the [cir ] ring 
strain (track g) and in an unrelated haploid, YNN27 (track h). Because 
pBR322 sequences in the probe hybridize to 2~m DNA (34), the position of this 
IY species can be easily compared with the 2~m monomer in tracks g and h. 
It migrates more slowly than 2~m DNA (6.3 kb, ref. 17), but faster than the 
ribosomal DNA monomer circle (8.5 kb, ref. 12). It is therefore larger than 
the 5.6 kb Tyl element described by Cameron et al. (5), and it is close to 
the size of the 6.8 kb Tyl-161 element near PGK (21). Although we have found 
!y-related DNA migrating at this position in extracts from four different 
strains, there is variability in the amount. Extracts from the [cirO] ring 
strain consistently show less hybridization than those from the [cir+] ring 
strain, and there is variability among extracts from the same strain (compare 
tracks e and f). A rough estimate of the number of copies of the circular 
IY can be made by comparing the intensity of hybridization to the ring chromo
some and the small circle. Assuming that there are two IY's on the ring chro
mosome, the number of copies of !y circles varies from approximately 0.2 per 
cell to approximately 2 per cell. 

Electrophoretic properties of the ring chromosome. A somewhat surpris
ing finding of our analysis of the ccc DNA extract is that we have found only 
a single ring chromosome DNA species. The expectation, based on previous 
experience with bacterial plasmids, was that we would find two forms, super
coils and nicked circles, which would migrate at different rates. Figure 4 
shows data which suggest that the ring chromosome band identified by hybridi
zation contains supercoiled molecules and that nicked circles do not enter 
the gel. Thermal hydrolysis of the extract (75° for 90'), a treatment which 
nicks supercoiled DNA (15), results in loss of the ring chromosome band with 
an increase in the intensity of hybridization to DNA at the slot. Treatment 
of the extract at 75° for a much longer time (48 hr) results in the conversion 
of 2~m supercoils to nicked circles (data not shown). 

In addition, the migration of the ring is altered in gels run in the 
presence of EtBr (Fig. 4). Under these conditions, the ring chromosome also 
fails to enter or barely enters the gel. This behavior contrasts with that 
of small ccc DNA's which migrate faster in the presence of EtBr. Although 
the reason for the anomalous migration of the ring chromosome is not urider
stood, we suggest that it may be related to the stiffness of highly twisted 
supercoils (38). As EtBr intercalates in the molecule, the DNA forms a com
pact, stiff, highly branched structure which is impeded from entering the 
gel. The difference between this molecule and smaller plasmids would be the 
size of the compact structure. 
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Figure 3. Hybridization of ccc DNA extracts with a !y probe. ccc DNA ex
tracts from the following strains were electrophoresed in an 0.5% agarose 
gel C20mA, 16 hr) and DNA was transferred to nitrocellulose as described in 
the legend to Figure 2. The filters were hybridized to a 32P- l abeled Tyl -1 7 
probe consisting o f the !y- containing XhoI fragment excised from Agt KG17 
(21). Ca) and (b) two different ccc DNA extracts from DC021/DC022 #62; Cc) 
ccc DNA extract from XG1 #24; Cd) ccc DNA extract from YNN27 transformed 
with pLC544 (20); (e) through (h) auto radiograms of (a) - Cd) aft e r hybridi
zation to Tyl-17. 
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Figure 4. Electrophoretic properties of the ring chromosome. Aliquots of 
ccc DNA extract from DC021/DC022 #62 (in 10 mM Tris-Cl, 1mM EDTA, pH 8.0) 
were treated as follows and electrophoresed in 0.7% agarose gels (20 rnA, 16 
hr). DNA was then transferred to nitrocellulose and hybridized with 
32P-labeled 3.4 and 3.6 kb EcoRI fragments from pYe(LEU2)10 (29) to detect 
chromosome III sequences. (a) control, no treatment;ci») autoradiogram of 
(a); (c) extract treated 75° for 90 minutes before electrophoresis; (d) 
autoradiogram of (c); (e) extract electrophoresed on a gel containing l~g/ml 
EtBr in the gel and running buffers; (f) autoradiogram of (e). 
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Cloning and Mapping of the Ring Chromosome 

To identify ARSs on the ring chromosome, our strategy has been to clone 
restriction endonuclease fragments of the ring in a plasmid incapable of auto
nomous replication and to screen the resulting hybrid plasmids for those which 
have acquired the ability to replicate autonomously. To this end we have 
used the URA3 integra\ing vector YIpS (36) and ligated BamHI digested ccc 
DNA extrac5f from [cir ] and [cirO] ring strains into its single BamHI site 
in the TET gene. BamHI was used because it is expected to cut the ring 
chromosome at intervals of, on average, 9.3 kb, and because it does not cleave 
the major known contaminants in the ccc DNA extract, 2~m DNA and ribosomal 
DNA. Therefore, the ring chromosome should contain approximately 20 BamHI 
fragments. Assuming that the efficiency of cloning each fragment is the same, 
and that the ring chromosome is the only DNA in the extract cut by BamHI, 
then a bank of 97 plasmids with inserts has a 99% probability of having all 
the frag!l!ents (8). We isolated 500 hybrid plasmids each from both [cirO] 
and [cir ] ring extract.s, identifying those with inserts by their tetra
cycline-sensitive' ampicillin-resistant phenotype. 

To precisely map ARSs on the ring chromosome, we need to generate a re
striction map of the molecule. To facilitate mapping, we have screened a 
lambda-Charon 4A library of a partial EcoRI digest of DNA from yeast strain 
A364A for chromosome III fragments which overlap with the BamHI fragments 
isolated by direct cloning. The library was constructed by D~John Woolford. 
In order to identify phage with chromosome III inserts, we screened recombi
nant plaques with a 32P-labeled ring chromosome probe. For this purpose., we 
extracted the ring chromosome band from agarose gels using the sodium perch
lorate method of (39). The recovered DNA was nick translated and used as a 
hybridization probe. One hundred forty-two such phages have been isolated 
with an average yeast DNA insert of approximately 13 kb. 

Initially using cloned fragments containing the HIS4, LEU2, CEN3, PGK, 
and MAT loci to screen the A and YIpS libraries, and then walking from those 
regions by overlap hybridization techniques, we have identified and mapped 
with BamHI, EcoRI, and XhoI, 127 kb of the anticipated 190 kb molecule. 

Identification ·of ARSs on the Ring Chromosome 

ARS-containing plasmids transform yeast with efficiencies 10L to 103 -

fold higher than non-replicating plasmids (36). When a mixture of autonom
ously replicating and integrating plasmids is used to transform yeast, most 
of the transformants carry autonomously replicating plasmids (1, 7). There
fore we pooled the YIpS library in groups containing approximately 300 inde
pendent transformants each and isolated plasmid DNA fEom each pool. Plasmi~ 
DNA from one such pool was used to transform a ura3yeast strain to URA3 
and 124 transformants were picked. for further analysis. Of these, 122 of 124 
showed some degree of mitotic instability, as expected for transformants 
carrying autonomously replicating pl~smids (Table 1). On the basis of the 
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stability of the URA + phenotype, the transfor¥1ants appear to fall into two 
classes. In the majority class (79%), the URA phenotype was very unstable, 
with less than 10%+of the cells from a colony grown under selective conditions 
able to form a URA colony. Thirteen percent were more than 80% stable in the 
same assay. 

Table 1. Mitotic Stability of URA3+ Yeast Transformants 1 

Stability 100 
class % 

91-
99 

81-
90 

71-
80 

61-
70 

51-
60 

41-
50 

31-
40 

21-
30 

11- 1- <1 
20 10 

Number of 2 9 7 2 1 1 o o 2 2 36 62 

1 

transformants 

Independent fransformants were picked and streaked on selective (-ura) 
plates. URA colonies were then picked, diluted, and 1?lated for single 
colonies on non-selective plates. The percent of URA single colonies 
was then determined by replica plating to -ura plates. Between 100 and 
300 colonies were scored for each transformant. 

We have begun to characterize theplasmids in these transformants. ccc 
DNA extracts have been prepared from fourteen transformants and the plasmid 
DNA from five has been recovered in E. coli and mapped. Four of the five 
have the same 6.1 kb BamHI fragment which has been recovered in both orienta~ 
tions. The prototype plasmid is called YRpl-2. The fifth has an 8.4 kb BamHI 
fragment and is called YRp4-1. 

The ARS-containing fragments of YRp4-1 and YRpl-2 have been nick trans
lated and used to probe blots of gels containing yeast genomic DNA digested 
with BamHI and EcoRI as well as blots of gels with the ring chromosome. Such 
an analysis of the ARS4-1 fragment is shown in Figure 5. The following con
clusions can be drawn. 1) The BamHI fragment in YRp4-1 is present in a single 
copy in the genome of the three strains tested and shows no restriction site 
polymorphism. 2) It hybridizes to three EcoRI fragments, as expected from 
its restriction map and shows no restriction site polymorphism. 3) It shows 
no homology detectable by hybridization to the ARSl-2 BamHI fragment. 4) It 
is from the ring chromosome as demonstrated by its strong hybridization to 
the ring chromosome band in a ccc DNA extract. The ARSl-2 fragment is also 
uniquely represented in the ,genome and shares homology with the ring chromo
some. It is from a region of the chromosome we have mapped and lies about 
20 kb distal to the HIS4 locus. 

By hybridizing the ARS fragments to blots of gels containing ccc DNA 
extracts of the first fifteen transformants, we have determined that seven 
are homologous to ARSl-2, four are homologous to ARS4-1, and four show no 
homology to either ;but clearly carry plasmids. Therefore, there are at 
least three different ARSs in this collection. 
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Figure 5. Characterization of BamHI fragment containing ARS4-1. Left 
panel: Two micrograms of total genomic DNA from yeast strains A364A, XGl 
1/24, and DC02l/DC022 #62 were digested to completion with EcoRI (left three 
tracks) or BamHI (next three tracks) and electrophoresed with BamHI - digested 
YRpl - 2 and YRp4- 1 on an 0.7% agarose gel . The numbers on the l eft are sizes 
in kb of molecular weight standards. DNA was transferred to nitrocellulose 
and hybridized with 32P-labeled ARS - containing BamHI fragment from YRp4-1. 
Right panel: ccc DNA extracts were electrophoresed in an 0.7% agarose gel, 
transferred to nitrocellulose and hybridized with the 32P-probe described 
above. The left tracks show the stained gel and the right tracks the auto
radiogram. 
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DISCUSSION 

The method we have developed for purifying the ring chromosome is gen
erally applicable to preparing other circular DNAs from yeast. In this paper 
we demonstrate the presence of three other endogenous circular DNA species 
in the extract: 2~m plasmid, ribosomal DNA, and !1 DNA. We have also used 
it as a means of isolating autonomously replicating plasmids. 

Our finding of circular ribosomal DNA confirms the work of others (10, 
22, 23), and our estimate of the number of copies per cell of this species 
agrees well with the early estimate of Clark-Walker and Miklos (11). This 
is the first report of circular !1 elements in yeast. We do not have direct 
evidence for the circularity of the fast-migrating DNA species we have found, 
but it is the most likely interpretation of our results. The significance 
of the circular ribosomal DNA and !1 DNA is unknown. They could arise from 
homologous recombination events, in the case of ribosomal DNA between adja
cent copies in the tandem array and in the case of !1 between the 330 base 
pair direct repeats (delta sequences) that border the element. Alternatively, 
the circular copies could replicate autonomously. The available evidence 
supports the recombination model for !1 elements. Roeder and Fink (30) have 
found that the most frequent excision event involving the Ty912 element is a 
recombination between the delta sequences flanking the element, leaving a 
single delta in the genome and presumably releasing a circular!1. However, 
this event is still quite rare, and to account for circular !1 elements at 
the frequency with which we find them requires postulating other Ty elements 
which excise much more frequently than Ty912. In the case of ribosomal DNA, 
there is evidence that at least some non-coding spacer regions may contain 
an ARS (37), but there is no direct evidence that the extrachromosomal cir
cular copies do replicate autonomously. 

The 'ARS-containing fragments we have found are similar to those described 
by othe rs-c! 9 , 20, 32). They are mitotically unstable, and the two we have 
studied are unique in the genome. There are two possible explanations for 
the two apparent stability classes (Table 1). First, the more stable class 
could result from the presence on some plasmids of stabilizing sequences, 
for example, centromeric sequences (9). Second, the more stable class could 
arise from the integration of an unstable plasmid early during selective 
growth of the colony analyzed. We have found the same plasmid, YRpl-2, in 
transformants from both stability classes, supporting the second explanation. 
We cannot eliminate the possibility that some of the more stable trans for
mants carry plasmids with stabilizing sequences. 

We are more than half way to our goal of identifying and mapping ARSs 
on the ring chromosome. The ultimate success of this project depends on~he 
completeness o~ the libraries we have prepared. The YIpS library of BamHI 
fragments appears to be complete. We have now sought seven fragments, ranging 
in size from 8 kb to more than 20 kb, by direct screening and have found multi
ple representatives of six and a single copy of the seventh. Some sequences, 
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for example LEU2 and CEN3, are clearly missing from the phages we selected. 
As an alternative source for fragments overlapping the BamHI library, we 
have constructed a SaIl library of the ring chromosome by direct cloning. 

We will use these cloned ARSs from a single chromosome to study the 
temporal order of replication or-chromosome III, to determine whether ARSs 
function as origins in vivo, and to assess the effect of deleting oneor 
more ARSs on the replication and stability of chromosome III. 
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SUMMARY 

RECOMBINATION IN YEAST RIBOSOMAL DNA* 

T.D. Petes, S. Smolik-Utlaut, and M. McMahon 
Department of Microbiology, University of Chicago 

920 E. 58th Street, Chicago, Illinois 60637 

We describe meiotic and mitotic recombination events within the repeated 
yeast ribosomal. RNA (rRNA) genes. During meiosis, non-sister strand recom
bination is suppressed within the ribosomal DNA (rDNA) but unequal sister 
strand exchange occurs frequently. During mitosis, both non-sister and sister 
strand recombination events occur. These exchanges may be either reciprocal 
or non-reciprocal (gene conversion) events. 

INTRODUCTION 

We have analyzed recombination events within the repeated yeast genes 
that encode ribosomal RNA. Before describing these genetic studies, we will 
summarize the results obtained from physical analysis of these repeated genes. 

Each haploid strain has about 100 copies of the rRNA genes (11). Each 
gene has about 9 kilobases (kb) of DNA and encodes 4 species of rRNA, the 5S, 
5.8S, l8S and 25S species (summarized in ref. 7). The 5S coding sequences are 
separated from the coding sequences of the other rRNA species by approximately 
2 kb of non-transcribed spacer DNA. All 100 copies of the chromosomal rRNA 
genes are located in a single tandem array which is on chromosome XII (5,17). 

Within a single haploid strain, the rRNA genes are usually very similar 
in their restriction pattern, indicating a high degree of sequence conserva
tion between different repeats. Most laboratory strains contain rRNA genes 
that have seven EcoRl sites; this type of repeat has been called "form I" 
rDNA. A strain in which each rRNA gene has only six EcoRl sites ("form II" 
rDNA) has recently been identified (9). Restriction and sequence analysis 
of form I and form II genes (McMahon, Smolik-Utlaut and Petes, unpublished 
data) have shown several changes in addition to the EcoRl site difference. 
For example, in 300 base pairs of non-transcribed spacer DNA surrounding the 
58 rRNA coding sequences, there are seven differences between form I and form 
II. Three of these changes are transversions in A-T base pairs and four are 
single .base insertions of T into the noncoding strand of the form II gene. 
Despite these changes, the two forms of rDNA are more than 95% homologous. 

The genetic studies described below were done using two different 
approaches. First, we used the naturally-occuring form I-form II poly
morphism as a genetic marker. Second, we used recombinant DNA procedures and 
the yeast transformation technique to construct strains that had single-copy 
selectable yeast genes inserted within therDNA. In the first section below, 
we examine meiotic recombination within the rRNA gene cluster; in the second 
section, we describe the mitotic properties of recombination in the rDNA. 

* Support was obtained from N.I.H. (GM24ll0 and R.C.D.A. 1 K04 AG00077) and 
the N.C.I. DHHS (CAl9265). 
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MEIOTIC RECOMBINATION 

Non-Sister Strand Recombination 

In order to examine meiotic recombination between non-sister tandem 
arrays of rRNA genes, we crossed a haploid strain with form I rDNA to a 
haploid that had form II (8). When the resulting diploid underwent meiosis, 
most of the tetrads (12 of 14) segregated two form I spores to two form II 
spores. This pattern indicates that meiotic recombination between non-sister 
tandem arrays is infrequent since a non-sister exchange should produce one 
form I spore, one form II spore and two mixed form I-form II spores. In a 
similar but more extensive study (5), 3 of 59 tetrads had the segregation 
pattern expected for meiotic exchange between non-sister clusters. From the 
estimated number of recombination events per meiosis (100 per cell) and the 
fraction of nuclear DNA that is rDNA (about 5%), we calculated. that non-sister 
meiotic recombination within the rDNA is suppressed by about two orders of 
magnitude relative to non-rDNA sequences (5,8). 

In the experiments described above, we could not exclude the possibility 
that the observed suppression of recombination was a result of the sequence 
heterogeneity between form I and form II. In later experiments (17), we 
constructed yeast strains in which the single-copy lira3 gene was inserted 
distal to the rRNA gene cluster. We then measured recombination between ura3 
and ~3 (a marker centromere-proximal to the rDNA). in a diploid strain that 
had two form I gene clusters. We found that meiotic recombination was sup
pressed by at least a factor of 15 in the rRNA gene cluster. Thus, the 
observed suppression is not a result of the form I or form II heterogeneity. 
Before discussing possible explanations for this suppression, we will describe 
meiotic sister strand recombination within the rDNA. 

Sister Strand Recombination 

Since sister chromatids are identical in DNA sequence, the form I-form 
II heterogeneity could not be used to analyze sister strand exchange within 
the rRNA gene cluster. In order to monitor this type of recombination, we 
constructed strains in which the rRNA.gene cluster contained a selectable 
single-copy gene. These strains were constructed by transforming a yeast strain 
that was mutant at· the leu2 locus with a recombinant plasmid (pTP9) that had 
a wild type leu2 gene in addition to a fragment of yeast rDNA (6). Since 
Hinnen et al---CZ) had demonstrated that integrative recombination between a 
transforming plasmid and the yeast chromosome occurs by sequence homology, we 
expected that most Leu+ transformants would contain the leu2 gene integrated 
within the rDNA. Both genetic and physical tests showed that this expectatiori 
was justified (6). 

In one experiment, a form I haploid containing leu2 integrated into the 
rDNA was mated to a form II haploid that also had a leu2 gene in the rDNA (6). 
This diploid strain was put through meiosis. Approximately 88% of tetrads 
segregated 4+:0- for the le~cine requirement, 10% segregated 3+:1- and 2% seg
regated2+:2-. When. the tetrads that segregated 3+:1- were analyzed, we found 
that the form I-form II heterogeneity segregated 2 form I spores: 2 form II 
spores. By quantitative Southern analysis, we showed that the loss of a leu2 
gene from one chromatid (generating a leu- spore) was correlated with the 
duplication of the leu2 gene in the sister chromatid; spores having the same 
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form of rDNA were considered to contain chromosomes derived from sister 
chromatids. This result demonstrates that unequal sister strand recombination 
occurs in at least 10% of the meiotic cells. Since leu- spores are not formed 
unless the exchange event occurs between the misaligned leu2 insertions, it 
is likely that the frequency of unequal sister strand exchange is actually 
considerably higher than 0.10. This high frequency of unequal sister strand 
recombination indicates that the rRNA gene cluster has a high degree of poly
morphism within a cell population in the number of repeats per cluster. 

The rRNA gene cluster, therefore, shows the properties of high levels of 
meiotic sister strand recombination and suppressed non-sister exchange. One 
possibility is that these two phenomena may be causally related. Our favored 
hypothesis to explain the causal relationship requires two assumptions. First, 
we assume that sister strand interactions occur more frequently for repeated 
sequences than single-copy sequences. This a~sumption seems reasonable since, 
in the absence of structures to align sequences for recombination, the fre
quency of recombination is likely to be related to the gene dosage. The 
second assumption is that sister strand recombination precedes and inhibits 
non-sister exchange. If these two assumptions are correct, it is likely that 
all tandem arrays of repeated genes will have suppressed non-sister recombi
nation and high levels of sister strand exchange. To determine whether these 
unusual recombinational properties are specific to meiosis in yeast, we 
examined mitotic recombination within the rDNA. 

MITOTIC RECOMBINATION 

We examined two types of mitotic recombination in our studies (12). 
First, we analyzed recombination between a transforming plasmid containing 
yeast rDNA and the chromosomal rDNA sequences. Second, we studied recombi
nation between two chromosomal rRNAgene clusters. 

Plasmid-Chromosome Recombination 

Since the integration of a transforming plasmid into a yeast chromosome 
is a mitotic recombination event, we examined this type of recombinatlon as 
a model system for investigating· the specificity of mitotic exchange. We con
structed a diploid yeast strain (SSUlO) that was homozygous for mutations of 
the leu2 and ura3loci and was heterozygous for the form I-form II hetero
geneity. We transformed SSUIO with a recombinant plasmid (pSS2) that con
tained an intact form II rRNA gene as well as the wild type leu2 and ura3 
genes. 19 Leu+ Ura+ transformant were isolated and the transforming genes 
were mapped. In 16 of 19 transformants, the plasmid containing form II rDNA 
integrated into the form II rDNA; in 3 of 19, the integration was into a form 
I cluster. In a second series of experiments, SSUIO was transformed with a 
recombinant plasmid (pSS4l) that contained an intact form I rRNA gene as well 
as selectable single-copy genes. In 33 of 44 transformants, the recombinant 
plasmid integrated into the form I cluster. Both of these results show sig
nificant (p < .01) deviation from random integration. Thus, the integrative 
recombination system can distinguish between the perfect homology of a form I 
-form I or form II-form II interactions and the very goodfc-homology of a form 
I-form II interaction. 
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In order to find out whether the preferential integration described above 
was the result of DNA sequences localized in a small section of the rRNA gene, 
we did other transformation experiments in which fragments of the intact re
peat were used (12). For example, we constructed recombinant plasmids con
taining Bgl II fragments of the rRNA gene and a selectable marker. Since 
Bgl II cuts both form I and form II genes into two equal-sized fragments, all 
four recombinant plasmids constructed with the Bgl II halves were identical 
in size. We found that none of these four plasmids was capable of directing 
preferential integration into a homologous cluster. We also found that if a 
recombinant plasmid contained a complete form II rRNA gene in which the con
tinuity of the repeat was interrupted by an insertion of non-ribosomal DNA, 
then the plasmid was incapable of directing preferential integration. We 
believe, therefore, that preferential integration of a form I plasmid into a 
form I cluster or a form II plasmid into a form II cluster requires a long 
region (greater than 4.5 kilobases) of uninterrupted sequence homology. 

Mitotic Recombination Between rRNA Gene Clusters on Homologous Chromosomes 

Before discussing the experimental system that we used to study mitotic 
recombination between chromos~~al rRNA gene clusters, we will briefly describe 
the classical approach for the detection of mitotic recombination in yeast. 
If a diploid cell is heterozygous at a genetic locus, mitotic recombination 
can result in the formation of homozygous cells. In yeast, mitotic recom
bination is usually examined using diploids that are heterozygous for one or 
more auxotrophic mutations. Thus, the appearance of homozygotes is monitored 
by allowing single diploid cells to divide mitotically, forming colonies on a 
rich nutrient agar. These colonies are then replica-plated onto plates con
taining media that is deficient for specific nutrients. If mitotic recombi
nation occurs immediately upon plating the single diploid cells on the rich 
media, then a sectored colony can be formed on the supplement-deficient media. 

Two different types of mitotic recombination can yield a sectored colony 
(4), a reciprocal mitotic exchange between the heterozygous genes and the 
centromere or a non-reciprocal (gene conversion) event. These two classes of 
events can be distinguished by meiotic analysis of the prototrophic half of 
sectored colonies. If the prototrophic sector is homozygous for the wild type 
allele of the gene, then the sectoring is likely to be the result of recip
rocal recombination. If the prototrophic sector is heterozygous, then the 
sectoring may be the result of a mitotic gene conversion (4). 

In order to examine mitotic recombination within the rDNA, we constructed 
a number of different diploid strain·s (SSUI2-15) that were heterozygous for 
several genetic markers on chromosome XII. For example, on one homologue, 
SSU14 had an insertion of the single-copy gene his3 in a form II rRNA gene 
cluster and had the wild type allele of ura4. The gene ura4 is centromere
distal to the rDNA (5). On the other homologue, SSUl4 had a leu2 insertion 
within a form I rRNA gene cluster and a mutant allele of ura4-.--SSU14 was 
homozygous for his3 and leu2 mutations at the normal chromosomal location and 
thus was effectively heterozygous at the chromosome XII locations. 

Since SSU14 was heterozygous for three different auxotrophic markers, we 
expected to find three types of sectors; leu-, his- and ura-. We found that 
leu- and his- sectors were frequent (0.5% for each class) relative to ura-
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sectors (about 0.1%). As. discussed below, we believe the colonies that 
sectored only for leucine or histidine requirements represent unequal mitotic 
sister strand recombination events. We decided, therefore, to concentrate our 
analysis on the ura- sectors since the events producing such sectors were 
likely to be non-sister mitotic interactions. 

For all ura- s-ectors (total of 51), we also examined the sectoring pat
tern for leu2 and his3. In addition, the prototrophic part of the ura sector 
was dissected in order to find whether the sector had formed as the result of 
a reciprocal or non-reciprocal recombination event. Of 51 sectored colonies 
examined, 21 (41%) were the result of reciprocal recombination and 30 (59%) 
were the result of mitotic gene conversion. Since ura4 is centrOmere-distal 
to the rRNA gene cluster, a recombination event initiating within the rDNA 
could lead to ura4 becoming homozygous. We found that of the 21 reciprocal 
recombination events detected with ura4, at least 9 were the result of recip
rocal exchange within the rRNA gene cluster. For SSU14, the diagnostic 
features of reciprocal recombination within the rDNA were that: 1) in the ura
half of the sectored colony, his3 andura4 were segregating 0+:4- spores and 
leu2 was segregating 2+:2- spores and zr-in the Ura+ sector, his3 and ura4 
were segregating 4+:0- spores and 'leuZ was segregating Z+:Z-.This result is 
consistent with a reciprocal mitotic recombination between non-sister rRNA 
gene clusters, in which the recombination event occured between the leuZ and 
his3 insertions. This result also suggests that the leuZ insertion is cen
tromere-proximal to the his3 insertion. 

Thus, approximately half of the reCiprocal recombination events that make 
ura4 homozygous occur in the rDNA. We also did a meiotic analysis of several 
of the ura-sectors produced by gene conversion in order to determine whether 
gene conversion events initiating in the rDNA could extend to the ura4 locus. 
In 15 of 30 ura- sectors analyzed,-,we detected gene conversion for one or both 
insertions in the rDNA. For example, in one such class of convertants, in the 
Ura+ side of the colony, all heterozygous markers were segregating Z+:Z-; in 
the ura- side of the colony, his3 and ura4 were segregating 0+:4- and leu2 was 
segregating 4+:0-. The frequent co-conversion of ura4 and markers within the 
rRNA gene cluster indicates that mitotic gene conversion is likely to involve 
very long heteroduplex regions. Similar conclusions have also been reached in 
other studies (summarized in ref. 1). 

In summary, between non-sister rRNA gene clusters, we have detected both 
reciprocal and non-reciprocal mitotic recombination events. Approximately 
half of the reciprocal recombination events that make ura4 homozygous occur 
within the rDNA. We can determine whether this amount of mitotic recombination 
is that expected for the rRNA gene cluster by the following calculation. The 
total length of the rRNA gene cluster is 900 kb. The distance from the 
centromere of chromosome XII to ura4, excluding the rRNA gene cluster,is at 
least 160 eM (ref. 5);' this number represents a minimum estimate since the /'-
ura4 gene is not meiotically linked to the rDNA. It has been estimated that 
one centimorgan represents about 3 kb (ref. 13). Thus, the amount of non
ribosomal DNA between ura4 and the centromere is about 480 kb. Using these 
estimates, we calculate that about 65% of the DNA between ura4 and the centro
mere is rDNA. Since about half of the reciprocal recombination events that 
make ura4 homozygous occur within the rDNA, mitotic non-sister recombination 
within the rDNA is neither suppressed nor enhanced relative to other 
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chromosomal sequences. As des'cribed below, however, unequal mitotic sister 
strand recombination is a frequent event. 

Unequal Mitotic Sister Strand Recombination 

Unequal mitotic sister strand recombination events in yeast were first 
studied by Szostak and Wu (14). By using a cloned leu2 gene inserted within 
the rDNA, they demonstrated that mitotic loss of the leu2 gene from the leu
side of a sectored colony was correlated with the duplication of the insertion 
on the Leu+ side of the colony. Since these experiments were done in a haploid 
strain, these results are consistent with unequal sister strand recombination. 
The observed frequency of sectoring in these studies was 5 x 10-4 • In similar 
studies (12,16)1. we have observed somewhat higher sectoring frequencies, 
5 x 10-:-3 to 10-z. In addition, in about half of the sectored colonies; we 
were unable. to demonstrate a duplication of the insertion correlated with the 
loss. These events may represent unequal mitotic sister strand conversion 
although the possiblity of false sectoring cannot be ruled out. 

We have also examined the effects of the rad52 mutation on unequal sister 
chromatid exchange (12). This mutation,which depresses both meiotic and 
mitotic recombination (discussed in ref. 1), does not significantly influence 
unequal sister strand recombination in the rDNA. Jackson and Fink (3), 
examining unequal mitotic recombination between duplicated his4 genes, have 
reached similar conclusions. ---

DISCUSSION 

In summary, we have detected both meiotic and mitotic recombination events 
within the rDNA. In meiosis, non-sister strand recombination is suppressed 
relative to other cellular DNA sequences by approximately two orders of 
magnitude. In contrast, unequal sister strand recombination occurs in at 
least 10% of the meiotic cells. In mitosis, non-sister strand recombination 
occurs at approximately the expected frequency (10-3 events per cell cycle) 
relative to non-rDNA sequences. Unequal sister strand exchange in mitosis is 
a frequent event, occuring at a 10-fold higher frequency than non-sister 
mitotic exchange. We have also detected mitotic gene conversion events between 
non-sister clusters of rRNA genes in which' the conversion event extends from 
the rDNA to the ura4 locus. These non-reciprocal recombination events were 
approximately as frequent as the reciprocal mitotic exchanges. 

The high frequency of unequal recombination within the repeated rRNA 
genes is likely to be observed in eucaryotes other than yeast. Both Tartof 
(15) and Schalet (10) have obtained experimental results consistent with 
unequal recombination within the rDNA of Drosophila. 
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* EVOLUTIONARY CONSERVATION OF THE STRUCTURE OF EUCARYOTIC TELOMERES 
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Telomeres are special structures at the ends of eucaryotic chromosomes 
that are extremely stable and are fully replicatable. Neither the physical 
structure nor the mechanism of replicatio~ of telomeres are well understood. 
In this paper, a possible reason for the evolution of telomeres is discussed, 
and several model systems that have been studied in recent years are rev.iewed. 
Recently reported experiments concerning the cloning and initial characteri~ 
zation of yeast telomeres are summarized. Data concerning the non~snapback 
nature of yeast telomeres is presented, and efforts to find cdc mutants 
defective in telomere function are described. Finally two models for telomere 
resolution are described, along with possible ways of distinguishing between 
these models. 

INTRODUCTION 

Eucaryoticchromosomes are extremely long linear DNA molecules. Yeast 
chromosomes range in length from about 200 kb to over 1000kb (1); chromosomes 
of higher eucaryotes may range from 10 to 1000 times as long. Each chromosome 
has a centromere, the point or region of attachment to the spindle, and two 
ends, the telomeres. The physical structure of telomeres has been a subjeet . 
of interest for some time. 

Two considerations suggest that a telomere must be more than the end of a 
DNA duplex. The first is a problem of DNA replication that was first pointed 
out by Watson (2) over 10 years ago. This problem is easy to understand if one 
inagines a replication fork moving towards the end of a DNA molecule (see Figure 
1). There is no problem, at least theoretically, with the leading strand. The 
DNA polymerase could simply continue until it reached the last nucleotide, then 
falloff. However, the lagging strand cannot be completed. No known DNA poly~ 
merase is able to initiate primer free DNA synthesis. Instead, synthesis is 
initiated by a short RNA primer. (3~ 4, 5) This primer is later degraded, and 
the resulting gap is then filled in by DNA synthesis which is initiated from the 
upstream DNA fragment. However, there is no upstream DNA fragment at the end of 
a DNA molecule; hence a short unreplicated stretch of DNA would remain. Repeated 
rounds of DNA synthesis woulq result in progressive loss of DNA from the ends of 
a chromosome. Therefore, a telomere must be a special structure which is fully 
replicatable. The second major problem is one of stability. DNA ends are 
extremely reactive structures that tend to engage in ligation (fusion), degrada
tion, and recombination. In the 1930's and 1940's Muller (6) and McClintock 
(7,8) showed that new DNA ends produced by breaking chromosomes either 
with X-rays, or mechanically by using dicentric chromosomes, readily fused with 
each other. X-rays and gamma rays, which cause double strand breaks in DNA 

* 
Support was obtained from National Institutes of Health grant GM27862 to J.W.S. 

76 



are known to cause deletions in many organisms, and to stimulate mitotic recom
bination. Presumably deletions result from exonucleolytic degradation at the 
site of a double strand break, followed by fusion of the two ends. Resnick (9,10) 
has described the effects of ionizing radiation on yeast, and has proposed a 
model to explain the initiation of mitotic recombination by double strand breaks. 

Recent work from this laboratory (11) has demonstrated all three of the 
above reactions of broken DNA ends in a well defined system, that of yeast trans
formation with specific plasmids. Replicating plasmids transform yeast at high 
frequency (12). Restriction enzyme digestion of such plasmids within vector 
seq~ences not homologous to chromosomal seque~ces results in a 10 fold reduction 
in the recovery of transformants; the plasmids in the transformants that are 
recovered are circular molecules that must have formed by ligation of the cut 
DNA ends. (13) These plasmids frequently have deletions at the site of restriction 
enzyme digestion. When the cut is made in plasmid sequences homologous to genomic 
sequences, the replicating plasmids are stimulated to recombine with the chromo
some, and integrated transformants are recovered at high frequency. The inter
gration frequency of non-replicating plasmids is also greatly stimulated by 
restriction digestion with homologous sequences (11). 

Since telomeres are extremely stable structures that do not engage in any 
of these reactions, they must be protected in some way. Evidence discussed 
below suggests that telomeres are complex structures that have evolved to solve 
the problems of complete DNA replication, and of stability, of a DNA end. 

The Origin of Linear Chromosomes 

Given the problems which DNA ends present, it is interesting to speculate 
about why eucaryotes have linear chromosomes as opposed to the ci~cular chromo
somes found in procaryotic cells. Meiosis is an almost universal aspect of the 
life cycle of eucaryotic organisms; the essence of the meiotic process is the 
random reassortment of genetic information, so that new combinations of genes are 
produced in the succeeding generation. The primary mechanism of recombination in 
meiosis relies on the division of the large eucaryotic genome into a number of 
separate segments; these segments (chromosomes) assort independently (see 
reference 14 for discussion). A cell with many chromosomes must have a mechanism 
to assure the segregation of one copy of each chromosome into each daughter cell 
after mitosis, as well as a mechanism for correct meiotic segregation. This is, 
of course, accomplished by having a centromere on every chromosome. The centro
mere is the part of the chromosome that attaches to the spindle apparatus; the 
spindle physically puts one daughter chromosome into each daughter cell. However, 
the existence of a centromere on a chromosome is incompatible with a circular 
structure for that chromosome, at least in an evolutionary sense. After DNA 
replication, two sister chromatids are formed. Any odd number of reciprocal 
exhanges (cross-overs) between two circular sister chromatids will result in a 
singledicentric circle. Recombination between circular homologues in a diploid 
could also result in the fusion of two chromosomes to produce a dicentric. These 
problems are amplified during meiosis, when recombination levels are greatly 
elevated. Ring chromosomes have been known to be unstable for these very reasons, 
since the work of McClintock on maize (15) ~nd Muller on Drosophila (1). The same 
phenomena have recently been observed for ring chromosomes and mini-chromosomes 
in yeast (16,17). In contrast, any number of cross-overs can t,ake place 
between linear chromosomes, and no change in the 
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structure of the genome will result. The telomere, therefore, must have 
evolved either before, or in concert with, the evolution of the fragmented 
genome and the centromere. 

Other Functions of Telomeres 

Telomeres appear to have other functions in addition to providing an end 
that is stable and that is fully replicatable. Cytological evidence from a 
number of laboratories suggests that telomeres may be sites of chromosomal 
attachment to the nuclear membrane (see reference 18 for discussion). Electron 
microscopy of yeast nuclei has shown telomeres apparently attached to the 
nuclear membrane. (19) The chromosomes of Drosophila salivary cells are 
arranged in a specific and reproducible three dimensional pattern (D. Agard 
and J. Sedat, personal communication) in a shell adjacent to the nuclear 
membrane. The centromeres are clustered together at one pole, and the 
telomeres are clustered together at the opposite pole. Both genetic studies 
and cytological evidence support the idea that telomeres may aet as sites for 
the inititiation of chromosome pairing. 

The Structure of Telomeres 

Genetic observations from Neurospora provide evidence that telomeres are 
more than simply point structures at the ends· of chromosomes, and that the 
ends of different chromosomes have sequences in common with each other. A 
frequent class of chromosomal aberration in Neurospora is the quasi-terminal 
translocation, in which a fragment of one chromosome is attached to the tip 
of another chromosome. (20) No essential genetic information is lost from the 
tip region. Quasi-terminal translocations revert precisely at a very high 
frequency; it is thought that the revertants arise by homologous recombination 
between sequences at the new tip and sequences at the old tip, suggesting that 
different chromosomes share certain sequences at or near their telomeres. 
This has been confirmed for several organisms by in situ hybridization with 
cloned satellite DNA probes. For example, the 5S RNA sequences of Xenopus are 
located at the tips of chromosomes (21), and many satellite sequences are 
present at or near the ends of chromosomes. (22-25) A cl9ned DNA fragment that 
hybridizes to the telomeres of all Drosoph;lia chromosomes has been reported. (26) 
This probe also hybridize<s to fine fibers (ectopic pairing fibers) that 
connect. the ends of different. chromosomes. The nature and significance of these 
fibers is not understood. Southern blot restriction mapping revealed that the 
probe sequences was present in long tandem arrays in the genome; this made it 
impossible to tell how close to the actual ends of the chromosome these 
sequences were. 

Model Systems 

In view of the many interesting properties of telomeres, there has been 
considerable interest in looking more closely at the molecular nature of 
telomere structure. This has been quite difficult until recently, because 
it is not possible to clone a protected piece of DNA such as a telomere in 
cloning vectors which can only accept fragments of DNA bounded by two simple 
ends, usually restriction cuts. In an effort to circumvent this problem, 
various small linear DNA molecules have been examined as model systems. 

Adenovirus. The replication of Adenovirus is now well understood. The 
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virus encodes a protein which acts as a primer for DNA synthesis, and which 
remains attached to the 5' end of each viral strand. (27) The replication 
of Adenovirus appears to be very different from the replication of normal 
chromosomal DNA, since full length single strands are produced, and these 
single strands are converted to double stranded DNA in a separate reaction. 
There is no evidence for covalently attached proteins at the termini of normal 
chromosomes, and this is probably not the normal structure of a telomere. 

Parvoviruses. The Adeno-associated viruses and parvoviruses are a family 
of linear viruses that are largely single stranded. (28) They have short 
double stranded segments at each end (see Figure 2a) that are formed by a 
Y shaped terminal hairpin loop; i.e. the single strand folds back upon itself 
for a short region. Near the hairpin loop is a stretch of DNA that is not 
fully base paired. This sequence exists in two complementary forms (flip and 
flop), and the detection of these two forms has been taken as strong evidence 
that these viruses replicate their ends according to a model to telomere 
replication first proposed by Bateman (29), as a simplification of the 
Cavalier-Smith model (30) (see below). The terminal hairpin loop is a 
structural motif that is found in may different eucaryotic linear molecules, 
and is probably the most fundamental aspect of the structure of a telomere. 
As discussed below, there are various ways in which one can imagine the 
complete replication of a molecule the ends in a hairpin loop. Such a loop 
has the added advantage of explaining the stability of telomeres: there are 
no DNA ends available for ligation, exonucleolytic degradation, or recombination. 

Vaccinia. Vaccinia virus is a long (about 200 kb) linear double stranded 
DNA virus. At its ends are two 10 kb sequences that are in inverted orienta
tion relative to each other. (31) The ends of the molecule are crosslinked 
by hairpin loops (32), in which there are 104 bases of unpaired DNA. (33) 
The hairpin loops have recently been sequenced (33), and have been found to 
exist in two forms (flip and flop) that are complementary. Near the ends 
of the molecule are two clusters of 70 bp repeat units. (34) These repeat 
units contain smaller internal repeats. (33) The number of repeat units found 
varies between different subcloned viral isolates. (35) The significance of 
the repeats and of the variation 'is unknown. The DNA that is isolated from 
virions is closed, 1. e. the two strands of the duplex are cross,linked through 
the hairpin loops at each end into a continuous circular strand. This causes 
the viral DNA to behave as snapback DNA - it rapidly renatures after denatura
tion because of the terminal crosslinks. Apparently, nicks are introduced 
into the viral DNA at or near the ends shortly after the initiation of 
infection, however the nature of these nicks is not known. 

Paramecium mitochondrial DNA. It has recently been found that a number 
of mitochondrial DNA molecules are linear. Of these, the mtDNA of Paramecium 
has been studied in great detail by Cummings et al. (36-38) Replication of 
this molecule begins at one end, where the two strands of the duplex are 
crosslinked by a hairpin loop. Replication results in the generation of a 
head to head linear dimer, which is subsequently processed into two linear 
monomers. In this case, the hairpin loop consists of about 350 nucleotides 
of unpaired (single-stranded). DNA; the sequence of this DNA consists of an 

:ll-Fold reiterated 34 nucleotide repeat unit. The adjacent DNA does not 
contain repeated sequences. The nature of the replication events at the other 
end of the molecule is not known. 
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Tetrahymena. Vaccinia virus replicates in the cytoplasm, and carries all 
of its own replication functions with it. Mitochondrial DNA also exists in an 
environment very different from that of the nucleus. Neither system, there
fore, is ideal for understanding the replication of true chromosomes. Perhaps 
the best model system is that of Tetrahymena. This organism has the useful 
property of having two distinct kinds of nucleus, the micronucleus and the 
macronucleus. During the derivation of the macronucleus from the micronucleus, 
the micronuclear chromosomes are fragmented into a large number of smaller 
pieces, some of which are then selectively amplified. One of the smallest 
fragments is a 21 kb linear molecule that contains the ribosomal DNA (rDNA). 
The whole molecule is an inverted repeat, and is amplified to a level of about 
200 copies per cell.(39,40) Sufficient quantities of this molecule can be 
purified so that a detailed biochemical analysis of its structure is possible. 
The structural details of the terminus of the Tetrahymena rDNA (see Figure 2d) 
were elucidated by E.H. Blackburn and J .G .• Gall. (41) The very terminus of the 
molecule is probably a hairpin loop, although this has never been rigorously 
proven. Adjacent to the terminus is a long cluster of repeat units of the 
hexanucleotide sequence 5'-C-C-C-C-A-A-3', with the 3' hydroxyl towards the 
center of the molecule. The number of repeats varies from 20 to 70 on differ
ent molecules; thus terminal restriction fragments show a size heterogeneity 
of 2-300 bp. The rDNA molecule does not exist as a single closed strand; 
rather there are a series of single strand interruptions within the cluster of 
repeats, on both the C~A2 strand and the G(.T2 strand. The interruptions in 
the C4A2 strand are well characterized (41); they are due to the absence of 
the flrst C of a C4A2 repeat unit. Several of these interruptions are spaced 
two to three repeat units apart, near the terminal (distal) side of the cluster. 
The interruptions on the G4T2 strand are not as well characterized chemically. 
Both of these classes of interruptions are substrates for the initiation of 
nick translation by DNA polymerase I. Since the interruptions occur near both 
ends of the cluster, nick translation with just two nucleotide triphosphates 
can proceed through the entire cluster. 

The ends of other micronuclear DNA fragments from Tetrahymena (42) and 
the related holotrichous cil,iate Glaucoma (43) appear to have a similar 
structure to the ends of Tetrahymena rDNA. The macronuclear fragments of 
hypotrichous ciliate such as Oxytricha end in C4A4 repeats. (44) The extra
chromosomal rDNAs of Physarum (45) and Dictyostelmm (46) have single strand 
interruptions within repeated CCCTA and C

I
_
8 

T sequences respectively. 

Tetrahymena Ends Function in Yeast 

We have recently described experiments that demonstrate that the ends of 
the Tetrahymena ribosomal DNA plasmid function in yeast. (47) These experi
ments are summarized in this section. 

Since we did not know in advance what would happen to the Tetrahymena 
rDNA ends in yeast, we attempted to devise an experimental protocol which 
would clearly tell us whether or not the ends would replicate in yeast, and if 
so, if they would maintain their original structure. This was done as follows. 
A circular yeast/E. coli shuttle vector (pSZ213) was constructed. This plasmid 
contained pBR322 sequences (48) for growth and selection in E. coli, the arsl 
segment (49) and the LEU2 gene (SO) for replication and selection in yeast, and 
the HIS3 gene. (51) The HIS3 gene was used to provide a convenient BgIII 
'~e8triction site, and for subsequent genetic purposes. All other BgIll and 
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BamHI sites were removed by in vitro mutagenesis. DNA of pSZ213 was then 
linearized by digestion with BgIII, cutting in the middle of the HIS3 gene. 

·Meanwhile, Tetrahymena rDNA was purified, and a terminal 1.5 kb BamHI 
restriction fragment was purified by agarose gel electrophoresis-.--

The restriction cut vector DNA and the Tetrahymena rDNA end fragment were 
ligated to each other in the presence of both restriction enzymes (BamHI and 
BgIII). This improves the efficiency of the reaction, since any end fragments 
that ligated to each other would be re~cut with BamHI, and any vector that 
circularized or dimerized would be re-cut with BgIII. Only the desired 
reaction products, in which end fragments were ligated to the vector, could 
accumulate because the sequence formed by joining a BamHI site to a BgIII 
site is not a substrate for either enzyme. After the ligation reaction, all of 
the DNA was re-cut to completion with both restriction enzymes, and then sub-
j ected to agarose gel electrophoresis • Three large fragments were visible 
unreacted vector DNA, vector plus one end fragment, and vector plus two end 
fragments. The latter species was eluted from_the gel, and the DNA (an+ 
estimated 2-5 ng) was used to transform a leu2 strain of yeast to LEU2 

The DNA species we had constructed was a linear molecule, with both 
ends derived from the ends of the rDNA plasmid of Tetrahymena. If these ends 
functioned in yeast, we' expected to recover transformants carrying linear 
plasmids with the same structure as the transforming DNA. On the other hand, 
if the ends did not work in yeast, we expected to recover some type of cir
cular plasmid. Circles could arise by the fusion of the two ends of one 
molecule, by the inability of a circular replication intermediate to resolve to 
a linear form, or by deletion of the ends of the molecule followed by circular
ization. We constructed and purified the linear molecules we used prior to 
transformation in order to simplify the array of plasmids that would be re
covered after transformation. 

Of the 15 transformants that were recovered, 14 were mitotically unstable, 
which suggested that they contained autonomously replicating plasmids, as 
opposed to chromosomally integrated information. DNA was prepared from 5 
unstable transformants, and the structure of the plasmidsthey contained was 
determined by agarose gel electrophoresis and Southern blot restriction mapping. 
In every case, the plasmids had a linear restriction map, and the map was 
identical to that of the DNA used for transformation. Moreover, no molecules 
that were not linear could be detected in any of these strains. It was there
fore clear that the ends of the'Tetrahymena rDNA were in fact able to function 
as ends in yeast, and that they functioned very 'efficiently. This was quite 
a surprising resu'lt, since Tetrah;yrnena and yeast are not closely related 
phylogenetically, but are in different kingdoms. (52) Apparently, the, 
structural features required for function as a stable end have been highly 
conserved through evolution. This conclusion is futher supported by our . 
initial results from the characterization of yeast telomeres (see below). 

The linear yeast plasmid with two Tetrahymena ends (pSZ216) has a useful 
and unexpected property: its average copy number in a selectively grown culture 
is about 20 copies/cell. Plasmid DNA therefore represents about 0.5-1.0% of 
the mass of genomic DNA. The plasmid is visible on ethidium stained agrose 
gels of undigested genomic yeast DNA; this fact simplifies the initial analysis 
of new linear plasmids, since transformants can be rapidly screened for those 
containing plasmids of the correct size. A simplified procedure for the 
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construction of new linear plasmids with Tetrahymena ends has recently been 
described. (53) Rather than constructing the desired plasmid entirely in 
vitro, the yeast vector is ligated with unpurified Tetrahymena ends, the ligated 
DNA is re-cut with restriction enzymes to destroy incorrect molecules, and 
molecules with two functional ends are selected by yeast transformation. 
Subsequent characterization is by agarose gel electrophoresis and Southern 
blot restriction mapping. 

Once we knew that the Tetrahymena ends worked in yeast, we wished to know 
which of the unusual structural features of these ends were maintained during 
replication of the DNA in yeast. We examined the single strand interruptions 
within the C4A2 cluster, and the size heterogeneity of that cluster. (47) If 
the single strand interrupti9ns had been sealed during replication of the 
Tetrahymena ends Ln yeast, the linear .plasmid would have behaved as snapback 
DNA. This was not observed; indeed n6 snapback molecules were detectable. 
Subsequent experiments involving nick translation with various combinations of 
deoxynucleotide triphosphates revealed the presence of nicks or gaps within 
the C4A2 cluster. We do not yet know whether these interruptions have the same 
structure as the interruptions found on this DNA when it replicates in 
Tetrahymena. Heterogeneity in the size of the C4A2 cluster was tested by 
examination of small terminal restriction fragments in Southern blot experi
ments. The terminal 1.3 kb PstI fragment did not run as a sharp band on a gel, 
but exhibited a heterogeneity of about 200 bp; the average size of the,terminal 
fragment varied from transformant to transformant, and most were about 200 bp 
larger tha~ the mean size of the same fragment isolated directly from 
Tetrahymena. While the significance of neither the single strand interruptions 
nor the size heterogeneity of the C4A2 cluster is understood, it is clear 
that these features are~maintained ln yeast. It is therefore likely that these 
structural features in some way reflect the ability of this piece of DNA to 
function as a stable end. 

To test the hypothesis that structural features in addition to the hairpin 
loop at the terminus of the molecule are required for function as an end, we 
constructed an artificial hairpin fragment out of a piece of lacZ DNA. A 
circular plasmid (pSZ211 (54)) was linearized by restriction enzyme digestion, 
and ligated to itself at high DNA concent~ation, so as to produce long linear 
concatemers in which half of the adjacent repeat units were in inverted 
orientation. Digestion of this DNA with a second restriction enzyme released 
a DNA fragment that was a perfect inverted repeat; this fragment was purified 
on a gel. Upon denaturation, these molecules formed two identical half-length 
molecules terminated at one end by a hairpin loop. These hairpin loop fragments, 
with no sequence information in cornman with the Tetrahymena end fragment, were 
used to construct linear molecules consisting of pSZ213 with two hairpin ends 
by following the same procedure described above for constirrutbing 1,inearmole
cules with two Tetrahymena ends. When these linear molecules were used to 
transform yeast, only circular plasmids were recovered. These apparently arose 
by the initiation of bidirectional replication at some internal site, with the 
generation of a head to head dimer circle upon the completion of replication. 
The dimer circles then decayed by recombination between sequences in direct 
orientation to give monomer circles. One plasmid had the structure expected 
from precise replication of the entire hairpin loop; others had deletions in 
that area. Clearly, replication of a hairpin loop is possible in yeast, but 
additional information is required if the replicated DNA is to resolve into 
new hairpin loops. 
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Cloning Yeast Telomeres 

The yeast linear plasmid pSZ216 transforms yeast quite efficiently; 
however, after digestion with a restriction enzyme that cuts the plasmid once, 
the transformation eff iciency becomes extremely poor. Presumably molecules 
that have only one functional end are degraded in the cell. This provides a 
powerful selection for the replacement of a missing end, and we used this . 
selection to clone yeast telomeres. Genomic DNA from a strain carrying the 
linear plasmid pSZ216 was digested with the restriction enzyme PvuI, and the 
fragments were ligated to each other. In some cases we expected the cut linear 
plasmid to ligate to a telomere fragment of yeast DNA, and thus regenerate a 
linear plasmid with two functional ends. A total of 56 mitotically unstable 
transformants were screened by examining the DNA for the presence of linear· 
plasmid's by agarose gel electrophoresis. Three plasmids were found that were 
smaller than the original vector and could not, therefore, have arisen by 
religation of the two halves of the vector. All three turned out to have a 
single PvuI fragment of yeast DNA at one end; in each case these fragments 
appeared to be identical to each other by restriction mapping. 

In order to examine the origin of these yeast fragments, and to look more 
closely at the structure of normal yeast telomeres, it was necessary to 
subclone a portion of the yeast fragment in E. coli so that a telomere specific 
hybridization probe could be prepared. We were unable to recover the linear 
plasmids in E. coli by transforming directly with intact DNA. This problem 
was solved by the removal of the Tetrahymena end with one restrict ion ,enzyme, 
and the removal of part of the yeast end with a second enzyme. After circular
ization of the cut molecules with ligase, E. coli transformants were easily 
recovered. Southern blots were prepared from wild type untransformed yeast, ... 
and hybridized with the telomere specific probe. The. probe sequences were 
moderately repeated in the genome (30-40 X), and complex restriction patterns 
were obtained. A PvuI digest revealed that a fragment of DNA the same size as 
the cloned end fragment existed in yeast. Analysis of other digests showed 
that a site could be defined that acted as a site for digestion with every 
enzyine we examined; this site corresponded with the end of the cloned yeast 
fragment, and we concluded that it represented the ends of the chromosomes that 
hybridized with our probe. 

Further evidence that our probe was hybridizing to bonafide telomeres 
was obtained by comparison of two haploid strains: a wild type, and a ring 
chromosome III (kindly provided by A. Klar). The ring chromosome strain should 
lack two telomeres from chromosome III. Southern blot restriction analysis 
showed that this strain was missing at least one .fragment when probed with the 
telomere probe; since not all fragments were resolved, it is possible that 
a second missing fragment was not detected. 

Are Telomeres Snapback DNA? 

Fangman et al. (55,56) have reported that a substantial fraction of 
carefully prepared high molecular weight yeast DNA behaves as snapbac'k DNA in 
denaturation/renaturation experiments. They calculated that the presence of 
two crosslinks per chromosome would be necessary to explain theif data, and 
hypothesized that these crosslinks were due to closed telomeric structures, i.e. 
continuous single strands crosslinked at the end of the chromosome by a hair
pin loop. We have used our telomere specific probe to ask whether yeast 
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telomeres do in fact behave as snapback DNA. 

Preliminary experiments showed that the hybrid linear plasmid did not 
behave as a snapback molecule, suggesting the presence of nicks or gaps at 
or near the yeast end of the molecule as well as at the Tetrahymena end of 
the plasmid. Experiments with DNA polymerase I and various combinations of 
deoxynucleotide triphosphates showed that the yeast end contained single strand 
interruptions that were a substrate for the initiation of nick translation. 
Substantial levels of nick translation were obtained with dATP + dCTP, and 
dGTP + dTTP, just as with the Tetrahymena end. 

We then used the telomere probe in a hybridization experiment to ex~mine 
the telomeres of untransformed yeast. Genomic DNA of several different strains 
was digested with restriction enzymes (PvuI or HindIII) that gave a known 
pattern of bands after Southern blotting:- Half~each sample was run on an 
agarose gel as native DNA; the other half was denatured by incubation at 1000 C 
for 2', then run in parallel with the native sample. After Southern blot 
analysis, we always found that denaturation destroyed all of the bands found 
with native DNA, and the majority of the DNA seemed to run as full length 
sing Ie strands after denaturation. We have examined DNA from log phase as well 
as stationary phase cultures; no difference was seen. 

There results are quite surprising because it is difficult to imagine how 
DNA replication could proceed past the single strand interruptions that are 
present in telomeric DNA. Apparently any molecules in which these lesions are 
sealed are of such a transient nature that weare unable to detect them by 
this hybridization analysis. The most likely explanation for the earlier 
results of Forte and Fangman is that yeast DNA contains a low level of spon
taneous internal cross-links that are not related to telomeres. 

We have screened several cdc mutants for defects in 
and resolution. Strains were grown and DNA was prepared 
The DNA samples were analyzed as above with the telomere 
length restriction fragments nor snapback fragments were 
2, 6, 13, 16, 20, 23 or 40 (Figure 3). 

Telomere Resolution 

telomere replication 
at 23 0 and at 37

0 

probe. Neither dimer
detected with cdc 

If we assume that the single strand interruptions in telomere DNA are 
sealed prior to replication, then replication of a hairpin loop must give rise 
to an inverted repeat structure (see Figure 1). While we have not been able 
to detect restriction fragments characteristic of such inverted repeats in yeast, 
they are seen in the rDNA of Tetrahymena. An important question, then, is how 
these inverted repeat replication intermediates are resolved_to yield hairpin 
loops at the termini of two new linear molecules. Two experimental approaches 
to these problems are possible. First, it may be possible to construct new 
linear plasmids containing progressively shorter fragments of either the 
Tetrahymena or the yeast telomere. Presumably at some point the efficiency 
with which these ends function will become impaired and it may be possible to 
detect replicated but unresolved molecules (inverted repeats) or molecules 
in which the nicks or gaps have been sealed. A second approach, which is 
underway in this laboratory, is to construct, in vitro, DNA molecules which are 
sufficiently similar to the hypothetical replication intermediate that they will 
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be recognized and resolved by the cell. If such molecules can be generated, 
they may provide a suitable substrate for the in vitro study of the resolution 
reaction. 

Models of Telomere Resolution 

The Bateman model of telomere replication was the first to postulate the 
existence of an inverted repeat as a transient replication intermediate .. (29) 
In this model, the inverted repeat is resolved by the introduction of 
symmetrically displaced nicks on either side of the center of symmetry; the 
DNA in between is then denatured, after which the overhanging single stranded 
ends fold back on themselves to form two new hairpin termin,i (see Figure .4A) • 
An alternative model has been proposed (47) (Figure 4B) in which the inverted 
repeat is enzymatically transformed into a cruciform structure. The center of 
the cruciform is a Holliday junction; this could be enzymatically resolved just 
as during recombination. This model requires that the two halves of the 
inverted repeat be suffiCiently homologous that pairing is possible. If arti
ficial resolution substrates can be prepared in vitro, it may be possible to 
test this model directly by making an inverted repeat with imperfect symmetry. 

Neither of these models fully explains the structural features of the 
Tetrahymena rDNA ends, or of the cloned yeast telomeres. In both cases it 
appears. that there is a cluster of short repeat units near the end of the 
molecule, and that within that cluster are a set of single strand interrrup
tions on both strands of the duplex. The function of the repeats is not clear, 
although they COUld. be involved in the initial stages of the formation of a 
cruciform intermediate, or as the recognition site of enzymes involved in the 
introduction of nicks or gaps required for resolution. The presence of interr
uptions on both strands, and the presence of more than one interruption on one 
strand are even less clear. No doubt models of telomere replication and 
resolution will become more realistic in the near future as it becomes possible 
to do more sophisticated experiments. 
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Figure 1. Replication of telomeric DNA. Single stranded interruptions 
are sealed to yield a closed hairpin loop. DNA replication, initiated from 
some internal site, proceeds towards the DNA terminus. After replication is 
complete, the hairpin loop has been transformed into an inverted repeat. 
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Figure 2. The ends-of four linear DNA molecules. a)Adeno-associated 

viruses and parvoviruses are single stranded with a short duplex region at 
each end. Internal palindromes result in a Yshaped hairpin loop. b)Vaccinia 
virus has a 104 base unpaired hairpin loop at each end. Adjacent to the end 
are two clusters of a 70 base-pair repeat units. c)Paramecium mitochondrial 
DNA is crosslln,ked at the replication initiation end by a 350 base unpaired 
hairpin loop, composed of 11 repeats of 34"bases. d)Tetrahymena ribosomal DNA 
has a hairpin terminus, an adjacent cluster of C

4
A2 repeats, and a set of single 

stranded interruptions within the cluster ofrepeaEs. 
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Figure 3. Non-snapback nature of yeast tilomeres. Yeast DNA was prepared 
from cells grown at 230 to a density ,of 2 x 10 Iml, then,incubated at 37

0
C for 

4 hours. The DNA was digested with"the'restriction enzyme HirtdIII, and electro- ' 
phoresed on an 0.7% gel either native or denatured (2' at 100eC). The gel was 
blotted to nitrocellulose paper and hybridized with the telomere, specific probe 
described in the text. All bands due to native telomere DNA are absent after 
denaturation, proving the non-snapback nature of yeast telomeres. Lanes: n, 
cdc20; 13, cdc13; 23, cdc23; 16, cdc16; 2; cdc2. 
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Figure 4. Models of telomere resolution. A. the Bateman model. Symmetri
cally displaced nicks are introduced on either side of the inverted repeat. 
After separation of the half':"molecules, hairpin loops reform. B. An alternative 
model in which the inverted repeat is transformed into a cruciform structure, 
with a Holliday junction in the center. Resolution of the Holliday junction by 
recombination enzymes yields two half-molecules terminated in hairpin loops. 
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THE ROLE OF SITE-SPECIFIC RECOMBINATION IN EXPRESSION 
OF. THE YEAST PLASMID 2 MICRON CIRCLE* 
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The yeast plasmid 2 micron circle contains a specialized recombination 
system. There are two regions within the plasmid, each 599 bp in length, 
which are precise inverted repeats of each other and between which recombi
nation readily occurs in yeast. This recombination, which requires a protein 
encoded in the plasmid itself at· a locus designated FLP, establishes and 
maintains the coexistence within the cell of two distinc~orms of the plas
mid, designated A and B. These two forms· differ structurally only in the 
orientation of one unique region with respect to the other. We provide 
evidence in this paper that FLP mediated recombination between the repeats is 
site specific. That is, the recombination does not occur throughout the 
inverted repeat but is limited to a specific sequence of less than sixty base 
pairs within the center of the repeat. In addition, the ability of a repeat 
to serve as substrate in this recombination is abolished by a four base pair 
deletion at the XbaI site in the middle of the repeat. This site lies at the 
center of an extended dyad symmetry and the possible role of this symmetrical 
feature in recognition by FLP protein is discussed. We previously proposed 
that FLP mediated recombination serves as a genetic switch. That is, we 
suggested that the transcriptional products of the two forms are different. 
Therefore, converting one form to the other by FLP mediated recombination 
would alter the composition of 2 micron circle transcripts in the cell. We 
have investigated this possibility by examining the transcriptional products 
of various Flp - plasmids which are frozen in one orientation or the other or 
which contain large insertions at various locations within the genome. The 
results of this analysis , presented in this paper, argue that the transcrip
tional pattern of the plasmid is not altered by interconversion and thus that 
FLP mediated recombination does not serve to modulate transcription. 

INTRODUCTION 

The yeast plasmid 2 micron circle is a 6318 bp double stranded, circular 
DNA species present in most Saccharomyces strains at 50 to 100 copies per cell 
(12, 14). The plasmid has an unusual structure in that it contains two 
regions, each 599 bp in length, which are precise inverted repeats of each 
other and which separate the molecule into two unique regions of approximately 
equal size (12). In yeast recombination readily occurs between these two 
repeated sequences, which leads to the inversion of one unique region with 
respect to the other (1). As a consequence, 2 micron circle exists in yeast 
as a mixed population of two distinct plasmids which differ in the relative 
orientation of the two unique regions. These two forms have been variously 
designated A and B, XY' and XY, 14 and 23, or Rand L (4). In mitotic cells, 
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detectable recombination between the repeat sequences requires a protein 
encoded in the plasmid itself, at a locus which we have designated FLP and 
which corresponds to the A coding region of Hartley a~d Donelson (5, ~12). 
In cells lacking FLP activity, no recombination between the inverted repeats 
of 2 micron circle is detected. Thus general mitotic recombination makes at 
most a minimal contribution to the interconverion of 2 micron circle. 

No cellular phenotype has been convincing associated with the presence of 
2 micron circles in yeast (4). Strains lacking 2 micron circles, designated 
[ciro] strains, have been obtained either as natural isolates of standard 
laboratory strains or through competetive exclusion using high copy number 
hybrid 2 micron+circle plasmids (9, 13, 16). Extensive analysis of isogenic 
[ciro] and [cir ] strains has failed to demonstrate any effect of the presence 
of 2 micron circles on growth rate or extent, mating ability or mating type 
interconversion, sporulation, or drug resistance (4). Nonetheless, 2 micron 
circle contains several genes in addition to FLP which are expressed in yeast. 
Two of these correspond to coding regions B and C and have been designated 
REPI and REP2. Mutations in either of these genes prevent high copy number 
propagation of the plasmid. A third locus involved in high copy number 
propagation has been localized in the large unique region (M. Jayaram, Y-Y. 
Li, and J. Broach, manuscript in preparation). This locus, designated rep3, 
does not correspond to a coding region and is active only in cis. The loca
tion of the three 2 micron circle genes as well as the origin of replication 
of the molecule are indicated in Figure 1. Thus, although the plasmid does 
not provide a detectable cellular phenotype, a large portion of its genome is 
expressed in yeast, yielding activities apparently involved exclusively with 
its own maintenance. 

On the basis of the transcriptional products of 2 micron circle in yeast, 
we previously proposed that FLP mediated interconversion in 2 micron circle is 
a requisite component of the expression of the plasmid (6). Specifically, we 
suggested that the transcriptional products of the two different forms of the 
plasmid are different. This is diagrammed in Figure 2. The polyA containing 
RNA species transcribed from 2 micron circles in yeast and the genomic loca
tions from which each of them arise are indicated in Figure 2A.. A scheme by 
which the all of these transcripts can be generated by cleavage of two primary 
transcripts, one from form A and one from form B, is shown in Figure 2B. In
this model, transcription is initiated in the large unique region in both 
forms of the plasmid and continues through the inverted repeat into and 
through the smaller unique region. Since the smaller unique region of form A 
is in the opposite orientation with respect to the larger unique region than 
that of form B, the form A primary transcript will correspond to a different 
strand of the smaller unique region than that from form B. Thus transcription 
of form A and of form B yields different RNA species. Since interconversion 
would maintain both forms of the plasmid in a cell, each cell would possess 
both primary transcripts and thus a complete set of 2 micron circle mRNAs. 
Such a model would allow for the possibility that expression of the plasmid 
could be modulated through FLP mediated recombinational interconversion. 

We have examined the extent to which the transcription model described in 
Figure 2 is correct by determining the in vivo transcriptional patterns of 
various hybrid 2 micron circle plasmids. These have included plasmids frozen 
in one orientation or the other or plasmids which contain insertions or 
deletions near the proposed primary promoter in the large unique region. The 
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Figure 1. The Yeast Plasmid 2 Micron Circle. 

On a schematic diagram of.the two forms of the 2 micron circle plasmid 
are indicated the locations and extents of the three identified plasmid genes 
(open bars; the taper in each case lies at the 3' end of the gene), the origin 
of replication (filled bar), and the region within which .!1f mediated, site 
specific recombination occurs (daahed box). The circular portions of the 
figures represents unique sequences while the linear portions correspond to 
the inverted repeat sequences. 
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Figure 2. Transcription of 2 Micron Circle. 

A. The positions from which a number of cellular polyA containing RNA 
species are transcribed in vivo from the 2 micron circle are indicated on a 
diagram of the A form of the plasmid. The transcripts are identified by their 
lengths in bases. The arrowheads lie at the 3' end of the RNA species and 
thus denote the direction of transcription of each of the species. The 
locations and orientations of the five largest open coding regions of the 
plasmid are indicated by the hatched lines abutting the circle. Regions A, B, 
and C, correspond to FLP, REPl, and REP2, respectively. No phenotype has been 
observed for mutations within coding region D. The inverted repeat regions of 
the plasmid are represented by the unfilled portion of the circle. 
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700 +1325 900 + 1275 
~ . . -

{_1 __ 6 .... 20 __ • 
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-
1950 350+ 2600 . - • 

700 + 1325 + 
--+ 1420 - - • 

+ 
{ 1620 • 

Figure 2. Transcripti6n of 2 Micron Circle. 

B. A scheme by which all two micron circle transcripts could be derived by 
transcription initiated at only two sites on the plasmid is shown. On the 
left the locations and orientations of postulated primary transcripts from the 
two forms of the plasmid are superimposed on dumbell shaped representations of 
th~ molecules. The EcoRI and HindIII sites are denoted by hatch marks. On 
the right a pathway by which the hypothetical primary transcripts could be 
processed to yield all the observed 2 micron circle polyA RNA species is 
presented. . 
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results from these initial studies are 
that the model as proposed is incorrect. 
are discussed and other potential roles 
2 micron circle are proposed. 

MATERIALS AND METHODS 

Isolation of TnS Insertions. 

presented in this paper and suggest 
The limitations of these experiments 

for FLP mediated recombination within 

Random insertions of TnS into plasmid CV20 were obtained by the procedure 
described by Ruv-fun and Ausubel (1S).. E. coli strain" JE.SS07 (man aroD arg lac 
~ str gal ~) harboring plagmid CV20 was infected with A: :TnS (AE,221 
rex: :TnS cI8S7 Oam8 Pam29t1t 32 and kanamycin resistant clones were recov
ered at a frequency of 10 • Since A::TnS can neither lysogenize nor repli
cate in JESS07, kanamycin resistant clones can arise only by transposition of 
TnS to either the bacterial chromosome or to the resident plasmid. We reov
ered members of the latter class by isolating DNA from the pooled kanamycin 
resistant clones and using it to transform JESS07 to ampicillan and kanamycin 
resistance. Individual clones were retained, and the location of TnS inser
tion in indivdual plasmids was determined by appropriate restriction enzyme 
digestion of plasmid DNA isolated from small overnight cultures (3). 

Plasmid Constructions. 

Plasmid CV20 was derived from plasmid CV19, whose construction has be~n 
previously described (S), following propagation of plasmid CV19 in a [cir ] 
yeast strain and recovery of individual plasmids in E. coli. In one such 
plasmid, the large unique region of CV19 had been replaced, in the opposite 
orientation, with that from an endogenous plasmid. Thus, although CV19 has 
only a single EcoR1 site in the 2 micron circle moiety, CV20 has the normal 
two. 

The constructions of plasmids H.624, XHinA1 and HinA14 have been previ-
ously described (S). We constructed plasmids XHinA2 and and Hxt. by cloning 
the appropriate XbaI restriction fragment of 2 micron circle onto a variant of 
plasmid CV03, in which the Bam:H1 site had been converted into an XbaI sit~. 
Plasmid Xll2-1 was constructed by nuclease S1 digestion of XbaI digested CV7 
DNA, followed by religation and recovery in E. coli. 

Miscellaneous Methods. 

E. coli and yeast transformation, preparation of DNA from yeast and E. 
coli, restriction analysis and Southern hybridization were performed as 
described previously (7). Isolation of polyA containing RNA from yeast, 
fractionation of RNA on denaturing agarose gels, transfer to diazotized (DBM) 
paper, and hybridization procedures were as before (6). 

RESULTS 

2 Micron Circle Recombination Is Site-Specific. 

In order to investigate the mechanism of FLP mediated recombination in 2 
micron circles, we isolated a set of insertion derivatives of a hybrid plas-
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mid, CV20. Plasmid CV20 consists of pBR322, the LEU2 gene of yeast, and the 
entire 2 micron circle genome. The pBR322 plus LEU2 sequences are cloned into 
the EcoR1 site in the small unique region (cf. Figure 1). Since the FLP gene 
spans this site, CV20 is flij- and thus does not interconvert readily in [cir~ 
strains. However, in [cir ] strains recombination between the two inverted 
repeats on the plasmid readily occurs. Isolation of derivatives of CV20, each 
containing a random insertion of the bacterial transposon Tn5 into the 2 
micron circle moiety of the plasmid, was accomplished using a procedure 
developed by Ruvkun and Ausubel and described in Materials and Methods. The 
locations of the Tn5 insertion in a number of isolates were determined by 
restriction enzyme analysis, and those plasmids containing an insertion within 
an inverted repeat were retained for analysis of FLP mediated recombination as 
described below. 

The rationale of the procedure for determining whether FLP mediated 
recombination is site-specific and, if so, for localizing that site is dia
grammed in Figure 3. In the center plasmid of part A is a diagram of the 2 
micron circle moiety of a CV20 plasmid containing an insertion of Tn5 in the 
middle of an inverted repeat. For clarity, the pBR322 plus. LEU2 sequences, 
which are present in the EcoR1 site in the small unique region, have been 
omitted. . Digestion of this plasmid with EcoR1 plus Bamll1 yields three re
striction fragments, the electrophoretic fractionation of which are schematic
ally diagrammed in part B. Those fragments containing sequences homologous to 
Tn5 are indicated on the diagram. As shown in the figure, FLP mediated 
recombination occurring to the left of the Tn5 insertion in the plasmid I 
(site a) would generate plasmid II. Thus the cell in which such recombination 
occurs would contain a mixture of plasmids I and II. Digestion of this 
mixture of plasmids with EcoR1 plus Bamll1 would yield five restriction frag
ments, as shown in part B~hree of which contain Tn5 sequences. If on the 
other hand, FLP mediated recombin-ftion occurred only to the right of the 
insertion (at site b), then a Flp cell in which plasmid I was introduced 
would generate a mixture of plasmids I and III. The digestion of this plasmid 
mixture with EcoR1 plus Bamll1 would also yield five fragments, three of which 
contain Tn5 sequences. However, as is indicated in the figure, the restric
tion digestion pattern of the combination of plasmids I and III is clearly 
distinguishable from that of plasmids r and II. Finally, if FLP mediate$ 
recombination can occur anywhere throughout the inverted repeat, then a Flp 
cell in which plasmid I was introduced would contain a mixture of all three 
plasmids. Digestion of this mixture of plasmids would yield four Tn5 con
taining fragments. Thus by det!rmining the number of Tn5 containing restric
tion fragments present in a Flp strain harboring a pCV20 plasmid with a Tn5 
insertion in the inverted repeat, we can determine whether FLP mediated 
recombination is site specific. In addition, if recombination is site spe
cific, then by assessing the relative sizes of these Tn5 containing restric
tion fragments, we can determine whether the site lies to the right or left of 
the Tn5 insertion. 

The results of this analysis are presented in Figure 4. Individual 
derivatives of pCV20, each containing an insertion of Tn5 at the l.,f?cation 
indicated in part A, were used to transform isogenic [cir

o
] and Icir ] leu2 

yeast strains to leucine proto trophy • Total cellular DNA was isolated from 
the transformants and digested with EcoR1 plus Bamll1. The digested DNA was 
fractionated by electrophoresis on agarose gels, tr,ansfered to nitrocellulose, 
and probed with labeled Tn5 DNA. The autoradiogram of the washed filter for 
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B. I I+1I I+m I+II+m 

Figure 3. Scheme for Determining the Site of Recombination in 2 Micron Circle. 

In the center of the upper (A) portion of the figure is shown the B form 
of 2 micron circle (thin line) containing a TnS insertion (heavy line) within 
the inverted repeat (plasmid I). The locations of the EcoRl and BamHl sites 
are indicated. In plasmid pCV20 used in this study, pBR322 plus LEU2 sequen
ces are inserted as an EcoRI fragment in the EcoRl site in the right hand 
loop. For clarity, thisportion of the molecule has been omitted from the 
figure. To the left and right are diagrammed the plasmids (II and III) which 
would arise following recombination between the inverted repeats of 2 micron 
circle, occurring either to the left or right of the TnS insertion, respec
tively. In the lower (B) portion of the figure are schematic representations 
of an agarose gel fractionation of restriction fragments which would result 
from a BamHl plus EcoRl digestion of a mixture of the plasmids indicated above 
each pair of tracks. For each set, the track on the left shows the position 
of all the fragments which would arise from the digestion. The track on the 
right shows only those fragments in the digestion which would contain TnS 
sequences. 
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two of these insertion derivatives is shown in part B. As previously des
cribed, no recombination products are observed after propagation of the two 
plasmids in the [ciro ] strain (track Flp-). Thus, in the absence of the FLP 
gene product, recombination does not occur between the inverted repeats of+2 
micron circle. However, after propagation of the plasmids ¥: the [cir ] 
strain, recombination products are clearly evident (track Flp ). Signifi
cantly, in both cases only one additional TnS containing fragment is present. 
Thus, FLP mediated recombination does not occur throughout the inverted repeat 
but apparently is restricted to limited region within the inverted repeat. 
The pattern of TnS containing restric:t=ion fragments from plasmid pCV20: :TnS 
#186, following propagation in the Flp strain, indicates that the site of FLP 
recombination lies to the left of the TnS insertion in this plasmid. This~ 
true for all of the plasmids containing a: TnS insertion to the right of that 
in pCV20::TnS #186 (data not shown).+ Similarly, the pattern of TnS restric
tion fragments obtained from the Flp strain containing pCV20::TnS'#9S indi
cates that· recombination occurs to the right of the TnS insertion in this 
plasmid. Again, this is true for all plasmids containing an insertion to the 
left of that in pCV20: :TnS #9S (data not shown). Thus, the site of FLP 
mediated recombination is delimited to the region bracketed by TnS insertion 
#9S and #186. 

We have obtained confirmation of the site specificity of FLP recombi
nation as well as a further definition of the location and extentcl the site 
by analysis of the ability of various hybrid plasmids, each containing differ
ent portions of an inverted repeat from 2 micron circle, to participate in FLP 
mediated recombination. In Figure S we present a diagram of various deletion 
derivatives of plasmid CV7. Plasmid CV7 consists of pBR322, the LEU2 gene, 
and the small EcoR1 fragment from the B form of 2 micron circle, which'spans 
one of the inverted repeats as well as the 2 micron circle origin of repli
cation. Various deletions extending into the inverted·repeat sequence of this 
plasmid were constructed as described in Materials and Methods and the extent 
and location of the deletion in each of these derivatives is indicated in 
Figure S. 

The ability of each of these plasmids to serve as a substrate in FLP 
mediated recombination was assessed using two different assays. In the first 
assay we determined whether the deleted plasmid could recombine in ye\st with 
resident, intact 2 micron circles, following transformation of [cir] leu2 
strains.' Those plasmids with a deleti0.p extending into the inverted repeat 
from the left can only transform [cir ] strains by recombining with the 
eridogenous circles, since these deletions remove the 2 micron circle replica
tion origin carried on CV7 (S). Thus, the ability of these plasmids to 
participate in FLP recombination could be recogpized merely by determining 
whether or not they could transform a leu2 [cir ] strain to leucine proto
trophy at high frequency. However, for those plasmids with deletions internal 
to the inverted repeat or with deletions which enter the inverted repeat from 
the right, transformation is independent of the recombinational potential of 
the plasmid. Nonetheless, the extent to which each of the plasmids could 
recombine with a resident circle could be measured physically. This was 
accomplished by isolating DNA from a transformant, obtained with the plasmid 
in question, and determining by Southern analysis whether a species corres
ponding to a hybrid between the transforming plasmid and a resident circle 
could be detected. 
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Figure 4. 
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Localization of the Site of 2 Micron Circle Recombination. 

A. The positions of individual TnS insertions used in this study are 
indicated as a composite of lollipop structures on a schematic representation 
of the two inverted repeats of 2 micron circle (heavy line). The large unique 
region of 2 micron circle lies to the left. The position of the XbaI restric
tion site in the inverted ,repeat is indicated. In addition, the position of 
the single, assymmetric BamHl site in each of the TnS insertions is indicated 
by the slash in the circular portion of the lollipop. 

B. After propagating plasmid CV20, containing the designated TnS inser
tion+ either in tl.\-e yeast strain DC04 [cir'1 (track Flp -) or in strain DC04 
[cir ] (track Flp ), total DNA was isolated from the strains, digested with 
EcoRl plus BamHl, fractionated on a 0.8% agarose gel, transferred to nitro
cellulose, and probed with labelled A: :TnS DNA. For reference purposes, 
purified plasmid DNA was also digested with BamHl plus EcoRl and fractionated 
on the same gel (lane P). T¥e resulting autoradiogram of the filter is shown. 
The upper band in track Flp for 11186 is a doublet, which is clearer on a 
shorter exposure of the autoradiogram. 
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Figure 5. Localization of the Site of 2 Micron Circle Recombination by 
Deletion Analysis. 

The heavy line at the top of the figure represents approximately 200 bp 
spanning the Xbal site in the 2 micron circle moiety of plasmid CV7. The 
positions at which Tn5 insertions 11186 and 1195 map in the equivalent region of 
plasmid CV20 are indicated. Shown below the line are those sequences deleted 
in the plasmids designated on the right. In parenthesis next to each plasmid 
designation is a, "+" or "-" to indicate whether that plasmid retains or has 
lost the site for recombination as determined by the assay described in the 
text. 

/ 
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The second assay to determine the extent to which each deletion plasmid 
is a subtrate for FLP recombination was based on the recent observation that 
chromosomal integration of a segment of 2 micron circle spanning an inverted 
repeat causes a marked instability of the chromosome in which the insertion 
occurs (10). This instability is absolutely dependent upon FLP activity and 
the initial event in chromosome loss is a FLP-dependent recombination between 
the integrated plasmid and a resident 2 micron circle. Thus, by integrating 
each of the plasmids diagrammed in Figure 5 at leu2 (located on chromosome 
III) and then determining the frequency with which chromosome III is subse
quently lost, we could could assess the extent to which each plasmid could 
participate in FLP recombination. 

Both assays for the recombination potential of the various plasmids 
yielded equivalent, unequivical results, which are summarized to the right in 
Figure 5. Plasmids Hb.24 and HinLH4 can participate in FLP mediated recombi
nation to the same extent CV7, which contains an intact inverted repeat. All 
other deletion plasmids tested failed to display any activity as a substrate 
for FLP recombination. Thus, these results confirm that FLP recombination 
occurs at a specific site. In addition, we conclude that this site lies to 
the right of deletion Hb.24 and to the left of deletion HinA14, a site consis
tent with that defined by the Tn5 insertions. Finally, it is clear that the 
integrity of the sequences immediately spanning the XbaI site in the inverted 
repeat is crucial for FLP recombination, since a small deletion around this 
site completely abolishes recombination activity. 

Recombination Within 2 Micron Circle Does Not Affect Expression of the 
Plasmid. ... 

The Patterns of In Vivo Transcription From the A and B Forms of 2 Micron 
Circle Are Identical. We have previously proposed that transcription of the 
two forms of 2 micron circle yields different RNA species and that FLP medi
ated recombination promoted the interconversion of the two forms of 2 micron 
circle as a means of alternating between these transcriptionally, distinct 
states (6). To test this hypothesis, we examined the in vivo transcriptional 
products of plasmids CV19 and CV20 in a [cir~ strain. Plasmids CVl9 and CV20 
are essentially identical except that tQ,e 2 micron circle genome carried on 
CV19 is in the A form while that of CV20 is in the B form. In both plasmids,1.' 
however, pBR322 sequences interrupt the FLP gene. Thus both plasmidsare Jlp . 
and, as a consequence, each persists in its original orientation during 
propagation in [ cii:,o] yeast strains. We isolated polyA containing RNA from 
[cirO

] strains in which these plasmids were separately resident.. These RNA 
sainples were fractionated on denaturing agarose gels and plasmid specific 
transcripts were identified by hybridization with labeled 2 micron circle DNA 
following transfer of the RNA to DBM paper. These results are presented in 
Figure 6. As can be seen, the same RNA species complementary to 2 micron 
circle are present in both strains. Clearly evident in the exposure shown are 
the two relatively abundant transcripts from 2 micron circle -- namely, the 
1325 and 1275 base RNAs, which are derived from REP1 and REP2, respectively -
and a larger trancript, which originates from within the pBR322 sequences 
carried on the two plasmids (unpublished observations). Longer exposures of 
the filter or hybridization using probes to specific regions of the 2 micron 
circle genome has failed to reveal any differences in the transcriptional 
products from the two plasmids. Thus the transcriptional products of CV19 and 
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Figure 6. 
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/1325 
1 .... 1275 

Transcription Pattern from Individual Forms of 2 Micron Circle. 

Plasmid CV19 consists of the entire A form 2 micron circle genome with 
pBR322 plus LEU2 sequences inserted into the EcoRl site which lies in the 
middle of the FLP gene. Plasmid CV20 is identical to CV19 except that the 2 
micron circle sequences are in the B form confiruration. Each of these 
plasmids were used to transform a [ciroJ strain to leucine prototrophy and 
polyA containing RNA was obtained from representative transformants. Samples 
(10 Jlg) of the RNA from each transformant were fractionated separately or 
together (middle lane) on methyl mercury agarose gels, transfered to 
diazotized paper, and probed with labeled 2 micron circle DNA. The sizes of 
the predominant RNA species evident on the autoradiogram of the hybridized 
filter are indicated by length designations. The 2800 bp transcript 
apparently is initiated at an adventitious promoter site within the pBR322 
moiety of the plasmid, extends into the 2 micron circle portion, and 
terminates within the inverted repeat at the normal site of termination of the 
FLP gene transcript. 
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Transcription Pattern of 2 Micron Circle Plasmids with Insertions 

PolyA RNA was isolated from a yeast strain in which was resident either 
plasmid CV20 or the CV20 derivative plasmid 12 or 52. Each of these latter 
plasmids contain a Tn5 insertion in the REP1 coding region. The RNA was 
fractionated, immobilized and probed with labelled 2 micron circle DNA (ref 
6). The predominant s pec i es are indicated by size (in bases ) designations. 
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Figure 8. Transcription Pattern of a 2 Micron Circle Plasmid with a Deletion 
Spanning the Promoter of the 1900 Base Transcript. 

PolyA containing RNA was isolated from a strain containing CV20 or a 
derivative of CV20, designated Xho5, in which sequences between the PstI site 
and the HpaI in the larger unique region of the 2 micron circle genome had 
been deleted. The RNA was fractionated, transfered, and probed with the nick 
translated l314 bp HindIII fragment of 2 micron circle, which spans the 5' 
portion of REPl. The positions of migration of the three transcripts from 
this portion of the 2 micron circle genome are indicated. 
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CV20 are identical, suggesting that the transcriptional products of the two 
forms of 2 micron circle are also identical. 

Insertions and Deletions in the Large Unique Region of 2 Micron Circle 
Have Little Effect on Plasmid Transcription. A second component of our 
hypothesis concerning 2 micron circle expression was that almost all tran
scription of the plasmid is initiated at a single site within the large unique 
region. To test the validity of this assumption, we have examined the effect 
on in vivo transcription of insertions within the large unique region, down
stream from the proposed initiation site, and of deletions which remove this 
proposed initiation site. P1asmids CV20: :Tn5 1112 and CV20: :Tn5 1152 contain 
insertions of Tn5 within the REP1 coding region in the large unique region. 

---- 0 
These two p1asmids as well as plasmid CV20 were introduced into a [cir ] yeast 
strain by transformation and po1yA containing RNA was obtained from represent
ative transformants. After fractionation on agarose gels and transfer to DBM 
paper, the plasmid specific' transcripts were identified by hybridization with 
labeled 2 micron' circle DNA. These results are shown in Figure 7. As is 
evident from the autoradiogram, the 1325 REP1 mRNA is absent from strains 
containing CV20: :Tn5 1112 or 1152. Less evident in the Figure, but clear in 
tracks probed with specific plasmid restriction fragments (data not shown), is 
the absence of the 1620 base transcript ,which is transcribed from the same 
region but in the opposite direction as the REP1 RNA. However, except for a 
few minor, high molecular weight transcripts no other difference in the 
trancriptiona1 products of the insertion containing p1asmids versus the parent 
are apparent. Clearly, the 1275 base REP2 transcript is produced normally 
from both mutant p1asmids. Thus, insertions within the REP1 gene in the large 
unique region fail to display any defect in the transcription of the small 
unique region. 

By the procedure described in Materials and Methods we constructed a 
plasmid, designated Xh05, which is essentially identical to CV20 except that 
it contains' a deletion in the large unique region which removes 400bp spanning 
the site corresponding to the 5' end of the 1950 base transcript (cf. Figure 
2). Thus in the model we proposed - for transcription of the plasmid, this 
deletion should have removed the grincipa1 2 micron circle promoter. This 
plasmid was transformed into a [cir ] strain and the 2 micron circle specific 
transcripts examined as before. In the experiment shown in Figure 8 the RNA 
was probed with the 1314 bp HindIII restriction fragment from 2 micron circle, 
which covers the 5' portion-of the REP 1 coding region. As can be seen, 
plasmid Xh05 does not synthesize the 1950 base transcript. Nonetheless, the 
REP1 transcript is synthesized in near normal quantities, as is the 1620 base 
transcript. In addition, the normal contingent of transcripts from the small 
unique region are also synthsized from Xh05 (data not shown). Thus these 
results indicate that the 1950 base transcript is not an obligate precursor of 
the REP1 mRNA and that initiation in the large unique region' is not a pre
requisite for trancription of the small unique region. 

DISCUSSION 

By analysis of both insertion and deletion mutations within the inverted 
repeat region of the 2 micron circle, we have demonstrated that FLP mediated 
recombination occurs only at a specific site •. Our analysis limits this site 
to a 65 bp region, although the actual site could be much smaller. Indeed, 
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the 4 bp deletion present in plasmid ~2-1 prevents this plasmid from partici
pating in FLP mediated recombination. 

The sequence of the DNA spanning the site of recombination is shown in 
Figure 9, within which are indicated the position of several relevant inser
tions and deletions. As is evident, this region of the plasmid is replete 
with symmetrical features. The XbaI site lies in the middle of a 22 bp region 
which is bracketed by a dyad symmetry that extends for 51 bp in either direc
tion. Within each half of this dyad symmetry is a second dyad symmetry, so 
that this stretch of DNA could assume a cloverleaf structrue if it were single 
stranded. Viewed in a slightly different light, in the 100 bp region spanning 
the XbaI site is a sequence of 16 bp in length which is repeated, almost 
precisely, four times in alternating orientation. That this repeated sequence 
may play a role in the recombination event is suggested by the fact that this 
sequence also appears in the inverted repeat of Tn5, which under certain 
circumstances functions as a. substrate for FLP mediated recombination (M. 
Jayaram and J.R. Broach, maunscript in preparation). 

Whatever the actual recognition site is for the FLP recombination system, 
we can conclude that this site does not appear anywhere else in the yeast 
genome. We have recently shown that integration of the recognition site for 
FLP mediated recombination within a chromosome causes a marked instability of 
that chromosome (10). Therefore, if a site for FLP recombination existed in a 
chromosome, that chromosome would display significant in~tabi1ity. Since such 
an instability is not seen in normal yeast strains, we can assume that such a 
site does not exist. 

Although the data presented in this paper demonstrate that FLP mediated 
recombination is initiated at a specific site, they do not address the mechan
ism of the recombination event. It is possible that recombination is initi
ated at or near the XbaI site by a single stranded nick. This could induce 
strand invasion, leading to the formation of a crossed' strand intermediate 
which would be free to migrate throughout the inverted repeat before being 
resolve by appropriate strand scission. Evidence for the existence of such 
crossed strand intermediates, at least in meiotic cells, has been presented by 
Bell and Byers (2). As an alternative mechanism, FLP gene product could 
coordinately initiate and resolve the recombination event by, for example, a 
site-specific, double strand exchange. Additional experimental data will be 
needed to resolve this issue. 

The function of FLP mediated interconversion of 2 micron circles is 
unknown. It is formally analogous to specialized recombination systems in 
procaryotic' cells -- such as G-100p inversion in phage mu (8, 17) and phase 
variation in Salmonella (18) -- which function as genetic switches to permit 
alternate expression of different sets of genes. This analogy lent credibil
ity to our previous hypothesis, based on the transcriptional pattern of 2 
micron circle, that recombination functions as a genetic switch to intercon
vert transcriptionally distinct states of the plasmid. This hypothesis makes 
two testable predictions. First, the transcriptional products of the A form 
of the plasmid are distinct from those of the B form. Second, termination or 
inhibition of initiation of transcription in the large unique region should 
abolish transcription of ,the smaller unique region. 
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Figure 9. Sequence of the Site for Recombination in 2 Micron Circle. 

The DNA sequence from part of the second inverted repeat of the A form of 
2 micron circle' (position 3891 to position 3990 in the numbering system of 
Hartley and Donelson, ref 12) is shown. Above the sequence are indicated 
regions of synnnetry (numbered arrows) and the location of the Xbal restriction 
site. Below the sequence are indicated the location of TnS insertion #186 and 
the regions deleted in several of the p1asmids used in this study. The site 
required for recombination lies between the endpoint of deletion Hb.24 and 
position of TnS #186. 



In this paper we have presented results from transcription experiments 
which address these two predictions. First, we demonstrated that the in vivo 
transcriptional products of two hybrid p1asmids, each containing the entire 2 
micron circle genomes but,' frozen in opposite orientations, are identical. 
Additionally, we demonstrated that neither insertion of Tn5 sequences in the 
large unique region nor removal of the putative primary promoter of the 
plasmid abolished transcription of the small unique region. Thus, it would 
appear that our previous hypothesis is incorrect, and that an alternative 
explanation for FLP promoted recombination within 2 micron circle must be 
sought. It should be noted, though, that there is a caveat to the transcrip
tion experiments described in this paper. Namely, both pBR322 and Tn5 contain 
sequences which fortuitously function as promoters in yeast. As a conse
quence, it is possible that the 2 micron circle transcripts which should have 
been eliminated; due to the absence of recombination or to the insertion of 
Tn5, are being synthesized as a result of transcription initiated within one 
of these bacterial elements. Thus in spite of the data presented in . this 
paper, the possibility that FLP mediated interconversion alters the transcrip
tional state of the plasmid cannot be definitively eliminated. Nonetheless, 
the transcriptional data presented in this paper is sufficiently suggestive 
that we are compelled to entertain other explanations for the fUnction of FLP 
mediated recombination. One possible role for this recombination could be to 
ensure uniform segregation of the plasmid. That is, the recombination system 
could provide a mechanism by which catenated molecules arising following 
replication of the circular plasmid could be untangled. This possibility is 
being explored. 
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PERIODIC SYNTHESIS OF HISTONE PROTEINS THROUGH THE CELL 
CYCLE OF SACCHAROMYCES CEREVISIAE AS DETERMINED BY 

CENTRIFUGAL ELUTRIATION 

tJames R. Ludwig II and *Calvin S. Mclaughlin 
Department of Biological Chemistry 

California College of Medicine 
University of California, Irvine 

Irvine, CA 92717. 

The methods of centrifugal elutriation, dual isotopic labelling, and Triton 
Acid Urea/SDS acrylamide gel electrophoresis have been used to study the 
synthesis of histone proteins through the cell cycle of the budding yeast, 
Saccharomyces .cerevisiae. All three histone proteins studied, HZA, H2B, and H3, 
showed periodic patterns of synthesis. In each case the peak of histone protein 
synthesis substantially preceded that for the synthesis of DNA. The 
significance of the timing of histone gene expression, and its relationship to 
replication is discussed. 

INTRODUCTION 

The budding yeast, Saccharomyces cerevisiae, possesses a cell cycle similar 
to those of higher eukaryotes. It contains the same four major divisions of G1, 
S, G2, and M. Those differences which exist between Saccharomyces cerevisiae 
and higher forms are, for the most part, confined to mitosis. In the budding 
yeast, the nuclear membrane does not break down during mitosis (1), nor does the 
chromatin condense (2). However, the other stages of the cycle, including S~' 

are very comparable to those of higher cells. Also, yeast chromatin is similar 
to that of higher cells (3,4). If yeast chromatin is digested with appropriate 
nucleases, the DNA fragments produced show a subunit structure similar to that 
of chromatin from higher eukaryotes (5,6,7). Like other fungi, yeast has a 
shorter DNA subunit repeat (6), which may reflect a shorter linker region (8). 

Histone proteins H2A, H2B, H3, and H4 have all been characterized in yeast 
(9,7,10). They have been shown to be associated .in normal nucleosomal 
structures with nuclear DNA and to have amino acid compositions comparable to 
those established from highereukaryotes (11,12). However, the existence of a 
yeast H-1 protein has not been demon$trated clearly. Although an H-1-like 
protein has been observed (11), its properties are also similar to those of HMG 
(high mobility group) proteins (13,14,15,16,17,18). 

* We wish to thank Lynna Hereford for introducing us to AUT/SDS gel 
eletrophoresis and for ongoing discussions on the problem of histone gene 
expression. We would also like to thank Court Saunders and Jim Davie for the. 
gift of purified histone proteins. This work was supported by g~ant GM28772 
from the National Institute of General Medical Sciences and grant AI16252 from 
the National Institute for Allergy and Infectious Diseases and represents 
publication No. 32 from the Mycology Center. 

t Present Address: Department of Biochemistry, University of Manchester 
Institute of Science and Technology, Manchester, England M60 1QD, United 
Kingdom. 
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In higher eukaryotes, the stage of the cell cycle defined by the period of 
DNA synthesis involves more than DNA replication. It includes the synthesis of 
histone and non-histone chromosomal proteins and their association with DNA to 
produce faithful and efficient replication of the chromatin unit (19). There is 
much evidence in higher eukaryotes for a coordination of DNA and histone 
synthesis. Many studies demonstrate that inhibiting the formation of one 
component hinders the synthesis of the other (20,21,22,23,24). In yeast, 
inhibition of protein synthesis with cycloheximide disrupts DNA synthesis during 
a short period at the beginning of S phase (25,26,27). This suggested a 
decreased temporal correspondence between histone synthesis inhibition and 
inhibition of replication and left open the possibility of continuous histone 
synthesis through the cycle. The data obtained by Moll and Wintersberger (19) 
argue for predominant, if not exclusive, synthesis of histones in S phase. 
However, the pulses used to measure synthesis of histone proteins were twenty 
minutes in duration, a full sixth of a cell cycle for many strain~ and 
equivalent to the entire period of S phase (1). "More importantly, the methods 
used to obtain cell cycle specific fractions involved induction synchrony by 
alternating rounds of nutritional starvation and recovery (27,28,29). Such 
synchrony techniques may generate patterns of gene expression which are not 
observed when the cell cycle is studied by a non-stressful, cell-selection 
technique, such as centrifugal elutriation (30). 

We report here a study of histone synthesis using centrifugal elutriation, a 
specific double isotopic labelling technique, and high resolution, Triton Acid 
Urea/SDS two-dimensional gel electrophoresis. 

MATERIALS AND METHODS 

Strains 

The diploid strain of Saccharomyces cerevisiae SKQ2n was used in all 
experiments described. It was obtained from Brian Cox (Oxford University) and 
has the following genotype: 

a/a; ade 1/+; +/ade 2; +/his 1 

Chemicals 

Purified yeast histone proteins were a gift from Court Saunders and Jim 
Da~ie at O~egon State Uhiversity~ DAPI (4',6-Diamidino-2-phenylindol 
dihydrochloride) was obtained from Boehringer-Mannheim. All other chemicals 
were obtained from standard chemical sources. All radioactive labels were 
obtained from Schwarz~ann. 

Growth and Labelling of Cells 

Cells were grown "to midlog phase at 23°C on a rotary shaker. In all cases 
the medium used contained per liter: 6.7 g Yeast Nitrogen Base minus amino 
acids (Difco), 12.5mg of each of the twenty amino acids naturally occurring in 
proteins except methionine, cysteine, and lysine, 20 g glucose, and 10 mg 
adenine and uracil. The doubling time of SKQ2n in this medium is 2 hours. In 
all cases, cultures used were 125 ml in volume, containing cells in mid-log 
phas~ (80 Klett units). The relative rates of synthesis for his tones and other 
basic proteins were determined by a double-label procedure. Cells were labelled 
for 4 hours with [ 14C] yeast prot~in hydrolysate (7.6 llCi/ml), then 
pulse-labelled for 10 minutes with [ H) lysine (25 llCi/ml). Very heavily 
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labelled cells for the identification of histoni spots on gels were obtained by 
labelling a 10 ml culture for 2'0 minutes with [ 4C] yeast protein hydrolysate 
(12 ~ Ci/ml). In all cases incorporation was halted by the addition of ice to 
the medium. The cells were immediately centrifuged at 5,000 rpm for 10 minutes 
at OOC, washed once, and resuspended in ice-cold, distilled, deionized water. 

Cell Cycle Fractionation and Fluorescent Staining 

The procedure used for fractionation was described previously (30,31). 
Briefly, cells grown as described above were harvested on ice, resuspended in 
ice-cold, distilled, deionized water, sonicated to disrupt clumps and loaded at 
2°C into a Beckman JE-6 rotor, spinning at 3000 rpm. After loading at 9 ml/min, 
10 fractions (150 ml e~ch) were collected and represent the entire cell cycle. 
Sodium chloride was aqdedto each fraction to facilitate pellet formation, and 
the cells were collected by centrifugation. 

The quality of separation obtained was determined by staining cells with the 
DNA specific stain DAPI, using the post-vital staining method of Williamson and 
FeIl;nell (32). 

Two-Dimensional Gel Electrophoresis 

Triton Acid Urea/SDS two-dimensional gel electrophoresis was used to resolve 
basic proteins. 20 ~l volumes of an RNase-DNase solution were added to cell 
pellets at OOC - 4°C in 1.5 ml microfuge tubes (33). An additional 180 ~l 
sterile, deionized water was added and the cell suspensions transferred to 3 ml 
sterile glass tubes, where oven baked glass beads (Glasperlen, 0.45 mm) were 
added to the meniscus. After lysis the extracts were transferred back into 
microfuge tubes and the beads washed twice with 200 ~ I of sterile, deionized 
water. Washes were pooled with the extracts and to each of these 0.5-0.6 ml 
volumes were added 1 ml of 50% TCA. The samples were allowed to precipitate on 
ice for ten minutes, then centrifuged for 2 minutes in a Beckman microfuge at 
OOC. The resultant pellets were 'washed with acetone-HCl, then acetone 
precipitated (1 ml volume) for ten minutes on ice. After a 2 minute 
centrifugation, the resultant pellets were allowed to dry at 37°C for 1 hour. To 
these samples were added 25 ~ 1 AUT Sample Buffer and 25 ~l acetic acid· 6.7% in 
glycerol. Electrophoresis was performed as described previously (34,35). 

Identification of Histone Spots on Gels 

Co-electrophoresis of 10-20 ~g of purified histone protein with total yeast 
protein extracted fry~ 0.1 ml of an 80 Klett (midlog) culture of cells labelled 
for 20 minutes with [ C] yeast protein hydrolysate (12. 5 ~Ci/ml) was performed. 
This gave protein patterns on staining with Coomassie Blue in which yeast cell 
proteins were not discernable, but histone proteins were intensely stained. 
Autoradiograms of such gels showed the total yeast pattern after a two-week 
exposure. These autoradiograms were then used to locate spots to be cut out of 
gels. Spots were cut from tbe gels, solubilized for 48 hours using a 
toluene-based scintillant containing protosol (3.5%) and counted using a Beckman 
LS 8000 Scintillation Counter. 

RESULTS 

Resolution of the Rotor 

We have used several methods to ascertain the accuracy of the separation 
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obtained by centrifugal elutriation (31,33). Biochemically, the peak of DNA 
synthesis (Fig.3) has been localized to fraction number four, a fraction which 
is ~omposed almost exclusively of small budded cells (33). The morphologic 
composition of each fraction has been determined by post-vital staining of 
nuclei with the DNA-specific fluorescent dye DAPI (32). Data obtained from this 
method are shown in Table 1. 

Table I 

Ce11 Separation by Centrifugal Elutriation 

Percentage of Ce11 Types 

Fraction Dead Unbudded Sma11 Bud Nuclear Doublet 
No. Migration. 

1 26 66 1 
2 3 97 
3 2 29 69 
4 7 88 5 
5 13 62 18 7 
6 16 24 45 15 
7. 10 39 28 23 
8 8 24 26 42 
9 8 17 24 51 

10 9 18 26 47 

The purity of fraction four discussed above is evident as is,that for fraction 
two, which contains exclusively unbudded cells. Fraction three, however, 
represents a breakpoint between two morphological classes, containing .70% small 
budded and 30% unbudded ce11s. Subsequent fractions show varied distributions 
with fractions six and nine showing extreme enrichment for nuclear migrants and 
doublets, respectively. Dead cells are limited primarily to fraction one, which 
was therefore omitted from study. 

Identification of Histone Proteins on Gels 

The his tones are low molecular weight, basic proteins. They are, therefore, 
best resolved by electrophoresis under acid conditions and high acrylamide 
concentrations. The system of choice was one described by Alfageme (35), which 
involves an acid extraction followed by a Triton Acid Urea first dimension. The 
addition of triton-XI00, a non-ionic detergent, enhances the resolution of the 
histones, presumably by exploiting differences in hydrophobicity between 
otherwise similar molecules (35,36). Histones (H2A, H2B, H3, and H4), as well 
as a number of ribosomal proteins are well resolved (38). Histone H-l was not 
identified in this system. Locations of the individual histone proteins were 
determined by co-electrophoresis of 10-20 ~g of purified histone proteins with a 
low concentratt~n of protein extract from cells which had been previously 
labelled with [ C] yeast protein hydrolysate t,o a high specific activity. This 
allowed identification of spots by comparison between stained,gels, where only 
the histone standards were visible. 

Histone Synthesis Through the Cell Cycle 

Through the use of a specific double-labelling protocol and the Triton Acid' 
Urea/SDS two-dimensional gel electrophoresis, it has been possible to determine 
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the nature of histone synthesis through the yeast cell cycle. The basis for 
such labelling and the analysis of plots obtained was described by Elliott and 
McLaughlin (33). Briefly, the plots represent the ratio of the synthetic rate 
(dA/dt) to accumulation (A) versus progression through the cell cycle (t). For 
exponential synthesis, this ratio is a constant and the plot is therefore a 
horizontal line. For periodic synthesis, there is a peak in the ratio 
corresponding to the period of synthesis, surrounded by regions of near zero 
ratio. 

A pattern of periodic synthesis is observed for histones: H2A, H2B, and H3 
(Fig.lb,c,d). Histone protein H4 ran very near to the front of migration in 
this system. Accurate data could not be obtained. H2A and H2B exhibit periodic 
synthesis, with sharp peaks at fraction three. H3, similarly, shows periodic 
synthesis, with a peak in early fractions. For every experiment, ribosomal 
proteins run in the same gels were cut out, solubilized, and counted in exactly 
the same manner as the histone proteins. None of the ribosomal proteins showed 
periodicity (Fig.la), rather they displayed exponential pattern of synthesis 
observed for these proteins in earlier studies (37). A most interesting aspect 
of the histone synthetic data is the clear distinction in time between the 
synthesis of histones and the synthesis of DNA (Fig.2). DNA synthesis peaks in 
fraction four in this system while all three histone proteins showed clear peaks 
of synthesis prior to fraction four. 
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Fig. 1. Ratio of Pulse to Long-Term Radioactivity 
(dA/dt/A) through the cell cycle. Cells were labelled for 10 minutes. The 

cells were separated by elutriation and the synthesis o! ~nftividual proteins 
determined as described. A corresponds to a representative ribosomal protein; B 
corresponds to histone H2A; C corresponds to histone H2B; and D corresponds to 
histone H3. 
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DISCUSSION 

Using elutriation, we have shown that the synthesis of histone proteins 
varies periodically through the cell cycle. This demonstrates the sensitivity 
of our methods to periodicities which are truly cell cycle specific. It is 
significant that these data are similar to those obtained using classic 
induction synchrony techniques (19). This suggests that although synchrony 
methods may generate periodicities which are independent of the,cell cycle, they 
do not obliterate a set of periodicities which are truly of a cell cycle origin 
and required for cell division. 

The high resolution of our cell selection method allows a precise 
localization of histone synthesis. We find that this synthesis does not persist 
through the whole of S phase, but is restricted to a period at the beginning of 
S phase. This point is significant in terms of a possible dependence of DNA 
synthesis on histone synthesis. The experiments of Hereford and Hartwell (26), 
as described in the INTRODUCTION showed that blocking protein synthesis early in 
S blocked DNA synthesis, while a later block in protein synthesis did not affect 
replication. If histone synthesis occurred throughout S, this-finding would 
suggest the absence of a dependence relation. The~restriction qf histone 
synthesis to the beginning of S suggests a re-evaluation of this conclusion. 
Further, the coincidence of the period of required protein synthesis wi th that, 
of maximal histone synthesis suggests the possibility that the required protein 
synthesis is mainly a requirement for histone synthesis. 

Our observation that the peak of histone synthesis precedes that for DNA by' 
approximately one-tenth of a cell cycle is consistent with those obtained by 
Hereford et ale (38). That study employed Northern analysis and in vitro 
translation of mRNA extracted from cells separated by elutriation. Taken 
together thes~ studies indicate that transcriptional rather than translational 
control is important during the initiation period of histone synthesis. 
However, the interrelationship between DNA synthesis and histone synthesis is 
complex. Moll and Wintersbrger (19) concluded from experiments involving the 
use of hydroxyurea to block DNA synthesis that DNA synthesis was required for 
histone synthesis. We have shown that the inhibition of DNA synthesis leads to 
a rapid degradation of histone mRNA (38). On the other hand we find the highest 
level of histone synthesis occurs well before the peak of DNA synthesis. By the 
time the peak of DNA synthesis occurs histone synthesis has returned to 'near 
basal levels for H2A and H2B. This suggests that the mechanisms that control 
the amount of histone produced have to be fairly complex. They involve an 
initiation event for histone mRNA synthesis prior to the bulk of DNA synthesis, 
regulation of the amount of histone produced and a termination event which 
involves some post transcriptional control prior to completion of DNA synthesis 
(38). These mechanisms are under study • 

. We have described a method for biochemically sequencing events in a no-rmal 
cell cycle. This method avoids abnormal growth conditions as well as physical 
and nutrit{onal stresses. The sensitivity of the system has allowed precise 
charac teriza tion of the pa'ttern of synthesis for a group of periodic proteins, 
the histones, and has allowed accurate positioning of these synthetic eveQts 
within the cell cycle. These periodic molecular events in the cell cycle 
provide interesting insights into the nature of the mechanisms that control cell 
division and suggest that further study of the periodic molecular events of the 
cell cycle will be most profitable. 
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SUMMARY 

CONTROL OF AMINO ACID BIOSYNTHESIS IN YEAST* 

H. Greer, M. Penn, B. Hauge, and B. Galgoci 

Cellular and Developmental Biology Department 
Harvard University, Cambridge, Mass. 02138 

In yeast, there is coordinate regulation of different amino acid biosyn
thetic pathways. In this paper we describe the isolation and characterization 
of 43 amino acid analog sensitive mutations which define four unlinked comple
mentation groups, AASI0l, AASI02, AASI03, and AASI04, two of which identify 
new genes involved in general control. We have shown that the AAS+ genes 
effect regulation at the mID~A level. Analysis of an aasl0l-complementing 
clone indicates that it (i) contains sequences that are repeated in the yeast 
genome, and (ii) codes for an RNA transcript that is derepressed under histidine 
starvation conditions. We have also demonstrated the existence of a tran
script homologous to an open reading frame in the 5' flanking region of the 
HIS4 gene. A possible regulatory function for this transcript and/or poly
peptide is discussed. 

INTRODUCTION 

In prokaryotes, functionally related genes are organized into common 
transcriptional units called operons which are controlled by a single regu
latory region. In eukaryotes, however, nooperons or polycistronic mRNAs have 
been identified (5, 10,14). Moreover, in several fungi it has been demon
strated, both genetically and biochemically, that, in addition to coordinate 
regulation of the different unlinked genes within a given pathway, there is 
also co-regulation of genes in completely different amino acid biosynthetic 
pathways (2, 3, 5, 11). This phenomenon is called "general control of amino 
acid biosynthesis" (4). . 

In Saccharomyces cerevisiae, it has been shown that starvation for a 
single amino acid causes derepression of the biosynthetic enzymes for all 
branched amino acids (aromatic and aspartate family), for the basic amino 
acids histidine, lysine and arginine, and also for serine and valine (9, 13, 
19). (However, the extent of derepression of different enzymes within a given 
pathway may differ). The isolation of several regulatory mutations in this 
general control system has been reported. The mutations ndrl (RH428), ndr2 
(RH487) (for non-derepressing) and aasl, aas2 (for amino acid analog sensi -. 
tive) are unable to derepress enzymes in different amino acid biosynthetic 
pathways (9, l3, 19). These mutations define three genes. It is postulated 
that these genes encode positive regulatory elements of the general control 

*Support was obtained from National Institutes of Health grant 2ROI GM25207 
to H.G. 
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system. Tra3 (for triazole alanine resistance) mutations have constitutive 
levels of these same biosynthetic enzymes and it is presumed to be a negative 
controlling element (19). The mechanism of action of these genes has thus far 
remained elusive. 

In this paper we present information which may bear on the molecular na
ture of this general control system. We discuss: (i) the identification and 
characterization of two new genes which are necessary for derepression of many 
of these amino acid biosynthetic enzymes, and which may themselves be regu
lated by conditions of amino acid imbalance, and (ii) the existence of a short 
transcript (which has the capacity to code for a small polypeptide) in the 5' 
flanking sequence of one of the genes under general control, the HIS4 gene. 

We have attempted to saturate the yeast genome with amino acid analog 
sensitive mutations to determine the number and mode of action of positive 
regulatory genes involved in this general control of amino acid biosynthesis. 
We have isolated 43 independent aas mutations which define four unlinked 
complementation groups (AAS101, AAS102, AAS103, and AAS104), two of which 
identify new genes involved in general control. These AAS genes effect amino 
acid derepression by regulating mRNA levels. By screening a yeast genomic 
library, genes which can complement different aas mutations have been cloned. 
A preliminary characterization of several of these clones is discussed. 

In addition, analysis of the 5' coding regions of several cloned yeast 
biosynthetic genes subject to general control, HIS4, HIS3 and TRP5, indicates 
that there are open reading frames preceding each of these structural genes. 
It is striking that the position of the open reading'frame preceding TRP5 is 
almost identical to that of HIS4. We have demonstrated by both Sl protection 
and primer extension experiments that a discrete transcript corresponding to 
this 5' HIS4 region exists. 

RESULTS 

I. AAS Mutants 

AAS Mutant Isolation 

Forty-three independent aas mutants were isolated in the wild type strain 
S288C by mutagenizing and screening for enhanced sensitivity to several amino 
acid analogs. The rationale for this selection is that cells .which become 
sensitive to amino acid analogs may result from an inability to derepress the 
amino acid biosynthetic enzymes which are necessary to overcome the delete
rious effects of the analogs. 

YEPD cultures of S288C (MATa) grown at 30° C were plated on YEPD medium 
and irradiated with ultraviolet light to produce 50% killing. After two days 
growth at 30° C, approximately 2 x 105 colonies were replicated to both 
minimal and minimal + 0.75 roM 5-methyl tryptophan (5MT) medium. Forty-seven 
5MT sensitive colonies were identified. Upon further screening, 43 of these 
mutants (giving a final mutation frequency of 2 x 10-4 ), also exhibited sensi
tivity to analogs of the end products of additional amino acid biosynthetic 
pathways: 3-amino-1,2,4-triazole (AT), canavanine (can), and ethionine (eth), 
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analogs of histidine, arglnlne, and methionine, respectively. These putative 
general control mutations are designated aas for amino acid analog sensi
tivity, in accordance with the nomenclature of Wolfner et al. (19). About 
one-half of the mutants are also petites. 

Genetic Analysis of the aas Mutants 

Dominance. All of the aas mutations are recessive. Dominance was tested 
by crossing each of the aas mutants to an AAS+ strain. The resulting hetero
zygous diploids show the phenotype of the AAS+ parent when tested for amino 
acid analog sensitivity. 

Complementation groups. The 43 aas mutations define four complementation 
groups called AAS101, AAS102, AAS103, and AAS104. The distribution of the 
mutations is: four alleles in aas101 (-1 to -4), 20 allele·s in aas102 (-1 to 
-12, -14 to -21), 18 alleles in aasl03 ~1 to~18) and one allele in aaslUJ4 
(-l).~hese groups were determined by crossing the 43 aas mutants to pre
viously isolated mutants which also show sensitivity to various amino acid 
analogs: ndrl-2 (RH428), ndr2-1 (RH487) (9, 13) and aasl and aas2 (19). 
Representatives of the newly isolated aas mutations in the opposite mating 
type (obtained by crossing original mutants to wild type), were also tested in 
pairwise combinations with the original 43 aas mutants. Complementation was 
determined by scoring analog sensitivity on minimal + AT (15 roM) plates (see 
Table 1). These results indicate that the currently existing mutations define 
five amino acid analog sensitive complementation groups: I (AASI0l), II 
(AASI02, NDR2, AASl), III (AASI03, NDRl), IV (AASI04), and V (AAS2). Thus, 
two of the groups isolated in this study, AAS101 and AASI04, define two new 
genes involved in general control of amino acid biosynthesis. 

Segregation. The aas mutations segregate as single mutations. Crosses 
of aasl0l-l, aasl02-1, ~103-1, and aasl04-1 to AAS+ strains show 2:2 
segregation for the aas mutation. 

Linkage. Meiotic linkage data is consistent with the complementation 
results described above. Pairwise crosses between many of the aas mutants 
were subjected to tetrad analysis. Two classes emerged: (i) l~x 102, 
101 x 103, 101 x 104, 102 x 103, 103 x 104, 102 x.b and 103 x 2; annii) 
102 x ndr487, 102 x 1, and 1 x ndr487. The mutations paired from class (i) 
are unlinked to each--other:- PD (parental ditype) = NPD (nonparental ditype) 
for each cross. However, the mutations paired from class (ii) do not give any 
recombinants between the respective two mutations: all tetrads are PD (four 
AT sensitive spores/tetrad). This result indicates that the mutation pairs 
from (ii) are tightly linked, supporting the complementation test results 
which indicated that these mutations are in the same gene • 

. In addition, the AASI0l gene shows tight linkage to the URA3 gene on 
chromosome V. 

Double mutants. Combinations of the aas mutations were constructed in 
haploid strains from the crosses discussed in the linkage section above: 
101-102, 101-103, 101-104, 102-103, 103-104, 102-2, and 103-2. All of these 
double mutation haploid strains are viable, and are sensitive to the amino 
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Table 1. Complementation of _aas Mutations. 

aaslOl-l aasl02-1 aasl03-1 aasl04-1 aasl aas2 ndrl ndr2 

aasl0l + + + + + + + 
(-1 to -4) 

aaslO2 + + + + + 
(-1 to -12, 
-14 to -21) 

aasl03 + + + + + + 
(-1 to -18) 

aasl04 + + + + + + + 
(-1) 

I-' aasl N + + + + + 
Ln 

aas2 + + + + + + + 



acid analogs. 

Homozygous diploids. The phenotype of the aas mutations in homozygous di
ploids was also analyzed. The diploids aaslOl-l/aaslOl-l, aasl02-1/aasl02-1 
and aas103-1/aas103-1 were constructed; they are sensitive to the same analogs 
as the haploids. The 101, 102, and 103 diploids sporulate normally. 

Analog Sensitivity of the aas Mutants 

The aas mutants exhibit enhanced sensitivity to various amino acid ana
logs relative to their parent S288C. All 43 aas mutants were screened for 
analog sensitivity by replica plating to minimal media supplemented with a 
range of concentrations of AT, 5MT, can, or eth, at 23°, 30°, and 37° C (see 
Table 2). The aas101 mutants are the most sensitive, and aasl04 is the least 
sensitive. 

Different mutations within a complementation group confer roughly the 
same degree of sensitivity. However, in general, the petites are more sensi
tive than the grande mutants within a given group. The largest variation in 
sensitivity is seen in different aas102 and aasl03 alleles. The most 
sensitive grande mutations in these genes are aasl02-14, -15, and -16, and 
aas103-12, -15, -16, and -17. - -

All the aas101, aas102, aas103, and aas104 mutants are temperature sensi
tive in their analog response: increasing the temperature lowers the concen
tration needed to inhibit growth. (For some of the analogs, S288C shows a 
somewhat weaker ts 'phenotype.) 

In addition, an adenine effect was observed. The 43 aas mutants were 
replica plated to minimal media supplemented with adenine as well as AT, 5MT, 
can, or eth. The effect of adenine depends on the analog being tested: (i) 
adenine increases the sensitivity to can or eth, (ii) adenine decreases the 
sensitivity to AT, and (iii) adenine has no effect on SMT sensitivity. 

Revertants of the aas Mutants 

Almost all of the aas mutations give rise to spontaneous revertants as 
measured by papillation when colonies are replicated to minimal + AT plates. 
The most stable alleles are aas101-1, aasl02-12, 102-19, 103-7, and 103-11. 
Spontaneous revertants of several alleles of the aas mutations were sought by 
growing 10 independent clones from each mutant in YEPD media and plating onto 
minimal + 10mM AT to select for AT resistant clones. The frequency of 
revgrtants was <1.6 x 10-8 for aas101-1, 9.8 x 10-6 for aas102-1, and 5.3 x 
10- for aas103-1. Further testing on 5MT, can, and eth indicated a wide 
range of resistance among the revertants to these additional analogs; some of 
the revertants exhibited normal wild type resistance. 

Aas Mutations Prevent Derepression of the HIS4 Gene 

Growth of his4C ts strains. Aasl01-1, aasl02-1, aas103-1, and aasl04-1 
were crossed into a strain carrying a leaky his4 mutation, his4C-207 ts • 
His4C-207 ts strains are unable to grow on miminal medium at 37° C but can grow 
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Table 2. Amino Acid Analog Sensitivity of aas Mutants. 

5 MT AT Can Eth 

.5 7.5 1.0 1.25 10 15 20 1. 25 2.5 5.0 7.5 2.5 5.0 7.5 10.0 
roM roM roM roM roM roM mM r/ml r/ml r/ml r/ml r/ml r/ml r/ml r/ml 

23° 

S288C + + + + + + + + + + +/- + + + + 

101 's + + + +/- + +/- + + +/- +/-
102's + + + + +/- +/~ +/- + + +/- + + + + 
103's + + + + +/- +/- +1- + + +/-. + + + + 
104 +. + + + + + + + + + + + + 

30° 
I-' 
N 
'.J S288C + + + + + + + + +/- + + + + 

101 's +/- + +/-
102's +/- + +/- + + +/- +/-
103's +/- ...; + +/- + + + + 
104 + +/- +/- +/- + + + + + 

3..7 ° 

S288C + + + + +/- +/- + 

101 's 
102's + 
103's + 
104 + + +/-



on minimal media at 30° C because the cells compensate for the partially 
defective HIS4 enzyme by derepressing the histidine enzymes. However, the 
presence of any of the aas mutations (101, 102, 103, or 104) in a his4C-207 ts 

strain prevents growth on minimal media at 30° C-.---It can therefore be 
inferred that the wild type products of AAS101, AAS102, AAS103, and AAS104 are 
required for derepression of at least the HIS4C enzyme. 

HIS4C enzyme levels. The effect of the various aas mutations on the 
level of HIS4C enzyme activity, histidinol dehydrogenase, was determined. The 
aas mutants and wild type cells were grown under repressing or derepressing 
conditions: (i) minimal + all 20 amino acids (min AA), (ii) minimal + histi
dine (min his), (iii) minimal (min), and (iv) minimal + 10rnM AT (min AT). 
Wild type cells do not derepress on minimal media alone because the internal 
histidine pool is very high (5mM), and this pool does not get depleted given 
the basal wild type level of synthesis of the histidine biosynthetic enzymes 
(8). However, histidine starvation conditions can be achieved by growth of 
wild type cells in the presence of the analog AT. AT inhibits the sixth step 
in the histidine biosynthetic pathway. Wild type cells overcome this inhi
bition by derepressing the histidine enzymes, as well as other enzymes under 
general control. As Table 3 shows, the enzyme levels for wild type'S288C are 
essentially the same when grown in min AA, min his, or min. However, on min 
AT, the levels of HIS4C enzyme levels are derepressed about six fold. 

For the aas mutants, the levels on min AA, min his, and min, are the 
same, or slightly lower, if compared to S288C. However, when starved on min 
AT media, there is no derepression at all of HIS4C in the aas101, aas102, and 
aas103 strains; the aas104 strain consistently derepresses to only about one
half the maximal level of S288C. Thus, the aas strains are unable to overcome 
the AT inhibition. It can be concluded that all four AAS+ genes are required 
for normal derepression of the levels of HIS4 enzyme activity to occur. 

Table 3. HIS4C Enzyme Assays of aas Mutants 
Grown in Different Media-

AA H M AT 

S288C 1.0 1.2 1.2 6.3 

aas101 .77 .80 .87 .40 

aas102 .72 1.2 1.3 .55 

aas103 .74 1.0 1.1 .74 

aas104 .83 1.1 1.1 3.9 

HIS4 mRNA levels. Northern blot analysis indicates that the aas 
mutations prevent derepression of the HIS4C enzyme by affecting mRNA levels. 
RNA was isolated from S288C, aas101, aas102, aas103, and aas104 strains, grown 
at 30° C on min AA, min his, min, and min AT. The RNA's were electrophoresed 
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on a 1.5% agarose formaldehyde gel, transferred to a nitrocellulose filter, 
and hybridized with 32P-labelled pMG1 (EcoRI-BglII fragment internal to the 
HIS4 structural gene) and YIp5 (pBR322 - URA3l1JProbes. The URA3 gene was used 
as an internal standard to normalize for the amount of RNA in each lane. The 
mRNA levels for S288C and aas101 are shown in Figure 1. In the case of S288C, 
on minimal media supplemented with all the amino acids, a basal level of HIS4 
mRNA is seen. A small derepression effect is observed on minimal or histidine 
media, whereas raaximal derepression occurs when starved for histidine (min 
AT): the HIS4 mRNA is increased 5-10 fold. In the aas101 strain it is 
striking that little or no derepression of the HIS4 mRNA above basal level is 
detectable. Aas102 and aas103 show only intermediate derepression under 
starvation conditions, whereas aas104 shows the smallest effect (data not 
shown). These results suggest that the role of the AAS+ genes is to regulate 
the mRNA levels of the genes that they control. 

Cloning the AAS Genes 

Selection. We have constructed a yeast genomic library by ligating Sau3A 
partially digested DNA into the unique BamHI site of YEp24. The plasmid"YEp24 
contains both the yeast URA3 gene and part of the yeast 2~ plasmid, which per
mits episomal maintenance.-This bank was used to clone genes which complement 
either the aas101 or aas103 mutation. 

An aas101-1 ura3-52 strain (MP40A-8B) was transformed with the 
YEp24-S288C library. (Ura3-52 is a non-reverting allele). Ura+ transformants 
were selected in the presence of all 20 amino acids, pooled, and tested for 
aas101-complementing genes by growth on minimal + 10mM AT plates. Two inde
pendent AT resistant clones, called 101G and 101M, were identified from about 
11,000 Ura+ transformants. The 101G insert is about 2.7 kb and the 101M 
insert is about 10 kb. Both of these clones also confer resistance to .75mM 
5MT. In a second experiment, the library was used to transform an aas103-1 
ura3-52 strain (MP42-2A). Two independent AT resistant clones were isolated 
from 8,000 Ura+ transformants. Both of these putative 103 clones were 
identical, and only one, 103R3, was used for further study. The 103R3 insert 
is about 5.5 kb. 

The analog resistance property of these three clones resides on the 
plasmid in the transformed stains: spontaneous Ura- segregants of 101G, 101M, 
and 103R3 simultaneously become aas-. In the 103R3 clone, some AT sensitive 
Ura+ clones spontaneously arise, but these show altered restriction patterns 
of the YEp24 insert, suggesting the occurrence of some type of deletion within 
the plasmid. 

Restriction maps. No similarities in restriction maps have been noted 
between 101G and 101M. This is consistent with our observation that no cross 
homology exists between the inserted sequences. However, the 101M and 103R3 
clones have several contiguous restriction fragments in common. It ispos
sible that this common DNA sequence may complement both aas101 and aas103. 

Homologous Genomic DNA. In order to confirm that the 101G cloned. 
sequence represents a contiguous genomic sequence, rather than a cloning arti
fact, the following experiment was done. Genomic DNA from S288C was digested 
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Figure I. Regulation of HIS4 rnRNA l evels in S288C and aasl0l-1. 

RNA was prepared from wild type S288C and aasl0l - l c ultures grown to 
0 . 0 . 550 = 0 . 500 in minimal supplemented with a ll 20 amino acids (AA), minimal 
histidine (H), minimal (H) and minimal + 10 ITt! aminotriazole (AT) media . 
Extraction of RNA was by a modification of the procedure descri bed in Sripati 
and Harner (16) . Approximate ly 15 ~g of RNA was loade d per lane onto 1. 5% 
agarose formaldehyde gels . RNA was transferred to a nitrocellulose filter 
(18) . Bound RNA was hybridized with 32p nick translated pHGI (a 1.0 kb 
fragment containing coding sequences in HIS4) and YIpS (URA3). Hybridization 
was in 50% formamide, SXSSC , 45° C. The extent of hybridization with the URA3 
probe was used to normalize for the amount of RNA \.Jithin each lane. 
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with BawlI and PstI, electrophoresed on an agarose gel, and blotted onto 
nitrocellulose paper. The transferred DNA fragments were hybridized with 32p_ 
labelled BaWlI-PstI fragment from 101C (see Figure 2). Figure 3 shows that a 
single band of ~kb hybridizes strongly, as predicted if the cloned 
BaWlI-PstI sequence is contiguous in the genome. 

The BaWlI-PstI fragment was used to probe a variety of genomic digests 
with restriction enzymes which fail to cut within the insert. As expected, 
only one band hybridized strongly in each digest. Surprisingly, however, 
several other weakly hybridizing bands are apparent. Many of these bands are 
smaller than the strongly hybridizing bands, indicating that they are not due 
to partial digestions. Therefore, sequences contained within the BaWlI-PstI 
fragment are cross homologous to other sequences in the genome. ----

RNA Homologous to 101C.The level of RNA in various strains corre
sponding to the 101C clone was determined by Northern blot analysis. RNA was 
isolated from S288C, aaslOl-l, aasl02-15, aasl03-15, and aasl04-1 strains 
grown at 30° C on min AA, min his, min, and min AT. The RNAs were electropho
resedon a 1.5% agarose form~ldehyde gel, transferred to a nitrocellulose 
filter, and hybridized with J2P-labelled SphI-SphI fragment from 101C and Ylp5 
(pBR322-URA3). The URA3 gene was used as an internal standard to normalize 
the amount of RNA in each lane. 

The S288C levels of 101C RNA are roughly equivalent on min AA, min his, 
and min (see Figure 4). However, under conditions of his starvation, min AT, 
the 101C mRNA level is very greatly increased. Therefore, the gene homologous ~ 
to the 101C clone is itself being derepressed under conditions of histidine 
starvation. This derepression of the 101C transcript is also observed in the . 
aaslOl-l, aasl02-15, and aasl03-15 strains, and to a lesser extent in the 
aasl04-1 strain. This result implies that derepression of the 101C mRNA 
itself is not dependent upon the AASIOl+, AASI02+, or AASI03+ genes (and also 
probably the AASI04+ gene). 

II. 5' HIS4 Transcript 

5; Open Reading Frames 

Examination of the nucleotide sequences of several yeast genes under 
general amino acid con-trol, HIS4, TRP 5, and HI-S3, reveals the existence of a 
sequence which contains an open reading frame upstream from the transcrip
tional start site of these genes (see Figure 5). In the HIS4 gene, this open 
reading frame is 198basepairs (bp); it starts with an ATC at position -383 
and ends with an inframe TCA at position -185. If this region is transcribed 
and translated it has the capacity to encode a polypeptide of 66 amino 
acids. It is striking that the position of the open reading frame preceding 
TRP5 is very closely coincident with that of HIS4, -355 to -185. These 
upstream regions may be candidates for regulatory elements involved in the 
control of their linked structural genes. 

Sl Nuclease Mapping 

To determine the possible involvement of this 5' open reading frame in 
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Figure 2. Restric,tion map of lOlG. 

The Sau3A sites indicated in the figure are not unique, but rather 
indicate the limits of the inserted genomic DNA fragment. BgIll, EcoRl, 
Hindlll, SaIl, Smal and Xhol do not cut within the insert. 
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Figure 3 . Southe rn blot of S288C genomic DNA probed with the BamHI- PstI 
fragment from I OIC . 

S288C DNA was digested with the restriction enzymes indicated and elec
trophoresed on a 0.8% agarose ge l. DNA was transferred t o a nitrocellulose 
filter accordi~~ to the method of Southern (15). The filter - bound DNA was 
hybridized to P nick trans lated (12) 1 . 9 kb BamHI-PstI fragment from IOIG 
(see Fig. 2). Hybridization was carried out at 65°C in 5XSSC . 
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RNA was prepared from wi ld- type S288C , aasl0 l-l, aasl02-15, aas l 03-15, 
and aas l04-1, e lectrophoresed , and blotted as described in Figure 1. 
Nitrocellulose bound RNA was hybridized with 32p nick-transla t ed DNA (12) from 
the ~I-SphI fragment of 101C and with YIpS (URA3). Hybridization conditions 
were as descri bed in Fi gure 1. The extent of hybridiza tion with the URA3 
pr obe was used to norma lize for the amoun t of RNA within each lane . --
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Figure 5. Comparison of the yeast 5' flanking regions of 
HIS4, TRP5 and HIS3. 

• 

The 5' regulatory regions are drawn to scale relative to the transcrip
tion initiation sites (+1) for their .respective structural genes. The 
positions of the open reading frames are indicated by the solid black lines; 
the boundaries are delineated by ATG and TGA codons. Positions of potential 
TATA boxes are included for comparative purposes. The 148 bp HinfI fragment 
used in the Sl protection and the primer extension experiments is indicated. 
The sequence data is from P. Farabough and G. R. Fink, pers. comm. and (17, 
20 ). 
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HIS4 gene expression, we first ascertained that this region was transcribed. 
A 148 bp HinfI fragment (see Figure 5), extending from -331 to -187 (internal 
to the sequences encoding the presumptive polypeptide)~ was isolated from a 
polyacrylamide gel and labelled at the 5' end with [y_,,2p ] ATP. The labelled 
DNA was denatured and separated into fast and slow migrating strands on a 5% 
polyacrylamide gel. Total yeast RNA was incubated with each of the strands to 
allow homologous regions to anneal. This was followed by digestion of single 
stranded regions with nuclease Sl. The protected annealed complexes were 
resolved on an 8% denaturing polyacrylamide gel and autoradiographed. As seen 
in Figure 6, there is specific protection from Sl digestion of the fast 
migrating DNA strand (lanes C, E, and F) whereas the slow migrating strand is 
unprotected (lane B). This result implies that the fast migrating strand is 
the coding strand. (This assignment is being confirmed by direct sequenc~ng 
of the fast migrating strand). The protection of the fast migrating strand is 
dependent upon the formation of DNA-RNA complexes and is not the result of 
secondary structure of the probe itself, since complete digestion .of the probe 
does in fact occur in the absence of homologous yeast RNA (lane D). 

Cross Hybridizing Regions 

To confirm that the fast migrating coding strand is protected from Sl 
digestion by a transcript originating in the 5' HIS4 region as opposed to 
elsewhere on the genome, we probed the yeast genome for cross hybridizing 
sequences. Total yeast DNA was digested with either SalI or EcoRI, 
electrophoresed on an agarose gel, and the fragments blotted onto 
nitrocellulose. The 32p labelled 148 bp HinfI fragment was used as the 
hybridization probe under conditions of low stringency. The autoradiogram in 
Figure 7 shows that the probe hybridizes only to the predicted 1.5 kb SaIl and 
3.0 kb EcoRI fragments of the HIS4 region. The absence of cross hybridizing 
regions from other parts of the genome argues that the fast migrating strand 
is protected from Sl digestion by a transcript from the 5' HIS4 region. 

Primer Extension 

The existence of a transcript corresponding to the 5' flanking region of 
HIS4 was further confirmed by primer extension experiments. The 5' [y_32p ] 
labelled fast migrating strand was used as a primer for reverse transcriptase 
in a reaction with total genomic yeast RNA (6). When the reaction was run on 
an 8% denaturing polyacrylamide gel, two discrete bands of increased molecular 
weight appeared (data not shown). The appearance of these bands is dependent 
upon the presence in the reaction mix of the fast migrating strand. No bands 
appear when the slow migrating strand is used as a primer. A more detailed 
analysis is in progress to define the in vivo transcriptional start site(s) of 
the upstream HIS4 transcript(s). ---

DISCUSSION 

AAS Genes 

We have described the isolation and characterization of 43 aas mutants. 
These mutations define four unlinked genes, AAS101, AAS102, AAS103, and 
AAS104. Complementation analysis indicates that AAS101 and AAS104 are two new 
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Figure 6. Specific prot ec tion of the 148 base HinfI fast migrating 
strand f r om 51 nuclease . 

The 148 bp HinfI fragme nt was labelle d at its S ' end with [ y_ 32 p l, 
denatured and separated i nto fast and s low mi grating s tra nds on a S% 
acry lamide ge l (7) . To t al yeas t RNA was hybridized to each of the s trands , 
digested with nuclease SI , and the annealed comp lexes r e solve d on an 8% 
denaturing ge l (1) . Th e control lane A contains the 148 bp HinfI fragment, 
lane B contains the hybridization with the 148 base slow s trand, and lane C 
contains the hybridization with the 148 base fast strand. 

In a sepa r ate experiment the 148 base f as t migrating strand, S' end 
labelled with 32p, was hybridi zed t o tota l yeast RNA from a culture grown in 
the presence of 0,3 lIN histidine (lane F) and a culture s t a r ved for hi s tidine 
with AT ( lane E) . In lane D, the hybridizat i on was car r ied out in the a bs ence 
of homologous RNA . After 51 digestion, the complexes were r es olved on a n 8% 
denaturing gel . Lane G is an undigested contro l. The exposure was at - 80°C 
with an inte nsifying screen. 
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Figure 7. Southern blot of S288C genomic DNA probed with t he HinfI 

f r agment from the HIS4 5 ' flanki ng r egion . 

DNA isolated from strain S288C, cut with SalI or EcoRI , was 
elect r ophoresed throu gh a 1% agarose ge l , and t ransferred to nitrocellulose 
accordi n g to the me t hod of Southern (15). A 148 bp HinfI fragment , ( - 335 to 
- 187), was labelled at the 5 ' end with [y_32p 1 ATP by the method of Haxam and 
Gilbert (7) , and was used as the hybridization p r obe . Hybridization was 
car r ied out under conditions of 1m, s t ringency, 55°C in 5 x SSC . The exposure 
was for 4 days at - 80°C with an intensifying screen. 
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genes involved in general control, whereas AAS102 and AAS103 are analogous to 
genes identified in previous studies as (NDR2 and AAS1) and (NDR1), respec
tively (9, 13, 19). The aas101 and aas104 mutants may not have been isolated 
in earlier searches because they appear at a very low frequency: only four 
mutations were obtained in AAS101 and only one in AAS104, out of a total of 43 
isolated in this study. 

The aas101 mutants have the most severe phenotype, the aa~104 has the 
weakest, and aas102 and aas103 are intermediary. This is apparent from the 
degree of their sensitivity to various amino acid analogs, their growth rates, 
and their HIS4C enzyme activity and mRNA levels under starvation conditions. 
All four AAS genes appear to be involved to varying degrees in regulating 
derepression of the enzymes of many amino acid biosynthetic pathways. The aas 
mutations seem to prevent derepression of at least the histidine, tryptophan, 
arginine, and methionine pathways, as evidenced by their acquired sensitivity 
to analogs from these four pathways. Specifically, we have assayed the HIS4C 
enzyme levels and have shown that under histid~ne starvation conditions, 
aas101, 102, and 103 mutants do not derepress this enzyme at all; aas104 shows 
only partial derepression. Northern blot analysis of these mutants for the 
same growth conditions indicates that the failure to derepress the HIS4C 
enzyme is a result of lowered HIS4 mRNA levels in the aas mutants. This 
result suggests that the positive regulatory role of these AAS+ genes could be 
to promote transcription of genes coding for amino acid biosynthetic enzymes. 
Alternatively, the regulation could be exerted at the level of degradation of 
mRNA. 

One aas103-complementing clone, 103R3, and two different aas101-
complementing clones, 101G and 101M, were isolated. Clearly only one of the 
101 clones can be the AAS101 structural gene. The 101G clone has been looked 
at in greater detail. Northern blot analysis of wild type S288C RNA indicates 
that under histidine starvation conditions, the 101G mRNA is itself greatly 
induced. This implies that the 101G gene is regulated in a way that directly 
relates to its function. If the AAS genes are positive controlling elements 
needed for derepression of genes under general control, an increase in AAS 
mRNA levels under amino acid starvation conditions is certainly logical. The 
Northern blot results also suggest that the regulation of the 101G gene is not 
mediated by the AAS102 or AAS103 gene products since the derepression of 101G 
mRNA occurs in strains which are mutated in these genes. (This is probably 
also true for the AAS104 gene, but the results are some\l7hat ambiguous.) 

Southern blot analysis indicates that at least part of 101G sequences are 
-present in more than one copy in the genome. Whether this reflects multiple 
gene copies, or the possible pre,sence of some reiterated element, remains to 
be determined. Another observation is that 101M and 103R3 clones contain 
roughly 5 kb of inserted sequences in common. It is possible that this 
sequence is responsible for the observed complementation response in aas101 
and aas103 mutants. Further analysis of the cloned sequences is necessary to 
ensure that the phenotypes which these plasmids confer are not high copy 
number artifacts. 
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5' Transcript 

In this paper we have determined the existence of a transcript in the 5' 
regulatory region of one of the genes under general control, HIS4. The Sl 
nuclease experiments indicate that an in vivo transcript exists for only one 
of the strands of this region. Our preliminary primer extension data indi
cates that transcripts of this region with two distinct start sites may exist. 
We are currently defining precisely where these transcriptional start sites 
map. The upstream HIS4 transcript contains an open reading frame and has the 
capacity to encode a polypeptide of 66 amino acids. The fact that similarly 
positioned open reading frames exist upstream from the structural genes of two 
other amino acid biosynthetic genes, TRP5 and HIS3, strongly suggests that 
these putative polypeptides may have some regulatory function in the general 
control of amino acid biosynthesis. 

Inspection of the nucleotide sequence of the 5' flanking regions reveals 
an intriguing property of the open reading frames. If these regions are 
translated, they exhibit an extreme bias for rare and infrequently used 
codons. These rare co dons tend to be homologous to the anticodons of the 
minor yeast isoacceptor tRNA species. This suggests a number of regulatory 
mechanisms which would allow the yeast cell to monitor the charged state of 
the tRNAs. . 

Experiments are in progress to determine the involvement of the 5' 
transcript in HIS4 gene regulation. We are constructing inframe lacZ fusions 
to this region which will be used in conjunction with Northern blot analysis 
to correlate mRNA and protein levels with HIS4 gene expression. Another 
approach for determining the role of the 5"1t:ranscript, or its translation 
product, on HIS4 gene expression, is to construct deletions of the coding 
region. Typically, deletion analysis of the 5' region of yeast genes has been 
performed by generating deletions with an exonuclease, such as Ba131, by 
initiating at an upstream restriction site and deleting bases for varying 
distances in the direction of the promoter. Deletions generated in this 
manner remove all genetic, homology 5' to the promoter. Moreover, the 
promoter is now flanked by sequences which are normally well separated. This 
sets up a situation which is clearly subject to artifacts. To minim~ze 
potential artifacts, we are constructing'a small deletion which is totally 
internal to the putative coding sequences, leaving all flanking sequences 
intact. Analysis of a small deletion which generates a frameshift will allow 
us to assess the biological role of the putative translatipn product. 

Depending upon the outcome of these experiments, a model for the role of 
the transcript that we have identified should become apparent. What, if any, 
the relationship between the AAS+ genes and this transcript is, remains to be 
addressed. 
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SUMMARY 

Protein secretion is a major aspect of cell metabolism and provides a mecha
nism for assembly of internal organelles and the-cell surface. The cellular func
tions which execute the secretory process in yeast have been identified genetical
ly by the isolation of temperature-sensitive lethal mutants that block the secre~ 
tory pathway at one of four stages. Three of these stages are defined by class A 
sec mutants which accumulate secretory glycoproteins inside one of three distinct 
organelles: endoplasmic reticulum (ER), Golgi bodies, or secretory vesicles. 
Glycoproteins and secretory organelles accumulate at a nonpermissive temperature 
(370 C) and proceed to a succeeding stage in the pathway when cells are returned 
to a permissive temperature (250 C) even in the absence of new protein synthesis. 
Another type of sec mutant (class B) fails to produce active secretory enzymes 
even though secretory polypeptides are synthesized. Some of the mutants in this 
class are blocked in the translocation of secretory polypeptides across the ER 
membrane. 

The secretory pathway is responsible for localization of major yeast plasma 
membrane surface proteins. The export of at least four permease activities and six 
externally labeled plasma membrane proteins is blocked thermoreversibly in the sec 
mutants. The transport organelles, secretory vesicles in particular, may carry 
secreted enzymes with only a subset of plasma membrane proteins. Purified secre
tory vesicles do not contain chitin synthetase and vanadate-sensitive ATPase, ~wo 
bonafide integral plasma membrane proteins. Another vesicle may be responsible 
for transport of these and other membrane proteins. 

Part of the secretory pathway is also responsible for localization of vacuolar 
glycoproteins. Carboxypeptidase Y (CPY) is synthesized as an inactive proenzyme 
which is matured in the vacuole by cleavage of an 8 Kd amino-terminal propeptide. 
Proenzyme forms of CPY accumulate thermoreversibly in sec mutants that are blocked 
in movement from the ER or from the Golgi body, but not in mutants that block 
transport of secretory vesicles. Vacuoles isolated from sec mutant cells. do not 
contain the proCPY produced at 37oC. These results suggest that vacuolar and 
secretory glycoproteins require the same cellular f~nctions for transport from the 
ERand from the Golgi body. The Golgi body represents a branch point in the path
way: from this organelle vacuolar proenzymes are transported to the vacuole for 
proteolytic processing and secretory proteins are packaged into vesicles. 

* Support was obtained from National Science Foundation grantPCM-80l94l5 and 
from National Institutes of Health grants GM-26755 and ES-01896. 
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Introduction 

Eukaryotic cells contain a number of membrane-bounded organelles which do 
not, on simple visual examination, seem to be related. Studies in the 1950's 
and 1960's by Palade, Porter, de Duve, and Claude led to our current view that 
compartmentalization provides the eukaryotic cell with a .wide range ofpossibili
ties for regulation of metabolism. Recent progress on the study of the assembly 
of cellular organelles, in particular on the mechanism of localization of spe
cific protein constituents, has raised the possibility of intimate connections 
among the organelles. The secretory process has emerged as a common theme for 
transport of proteins and lipids to all parts of the cell. 

Protein secretion occurs in almost all cell types. Despite the wide range 
of activity that this implies, the stages in the secretory process are quite 
similar in all organisms. In eukaryotes, the sequence ER -+ Golgi -+ vesicle -+ 
cell surface is the generally accepted mode of transport for soluble and mem
brane proteins. Although prokaryotes clearly do not have specialized secretory 
organelles, polypeptide penetration across the bacterial cytoplasmic membrane 
occurs by processes quite analogous to those employed in protein import into 
the endoplasmic reticulum and into the mitochondrion. 

In addition to a role in cell surface assembly, the secretory process may 
contribute to the assembly of the lysosome, the mitochondrion, and the nucleus. 
Lysosomal glycoprotein precursors are translocated into ER membranes by the same 
system used for secretory and plasma membrane proteins (2). Furthermore, both 
in histochemical and in organelle fractionation studies, lysosomal enzymes are 
detected in ER and Golgi cisternae (27). Mitochondrial membranes are assembled 
with lipids synthesized in the ER. Although many mitochondrial enzymes derive 
from soluble cytoplasmic precursors, theER and mitochondrial outer membranes 
appear to share a number of integral proteins (29). Finally, the nuclear enve
lope is continuous with the ER._ This is most apparent during interphase, when 
the nuclear envelope is reconstructed by outgrowth from the ER. Certain soluble 
nuclear components may also be derived 'from secretory organelles. The observa
tion that chromatin-associated high mobility group proteins (HMGs) containN
glycosidically-linked, complex oligosaccharides suggests that these proteins may 
gain access to the nucleus via the Golgi body (25). 'Clearly, secretory orga
nelles play a major role in cell architecture and metabolism. 

While a considerable amount is known about the gross features of secretory 
organelles, and about the structure and covalent modifications of molecules that 
are transported through the organelles, it has been much more difficult to de
fine cellular functions involved in 'protein transport. New approaches involving 
genetic and biochemical techniques will be essential for appreciating the mecha
nism of transport. In this regard, recent advances in identifying proteins 
involved in the penetration of secretory and membrane polypeptides across a mem
brane (32,17,35), and in the discrimination of lysosomal and sed:etory proteins 
(13 ,14,26) provide important examples o,f these cellular functions. 

Identifying the full range of functions required for protein transport can 
be achieved with a genetic approach. For this an~ other reasons, my laboratory 
has undertaken a study of the secretory process in the yeast Saccharomyces cere
V1Slae. Although much less is known about the secretory process in yeast than 
in mammalian cells, and in sonie ways there are special technical difficulties 
in the use of yeast as an experimental system, the potential for a combined 
genetic and biochemical approach may prove a crucial advantage. 
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Organization of the Yeast Cell Surface 

The yeast cell surface consists of at least three layers: The cell wall 
which contains mannoproteinsand structural polysaccharides (B-1,3 and (3-1,6-
linked glucan), a periplasm that contains mannoproteins, and a plasma membrane. 
Most of the soluble secreted enzymes, such as invertase and acid phosphatase, 
are iocated in the periplasm or in the cell wall where they are -accessible to 
low molecular weight substrates. Certain smaller non-glycosylated proteins, 
such as a-factor and killer toxin, are secreted through the cell wall into the 
culture medium. 

Secretion is correlated topologically to the region of cell surface growth. 
Invertase and acid phosphatase are secreted into the bud portion of a growing 
cell which corresponds to the point of cell surface addition during most of the 
division cycle (31, 8). The correlation between secretion and budding-is best 
accounted for by an exocytic mechanism of surface growth. Secretory vesicles 
may fuse with the inner surface of the bud and deliver mannoproteins to the peri
plasm and membrane precursors to the plasma membrane. The available cytologic 
evidence strongly supports this notion. Electron microscopic thin section and 
freeze fracture views show 50-100 urn·vesicles which fuse with the bud plasma 
membrane (18). Histochemical staining of cells secreting acid phosphatase has 
shown enzyme-specific stain of the bud-localized vesicles, the ER, and a Golgi
like organelle (16). 

Although the yeast secretory process appears to resemble- the mechanism used 
by plant and animal cells, one striking difference is the low level of secretory 
organelles revealed by standard EM thin section analysis. This low level is con
sistent with a rapid transit time for export of invertase (20), and a low level 
of invertase export precursors (22). The small internal pool of secretory pre
cursors provides a sensitive experimental system for the evaluation of mutants 
that block the secretory pathway and cause an accumulation of secretory enzymes 
and organelles. 

Isolation and Characterization of Secretory Mutants 

Given the possibility that the secretory process contributes generally to 
yeast cell surface growth; Peter Novick assumed that secretory mutants would be 
lethal. To get around this problem, Novick screened a collection of temperature
sensitive growth mutants for ones that failed to export active invertase and acid 
phosphatase at the nonpermissive temperature (370 C), but which performed normally 
at the permissive temperature- (250 C). Mutants representing two complementation 
groups (secl, sec2) were found which accumulated secretory enzymes in an intra..,. 
cellular pool (22). A large number of additional sec mutants have been isolated 
based on the observation that secl cells become dense at 37oC. Susan Henry 
showed that during inositol starvation of an auxotrophic strain, net cell surface 
growth stopped while cell mass increased (12). Starved cells could be resolved 
from normal cells on a Ludox density gradient. Similarly, sec mutant cells can 
be enriched from a mutagenized culture by incubation at 370 C followed by Ludox 
density gradient sedimentation. 

The sec mutants are of two types. Class A .§.g£ mutants (192 total) are like 
secl and sec2, in that active secretory enzymes accumulate in an intracellular 
pool (21). Class B sec mutants (23 total) do not secrete or accumulate active 
secretory enzymes, yet protein synthesis continues at a near normal rate for 
several hours at 37oC. Complementation analysis has revealed 23 sec loci in the 
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A class and 4 sec loci in the B class. The distribution of mutant alleles sug
gests that more of both classes could be found. 

Many of the class A sec mutants secrete a large fraction of the invertase 
that accumulates at 370 C when cells are returned to the permissive temperature. 
In most cases the secretion of accumulated invertase is insensitive to cyclo
heximide. This implies that the affected gene product is reversibly inactivated 
by the temperature shift. The result demonstrates that ongoing protein synthesis 
is not essential forpost~translational transit of secretory enzymes, and thus 
excludes the possibility that newly~synthesized secretory protein forces the flow 
of the export process. Mutations in one gene (sec7) allow thermoreversible secre
tion only in growth medium containing a low-concentration of glucose. 

Perhaps the most dramaticfeat~re of the class A~ mutants is that they 
accumulate or exaggerate specific secretory organelles; Mutations in ten groups 
produce 80-100 nm vesicles at 37°C that are distributed throughout the cytoplasm, 
unlike the bud-localized vesicles seen. in wild--type cells. Mutations in anotl;!.er 
nine genes produce exaggerated endoplasmic reticulum. In these mutants the ER 
lines the inner surface of the plasma membrane and winds through the cytoplasm 
where multiple connections with the nuclear envelope are seen. The lumen of both 
the ER and the nuclear envelope is wider than the corresponding wild-type struc~ 
ture. Due to the high density-of ribosomes in the background, it has not been 
possible to determine if the exaggerated ER is in the rough or smooth form, A 
third class of mutant, represented by two genes, produces a different organelle 
depending on the growth medium in which the cells are incubated at 37oC. Muta
tions in the sec7 gene cause the accumulation of typical Golgi-like structures 
when mutant cells are incubated at 370 c in medium containing 0.1% glucose. The 
same mutant, when incubated at 370 C in medi tml with 2% glucose, accumulates cup
and toroid-shaped organelles that we have called Berkeley bodies. This change 
in organelle morphology correlates with the effect of glucose on thermoreversible 
secretion mentioned earlier, and suggests that the Golgi-body structure is a 
more natural intermediate. In each case where reversible secretion is observed, 
a return to the permissive temperature allows the accumulated organelle to 
diminish in abundance. Histochemical staining of mutants representing each of 
the distinct cytologic types has shown that the secreted enzyme, acid phospha
tase, is contained in the lumen of the accumulated organelle (3). 

Susan Ferro-Novick has found that the class B ~ mutants produce enzy
matically inactive forms of invertase ( 5). In two of the mutants (sec53 .and 
sec59), immunoreactive forms of invertase are produced at 370 C which appear to 
remain embedded in the ER membrane (6). Perhaps as a result of this aberrant 
accumulation, the ERinthese mutan~s appears fragmented in contrast to the 
smooth, thin ER envelope seen in wild-type cells. These mutants also show 
greatly reduced incorporation of [3H]~mannose into a total glycoprotein fraction 
at 37oC, although oligosaccharide synthesis is not directly affecte<;l. Reduced 
mannose incorporation appears to·bedue to a·defect in translocation of nascent 
polypeptide chains to the lumenal surface of the ER membrane where oligosaccharides 
are transferred to protein. Surprisingly, pr.otease protection experiments have 
indicated that a significant portion of the invertase polypeptide (11 Kd of a 
60 Kd mature polypeptide length) is inserved into and perhaps across the ER mem
brane in mutant cells at 370 C (7). Furthermore, as with the class A ~ mutants, 
sec53 and sec59 are thermoreversible. Upon return to 250 C, in the presence of 
cycloheximide,- the membrane-bound form of invertase is transferred into the lumen 
of the ER, glycosylated, and transported to the cell surface through the normal 
pathway. Thus, the sec53 and sec59 gene products define functions require~ 
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for completion, but not initiation of protein penetration across the ER mem
brane. 

Order of Events in the Pathw&y 

A simple technique exists for the ordering of events along a linear irre
versible pathway in which distinct intermediates accumulate in different mutants. 
In this circumstance a double mutant will accumulate the intermediate prior to 
the first block that is encountered. This analysis has been performed with 
mutants representing each of the four stages that are identified by the sec muta
tions. Double mutants containing se'C53 or,sec5g together with any of the class A 
~mutants fail to accumulate active'Invertase (6). Thus, these class B ~ 
mutants are epistatic to the other mutants. Among the class A sec mutants,'the 
ER-accumulating phenotype is epistatic to the Golgi body- and vesicle-accumulating 
phenotypes, and a Golgi body-accumulating mutant is epistatic to all of the 
vesicle-blocked mutants (20). The order of events determined by this analysis 
is shown in Figure 1. 

An independent line of evidence supports this 'order of events. Brent Esmon 
and Susan Ferro-Novick have analyzed the extent of glycosylation of invertase 
accumulated at 370 C in the ~'strains and identified at least two stages in 
oligosaccharide assembly Gl,~. Very ,little carbohydrate is present on the 
membrane-bound form of invertase accumulated in see53 and sec5g, consistent with 
a defect in the translocation of secretory polypeptide into the ER lumen. Dur
ing normal transport into the ER, invertase acquires 9~10 N-glycosidically-linked 
oligosaccharides which have a composi tion identical to the mammalian "high- ' 
mannose tt oligosaccharide (Glc3MangGlcNAc2) (4). The three glucose residues are 
removed at some post;'" translational step in the ER because sec mutants blocked in 
movement from the ER have high mannose oligosaccharides wiilia composition of 
MangGlcNAc2 (4). In addition to N-linkedcarbohydrate, yeast mannoproteins 
haveO-linked mannotriose and-tetraose. The O-linked sugars appear to be formed 
in the ER; O-linked mannose and mannobiose accumulate in theER-blocked mutants. 
Oligosaccharide maturation is completed either in transit to or within the yeast 
Golgi body. Mutants that block movement from the Golgibody, or the later mutants 
that block discharge of secretoryvesicles~ accumulate N-linked oligosaccharides 
that have a complete outer, chain structure and O-linked mannotriose and 
-tetraose. Furthermore, incompletely glycosylated molecules that accumulate at 
an ERblock are processed when cells are returned to the permissive temperature. 
The s~quence of carbohydrate maturation events is summarized in Figure 2, Taken 
together the cytologic and biochemical results demonstrate that the yeast secre
tory pathway is essentially identical to the mammalian process, 

<P lasma Membr ane As s emb ly 

The initial characterization of the ,sec mutants suggested a general block 
in secretion and cello::'Surface growth at the nonpermissive temperature. In addi
tion to an immediate halt in bud growth, export of a number of secreted proteins 
(invertase, acid phosphatase, L-asparaginase, a-galactosidase, a-factor, killer 
toxin) anq plasma membrane permease activities (S04=permease, arginine permease, 
galactose permease, proline-specific permease) is blocked. A more general probe 
of surface assembly that was used to examine the export and turnover of macro
phage plasma membrane proteins (15) has now been adapted by Novick to examine' 
surface assembly in yeast (23). 'Modification of cell surface amino groups with 
trinitrobenzertesulfonate (TNBS) followed by precipitation with TNP antibody allows 
analysis of newly-exported proteins. In this procedure, wild-type and mutant 
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FIGURE 1. Secretory and vacuolar protein transport pathways in yeast. N: 
nucleus; NM: nuclear membrane; ER: endoplasmic reticulum; SEC: 
wild-type gene; VAC: vacuole; V: vesicle; PM: plasma membrane; 
CW: cell wall; CPY: 61 Kd mature carboxypeptidase Y; pI CPY: 
a-67 Kd proenzyme form-of CPY; p2 CPY: 2 69 Kd proenzyme form 
of CPY. 
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cells are labeled with protein synthesis precursors a~ 370 C and then tagged with 
TNBS at OoC. Under these conditions, TNBS does not penetrate into the cell. 
Both secreted and plasma membrane surface proteins are tagged in this procedure 
and can be examined separately: secreted proteins are released when cells are 
converted to spheroplasts-, and tagged membrane proteins are recovered in a sedi
mented fraction from lysed spheroplasts. Wiler-type cells export distinct sets 
of membrane and secreted proteins as revealed by SDS-gel electrophoresis of TNP
antibody precipitates. The major proteins in both fractions are not exported in 
sec mutant cells at 370 C, but are at 24°C.Furthermore, accumulated surface pro
teins are exported when radio labeled ~ mutant cells are returned to 24°C. These 
results suggest that the secretory process is responsible for the localization of 
most cell surface proteins in yeast. 

In order to test the possibility -that secretory organelles that accumulate 
in the sec mutants contain secretory and plasma membrane proteins in the same 
structures, mutants representing each stage in the pathway have been used as. a 
source of material in cell fractionation experiments. sec Mutant cells are in
duced for invertase synthesis at 370 C so that all new activity is contained within 
the accumulated organelle. Bill Hansen has devised a procedure for lysis of 
spheroplasts that retains invertase within secretory organelles. Intact organelles 
are monitored during membrane fractionation using latent inverta~e as an enzyme 
marker. Tina Etcheverry has developed a method for isolation of invertase
containing vesicles from the secl mutant. The procedure involves velocity and den
sity sedimentation followed by electrophoresis on an agarose gel. The final 
fraction is free of contamination by other known cytoplasmic and membrane markers, 
while at least one other secretory enzyme, acid phosphatase, fractionates along 
with invertase. Of particular note is that two integral plasma membrane proteins, 
chitin synthetase and vanadate-sensitive ATPase ( 1,34), are synthesized in a 
sedimentable form in secl cells at 370 C but fractionate away from secretory 
vesicles. These two membrane enzymes, and probably others, may be transported 
to the cell surface in a distinct vesicle which does not behave like the invertase
containing particle. The two separable organelles may nevertheless share a 
requirement for sec gene products involved in transport to the cell surface. 

Vacuole Assembly 

The yeast vacuole contains a number of hydrolytic glycoprotein enzymes and 
is thus analogous to the mammalian lysosome (33). Figure 3 lists several soluble 
and one membrane enzyme known to be localized in the vacuole. The serine'-protease 
carboxypeptidase Y (CPY), is a vacuolar enzyme that has been studied extensively. 
CPY has a single subunit of 61 Kd, 10 Kd of which is carbohydrate in the form of 
four N-glycosidically-linked oligosaccharides (10). Hasilik and Tanner (9) found 
that CPY is synthesized as a proenzyme that is converted in vivo to the mature 
form with a halftime of 6 min. A 69 Kd proenzyme form of CPY was found by 
Hemmings et ale (11) to . accumulate in a mutant, ~, which-is pleiotropically 
defective in the maturation of a variety of vacuolar enzymes. Hemmings et al. 
(11) also found that a chain-terminating mutation in the CPY structural gene 
which results in a shortened polypeptide ina PEP4 strain, produces a fragment 
that is 8 Kd larger in a ~ strain. These data suggest that proenzyme matura
tion requires the PEP4 gene product and is achieved by cleavage of an amino
terminal 8 Kd propeptide. Proenzyme maturation and transport does not require 
glycosylation. Yeast cells treated with tunicamycin, a drug which blocks the 
synthesis of high-mannose oligosaccharides, synthesize, transport, and proteolytic
ally convert a nonglycosylated form of CPY (10,19). 
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Proenzyme proteolytic cleavage is not required for transport. Tom Stevens 
has shown the proCPY produced in ~ cells is localized properly in the vacuole 
(30). Thus, the PEP4 gene product is required for maturation, and not for trans
port. If proenzyme maturation occurs in the vacuole, and if vacuolar proteins 
require the secretory pathway for transport, proenzyme forms will not be localized 
and processed at 370 C in the ~ mutants. 

Ferro-Novick and Hansen have shown that unglycosylated proCPY remains asso
ciated with the ER membrane in sec53 and sec59 when cells are labeled at 370 C 
( 6). Stevens has shown that class A sec mutants that block movement from the 
ER or from the Golgi body accumulate proCPY in some place other than the vacuole, 
presumably in the accumulated organelle (30). Upon return to the permissive tem
perature the accumulated proenzyme forms become processed normally. Mutants that 
block after the Golgi step have no effect on CPY localization. These results sug
gest that vacuolar and secretory proteins travel together from the ER to the Golgi 
body where sorting may occur (Figure 1). These results rule out a secretion
recapture mechanism of localization such as has been suggested in studies on 
mammalian lysosomal enzyme transport (19). 

A mannose-6-P determinant on N-linked oligosaccharideshas been implicated 
in the targeting of lysosomal enzymes in human fibroblasts. Although sorting of 
lysosomal and secretory proteins in the Golgi body may rely on a carbohydrate 
structure, the ultimate source of d-iscrimination lies in an amino acid sequence 
or structural feature of the targeted protein. Carbohydrate does not serve this 
role in yeast because at least two vacuolar proteins, CPY and an alkaline phos
phatase, are synthesized and activated normally in the absence of oligosaccharide 
synthesis (10,24). Mutant alleles of CPY that result in misdirection of an other
wise normal proenzyme may reveal the signal responsible for normal-localization. 

Conclusions 

The transport of cell surface macromolecules requires a large number of 
cellular functions. Lesions in these essential functions lead to an interruption 
of plasma membrane and .secretory protein export at one of four stages in a linear 
pathway (Figure 1). Mutants blocked early in the pathway have shown that glyco
protein carbohydrate synthesis iscqmpartmentalized: core oligosacchar}des are 
added in the ER, and the outer chain structure is extended in the Golgi body 
(Figure 2). These same mutants have 'revealed that part 9f the pathway is respon
sible for localization of at least one vacuolar glycoprotein. 

The sec mutants have provided a new method for tracing the pathway of pro
tein localization in a eukaryote, and have in a limited sense defined the cellu
lar functions required for transport • In vitro reactions that require the sec 
gene products and thus reflect portions of the secretory pathway will be needed 
to understand the mechanism of transport. 

I gratefully acknowledge R. Roon, R. Buckholz, D. Julius., H. Bussey, 
J. Tschopp, P. Call, and W. Courchesue for their communication of preliminary 
results concerning the behavior of sec mutants. 
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MUTANTS OF YEAST OVERPRODUCING ISO-2-CYTOCHROME c* 
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SUfvtv1ARY 

The following mutations cause overproduction of iso-2-cytochrome c, the 
minor. form of cytochrome cin the yeast Saccharomyces cervisiae: CYC7-=H 
mutati ons that are ci s-dominant and that have extended al terati ons in the 5' 
region adjacent to the structural gene CYC7; and recessive mutations at any of 
the unlinked loci cyc8, cyc9, cyc10 and-CYC11. Three CYC7-H mutants, CYC7-H1, 
CYC7-H2, and CYC7-H'3'all overproduce 20...,30 times the normal amount of 
iso-2-cytochrome c, but each have different genetic alterations that result in 
different abnormaT sequences at different sites'along the 5' region. CYC7-H1 
is a reciprocal tran.slocation with a breakpoint between the ATG initiaton 
codon and a XhoI site at nucleotide position -140. CYC7-H2 contains 5.5 kbp 
Ty element inserted at position -185. CYC7-H3 contains a deletion that 
extends from position -223 to approximately 5 kbp. The recessive mutants 
contain 3 to 7 times the normal amount of iso-2-cytochrome c although certain 
strains containing two of the recessive mutations overproduce approximately 15 
times the normal leveL Some of the recessive mutations also cause pleiotropic 
phenotypes not obviously related to the overproduction of iso-2-cytochrome c. 
The CYC7 -H mutants and the four recessi ve mutants have hi gher amounts of the 
CYC7 transcri pt whi ch approximate the overproducti on of i so-2...:cytochrome c. 
we-5uggest that the overproduction of iso-2-cytochrome c is due to enhancement 
of normal transcription either by the presence of abnormal sequences at the 5' 
regulatory region or by mutation of components involved in transcription of 
the CYC7 and possibly other genes. 
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INTRODUCTION 

The iso-cytochrome c system in the yeast Saccharomyces cerevisiae has been 
used in numerous diverse investigations, including various aspects of gene 
expression and regulation. As part of the studies on gene expression, we have 
been examining alterations that lead to increased levels of gene products'. 
Because of a convenient selective system, mutations causing up to 30 times the 
normal amount of iso-2-cytochrome c have been obtained. Genetic analysis of 
these mutants and DNA analysis of regions encompassing the mutations revealed 
that overproduction is caused either by gross alterations in front of the 
translated region of the structural gene or by mutations at any of four loci 
unlinked to the structural gene. In this paper, we briefly summarize 
essential features of the iso-cytochrome c system and we describe these types 
of mutations that cause overproduction or-iso-2-cytochrome £. 

THE ISO-CYTOCHROME c SYSTEM 

Iso-l-cytochromec and iso-2-cytochrome c normally constitute, 
respectively, 95 percent and 5 percent of the total cytochrome c complement in 
the yeas~ Saccharomyces cerevisiae grown aerobically under derepressed 
conditions. Both iso-cytochromes c apparently carry out equivalent functions 
in mitochondrial oxidative phosphorylation (13) and both are more or less 
coordinately regulated during derepression by nonfermentable carbon sources or 
during induction by oxygen; however, variations in their proportions as well 
as in their absolute amounts occur during induction by oxygen and during the 
transition from a repressed state to a derepressed state (18,21). Genetic 
analyses of strains containing mutationally al tered forms of cytochrome c have 
es tabl i shed that the primary structure of i so-l-cytochrome cis determined by 
the CYCl gene (24), which is located on the right arm of chromosomeX (12), 
and that the primary structure of iso-2-cytochrome c is determined by the ,CYC7 
gene (4,5) which is located on the left arm of chromosome V (22). DNA -
sequences have been determined for the translated regions as well as the 
adjacent regions of both the CYCl (26) and CYC7 (15) loci. The detailed 
physical information and the procedures for-seTecting and detecting forward 
mutations, reverse mutations (23) and mutations causing ove'rproduction (4,27); 
make iso-cytochrome c ideally suited for investigating' gene expression. 

ISO-2-CYTOCHROME c OVERPRODUCERS 

Mutants completely deficient in any of the mitochondrial components 
required for functional respiration are unable to utilize nonfermentable 
substrates as 'carbon and energy sources.·' Thus the doubl e mutant, cycl cyc7, 
deficient in both iso-l-cytochrome c and iso-2-cytochrome c, is unasre to grow 
on media containing, for example, ethanol, glycerol or lactate as the sole 
carbon source (4). Revertants containing as low as 1 percent of the normal 
amount of total cytochrome c can grow, although poorly, on glycerol or ethanol 
media but are still unable to grow on a special semi-synthetic lactate 
medi um. In fact, cycl CYC7+ mutants 1 ackin g i so-l-cytochrome c' bu't containing 
the normal 5 percent level of iso-2-cytochrome c do not grow or barely grow on 
lactate medium (23,25). Thus, a variety of revertants can be obtained by , 
plating high densities of cyc1 CYC7+ cells on lactate medium. If the cyc1 
allele is revertible or suppressible, revertants containingiso-l-cytochrome c 
can' arise because of intra genic mutations or suppressor mutations. However,-
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if the cyc1 allele is not revertible or suppressible, such as in the case with 
cyc1 deletions, then the only revertants arising on lactate medium are those 
containing increased level s of iso-2-cytochrome c. The overproduction of 
iso-2-cytochrome c in the various revertants ranges from barely detectable 
increases to approximately 30 times the normal level. Genetic analysis 
revealed that iso-2-cytochrome c overproduction can be due either to mutations 
within or adjacent to the CYC7 structural gene or to mutation at any of at 
least four unlinked loci. -rhe mutations at the CYC7 locus, denoted CYC7-H 
mutations, occur at very low frequencies and are associated with gross 
alterations that produce dominant effects. In contrast, mutations at the 
unlinked loci arise at frequencies typically observed for forward mutations 
that inactivate genes. These unlinked mutations are recessive (Table 1). 

Table 1. Mutants Overproducing Iso-2-cytochrome £ 

Wil d-type Chromosomal Mutant Fold increase 
all el es location allele Lesion of I so-2 

CYC7+ V left CYC7 -H1 Translocation 20-40 
CVC7-R2 Ty· i nserti Qn 15-30 
CYc7-R3 Deletion 15-30 

CYC8 II ri ght cyc8 Point 3-6 
mg I II ri ght cyc9 Point 3-6 
CYITo Unknown cyclO Point 5-10 
CVCll Unknown cycll Point 3-6 

THE CYC7-H OVERPRODUCERS 

A genetic and biochemical analysis of the three mutants, CYC7-H1, CYC7-H2 
and CYC7-H3 indicate that all three of these mutants overproduce 20 to 30 
times the normal amount of iso-2-cytochrome c, all are dominant, and all have 
gross alterations adjacent to the CYC7 structural gene~ The CYC7-H1 mutation 
involves a reciprocal translocation,the CYC7-H2 involves the insertion of a 
Ty element and the CYC7-H3 involves a deletion. The alterations adjacent to 
the CYC7 locus were initially revealed from the analysis of genomic yeast DNA 
probed with a CYC7+ fragnent as shown, in Fi g. 1. EcoRI or HindIII di gests of 
each of the CYC7-R mutants contain one or two restriction fragnents that 
hybridize to the CYC7+ probe and that differ in size from each other and from 
the CYC7+ fragnent. The different sizes of the restruction fragments suggest 
that an extensive region near the CYC7 locus is altered in each of the CYC7-H 
mutants. Genetic analysis of the three. CYC7-H mutants and restriction mapping 
of the cloned CYC7-H2 and CYC7~H3 genes resulted in the characterization of 
their corresponding aberrations. 

The CYC7-H1 Mutation 

An analysis of various crosses demonstrated that the CYC7-H1 mutation is a 
reciprocal translocation with a breakpoint at the CYC7 locus on the left arm 
of chromosome V and a breakpoint on the right.arm or-chromosome XVI (20). The 
reciprocal translocation was identified from the pattern of spore inviability 
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Figure 1. Southern Blot of CYC7-H Mutants. Genomic DNA samples from CYC7+, 
CYC7-Hl, CYC7-H2 and CYC7-H3 strains were digested with either EcoRl or 
RindI!I , electrophoresed ln 1 percent agarose, transfered to a nitrocellulose 
sheet and hybridi zed to a nick-translated probe consisting of an EcoRl DNA 
fragment containing the CYC7+ region. Type I strains lack a HindIII site 3 ' 
to the CYC7 gene, which is present in Type II strains. All of the CYC7-H 
mutants were derived from CYC7+ Type II strains. The autoradiogram of these 
di gests demonstrates that fragments complementary to the CYC7+ region differ 
greatly in size, indicating that each of the CYC7-Hl, CYC~and CYC7-H3 
mutants contain different alterations within the CYC7 regl0n. (Adapted from 
19). -
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and abnormal linkage in heterozygous CYC7-H1/CYC7+ crosses. In addition, the 
chromosomal constitution was further characterized by the analysis of crosses 
that were homozygous for the transl ocati on but heterozygous for al terati ons in 
the CYC7 structural gene. The results of the genetic analysis resulted in the 
genetic maps of the translocated and normal chromosomes V and XVI that are 
presented in Fig. 2. These genetic analyses established that one of the 
translocated points is at the CYC7 locus on chromosome V and that the other is 
proximal to mak3 on chromsome xvr(20}. Dominant and recessive properties of 
the CYC7-H1 mutations were investi gated with several mutants lacking 
iso-2-cytochrome c, including a UAG mutation cyc7-H1-1 corresponding to amino 
acid position 24.- Because cyc7-H1-1/CYC7+ diploid strains contain 
approximately half of the amount of iso-2-cytochrome c found in CYC7-H1 
haploid strains and because cyc7-H1-1/CYC7+ diploid strains contain 
approximately the CYC7+ level, the overproduction of iso-2-cytochrome c caused 
by the CYC7-H1 translocation is cis dominant and trans recessive. -

The normal amino acid composition and peptide map of iso-2-cytochrome c 
from the CYC7-H1 mutant indicated that the breakpoint of the translocation-is 
outside of the translated portion of the gene (4). Furthermore, the low 
frequency of CYC7-Hl recombinants among the meiotic progeny of cyc7-H1-1 x 
CYC7+ crosses is indicative of a short genetic distance between the CYC7-H1 
breakpoint and structural gene (4). The abnormal size of the EcoRI and XhoI 
restriction fragments from the CYC7-H1 DNA shown in Figures 1 and 3 suggests 
that the translocation altered the EcoRI and XhoI sites that are, 
respectively, approximately one kbp-and 140 bp-Tn front of the translated 
region of the gene. These altered restriction fragments, along with finding a 
normal iso-2-cytochrome c, indicate that the breakpoint is between the 
structural gene and the XhoI site 140 base pairs in front of the AUG 
initiation codon. Thus ~is apparent that the translocation disrupted the 
CYC7 regulatory region in a way that caused overproduction of iso-2-cytochrome 
~The formation of an abnormal regulatory region contiguous to the CYC7 
structural gene in the CYC7-H1 mutation is similar to the alteration ;n-the 
other mutations CYC7-H2 and CYC7-H3, but, as described below, the regulatory 
region is disrupted at different sites and all three of the abnormal sequences 
were different from each other. 

The CYC7-H2 Mutation 

Initial genetic analysis established that the CYC7-H2 mutation contains a 
lesion at or near the CYC7 structural gene and that the lesions causing 
overproduction could be separated by recombination from a site in the 
translated portion of the gene (22). Unlike the CYC7-H1 mutation, the CYC7-H2 
mutation was not associated with a gross chromosomal rearrangement that 
produces deficiencies in the meiotic progeny from heterozygous crosses. 

The DNA alteration of the CYC7-H2 mutation was characterized by 
restri cti on endonucl ease analys; s of the cloned segment, by heterodupl ex 
analysis of CYC7+ and CYC7-H2 segments and by DNA sequencing of the pertinent 
regions (8,9 and B. Kosiba et al., unpublished results). The results, 
summarized in Figure 4, demonstrate that an approximately 5.5 kbp segment was 
inserted at a site 184 bp in front of the translated portion of the gene. The 
inserted segment was found to hybridize to a probe containing the central 
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Figure 2 •. The CYC7-Hl Mutation. A genetic map is shown of· the left arm of 
chromosome V and the right arm of chromosome XVI. Overproduction of 
iso-2-cytochrome c occurs in CYC7-Hl strains containing a reciprocal. 
translocation between these two chromosomes (20). The breakpoint on 
chromosome V is adjacent to the CYC7 gene and, on chromosome XVI is between 
MAK6 and MAK3. --
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Figure 3. Southern Blot of the CYC7-Hl Mutant . Genomic DNA from CYC+ and 
CYC7-Hl DNA was digested with XhoI, electrophoresed in 1 percent agarose, 
transfered to a nitrocellulose sheet and hybridized to a nick translated probe 
consisted of an EcoRl fragment containing the CYC7+ region. The autoradiogram 
shows a different XhoI restriction pattern fortneCYC7-Hl and CYC+ region. 
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portion of a Tyl element which Cameron et al. (1) identified and characterized 
as a family of dispersed repetitive elements in yeast. The DNA sequence of 
the termini of the inserted segnent were found to be closely homologous to the 
terminal 0 sequences of known Ty elements and a 5 bp duplication was created 
at the site of insertion, similar to duplications created by Ty elements 
inserted at other sites (10,11,31). 

Unlike the CYC7-H1 mutations discussed above and the CYC7-H3 mutation 
discussed below, the CYC7-H2 mutation has special properties that belong to a 
class of mutations denoted as ROAM (Regulated Overproducing Alleles responding 
to Mating signals) by Errede et 2l. (8,9). 

The ROAM mutants are defined by the characteristic property that 
overproduction or constitutivity occurs in MATa and MATa haploid strains but 
less so or not at all in MATa/MATa diploid strains homozygous for the 
regulatory mutation. Furthermore, overproduction'occurs in MATa/MATa and 
MAT a/MAT a diploid strains capable of mating as well as in special~ . 
constructed diploid strains capable of both mating and sporulating. 
Overproduction is decreased when haploid ROAM mutants also contain the ste7, 
stell, ste12 or ste4 mutations which prevent conjugation; however, other ste 
mutations such as ste3, ste5 and ste13, do not affect the expression of ROAM 
mutations. Genetic analYSTs" of diploid strains heterozygous for ROAM 
mutations and homozygous for MAT alleles indicated that the overproduction 
mutations are caused by cis dominant alterations adjacent to the structural 
genes. 

In addi tion to CYC7-H2, the ROAM mutants incl ude cargA+Qh, which 
consti tuti vel y overproduces argi nase, carg3+0h which consti tuti vel y 
overproduces ornithine transaminase, duron-which constitutively overproduces 
the urea carboxylase allophanate hydrolase enzyme complex (8,9) and ADR3c 
which constitutively produces sl i ghtly lower amounts of al cohol dehydrogenase 
II (30,31). The similar genetic properbes of the cargA+Qh, caqltOh 
and durOh suggest that they each contain an inserted Ty element~ DNA 
sequenclng of pertinent regions of the four mutants ADR3-2C, ADR3-3c , 
ADR3-6C , ADR3-7c demonstrate that they cpntain Ty inserti ons, that the 
points of lnsertionare different for each of the mutations, that the Ty 
elements are oriented in the same direction and that this orientation is the 
same as the orientation of the Ty element in ,the CYC7-H2 mutant. Thus, 
inserti on of Ty el ements in front of a number of unrel ated genes can lead to 
overproduction, constitutivity or both; although the site of insertion in 
front of the gene may vary, it appears as if the same orientation is required 
and in this orientation the Ty transcript is synthesized in the opposite 
direction as the transcript of the affected gene (6,7). 

The CYC7-H3 Mutation 

Genetic and molecular analyses have demonstrated that the CYC7-H3 mutant is 
a deletion of about 5 kbp from the region immediately 5' to the CYC7 coding 
region (14). Subsequent DNA sequence analysis has shown that the deletion 
breakpoint proximal to the CYC7 gene is 222 bp 5' to the ATG initiation codon 
(Fig. 4) (Kosiba and Sherman,unpubliShed results). In addition to causing a 
cis-dominant 20-fold overproduction of iso-2-cytochrome c, the CYC7-H3 
mu ta ti on was foun d(14) to have the fo 11 owi n g four recessi ve phenotypes: 
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-222 -186 -182 -170 +1 
I I I I I 

••• CA TIT A TTCAAGTTCCAACTACTAT AAGTGGCCGCAAGG GGCAIAAGACIAAAGGCACACAA _______ ATG ••• 

, / 
/ CYC7-H2 

••• _____________________ AGGGCAIAAGACI ______ Ty ______ IAAGACIAAAG ________________ ATG •• ; 

~ CYC7-H3 . 
• • • CCAATGGTCAAGTT ________________________________________________________________ ATG ••• 

Figure 4. The CYC7-H2 and CYC7-H3 Mutations. The DNA sequence of the CYC7+ 
(15), CYC7-H2 and CYC7-H3 regions. The CYC7-H2 sequence shows a Ty insertion 
between -186 and -182 bp from the ATG initiation codon of the iso-2-cytochrome 
c coding region. This Ty insertion generates the customary 5 bp'repeat at 
each end of the insertion. The CYC7-H3 sequence shows a breakpoint in the 
wild type CYC7+ DNA sequence 5' to position -222. 
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sensitivity to ultraviolet radiation; inability to grow on hypertonic medium 
containing ethylene glycol or KC1; sensitivity to a breakdown product of 
chloramphenicol, amino nitrophenyl propanediol (ANP); and flocculent cell s. 

McKnight et al. (14) showed that the four recessive phenotypes segregated 
with the CYC7-=R"3mutation in all of the 294 pedi grees examined and that they 
were controlled by two new genes, RAD23 and ANPl. Point mutations at the 
RAD23 locus failed to complement the OV sensitivity while point mutations at 
ANPI failed to complement any of the other three phenotypes: ANP sensitivity, 
osmotic sensitivity or cell flocculence. Genetic mapping of two point 
mutants, rad23-l and anpl-l, with respect to the CYC7-H2 mutation showed the 
gene order to be centromere-ANPl-RAD23-CYCl. From the pattern of gene 
conversion in this analys"is ~size of""""tFie ANPI-CYC7 interval was estimated 
at about 2.1 centiMorgans. Thus the CYC7-H3 mutation is a 5 kbp deletion / 
extending from the ANPI region to 222 bp in front of the CYC7 coding region 
which results in osmotic sensitivity and associated phenotypes, UV sensitivity 
and the overproduction of iso-2-cytochrome c. This overproduction of 
cytochrome c results from the deletion whicn removed 5 kbp upstream of the 
CYC7 gene, Tusin g the CYC7 gene to novel upstream DNA sequences. 

RECESSIVE OVERPRODUCERS 

By far the most frequent mutations causing overproduction of 
iso-2-cytochrome c were found to be recessive and unlinked to the CYC7 locus. 
Genetic complementation tests revealed that these mutations fall into four 
loci which have been designated CYC8, CYC9, CYCIO and CYCll (17, Kosiba, 
Errede and Sherman, unpublished result~ These loci may correspond to one or 
more of the loci CYPl, CYP2, CYP4 and CYP5 described by Verdi ere and 
Petrochila (29) anaothers (3:-ro,28). --

The ~·mutant 

The cyc8 mutation leads to an increase in iso-2-cytochrome c production of 
approximately three-fold, to a lacy colony morphology and in some genetic 
background with abnormal cell sh~pe (17). 

The diploid cross cycl CYC7+ cyc8/cycl CYC7+ CYC8+ contains the same 
normal amount of iso-2-cytochrome-c-as~ diploid cross cycl CYC7+ CYC8+/cycl 
CYC7+ CYC8+, thus indicating that the cyc8 mutation is recessive. Similar-
tes ts al so reveal ed that the cyc9, cycTIrand cycll mutati ons were recessi ve •. 

The cyc8 mutation leads to an increase in iso-2-cytochrome ~ production of 
approximately three-fold, to a lacy colony morphology and abnormal cell shape in 
some genetic backgrounds ~17). 

The ~ Mutant 

Similar to cyc8 mutants, the cyc9 mutants contain approximately three 
times then normal amounts of iso-2-cytochrome c. The cyc9 mutation cause a 
large number of apparently unrelated pleiotroplc phenotypes and is, in fact, 
equivalent to the ~, umr7 and flkl mutations that were uncovered in other 
studies. The following pleiotropic phenotypes are associated with the cyc9 
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etc. mutations: the ability to utilize exogenous dTMP; a characteristic 
flocculent morphology; the lack of sporulation of homozygous diploids; low 
frequency of mating and abnormally 'shaped cells of a strains; the lack of 
detection of UV-induced mutations at the CAN1 locus, and the lack of 
catabolite repression of numerous enzymes including maltase, 
a-methyl-glucosidase invertase and succinate dehydrogenase (see (17) for 
ori ginal ci tati ons). However. the cyc9 mutati on appears not to appreciably 
affect iso-1-cytochrome c or at most only slightly lower its concentration. 
The CYC9 locus, as well as the equivalent loci TUP1, UMR7 and FLK1 is located 
on t"fi"eri ght arm of the chromsome III. -- -- --

The cyc10 and cyc11 Mutants 

Cyc10 and cyc11 mutants were recently uncovered in systematic searches for 
mutations causing overproduction of iso-2-cytochrome c (B. Errede, B. Kosiba, . 
and F. Sherman, unpublished results). The examination of cytochrome c in 
diploid crosses established that the cyc10 and cyc11 mutatios are recessive 
and that they complement each other as well as the cycS and cyc9 mutati on. In 
addition, as shown in Table 2. the cyc10 and cyc11-mutations are unlinked to 
each other and to the cycS and cyc9 mutations. The cyc10 and cyc11 mutants 
overproduce. respectively, approximately 7 and 3 times the normal amount of 
iso-2-cytochrome c. similar to the overproduction of observed in cycS and cyc9 
mutants. However-;- unlike the cycS and cyc9 mutations, the cyc10 ancr-cyc11-
mutations do not produce any aaartional-erTects such as aberrant colony 
morpho logy • 

Table 2. Independent Segregation of cyc10 and cyc11 with Each Other 
and with cycS and cyc9 

PO NPO T PO NPO T 

cyclO-cycS 2 2 10 cyc11-cycS 2 2 5 

cyclO-cyc9 1 2 4 cyc11-cyc9 1 1 9 

cyclO-cyc11 0 3 11 , 

INTERACTION OF OVERPROOUCERS 

Haploid strains containing various pairwise combinations of the cycS, 
cyc9, cyclO and cyc11 mutations produced hi gher levels of iso-2-cytochrome c 
than haploid strains containing only -one of the mutations (Table 3). The 
overproduction of iso-2-cytochrome c appears approximately additive although 
combinations with cyc10 produce unexpectedly larger amounts of 
iso-2-cytochrome c. In contrast, previous results with the CYC7-H2 mutation 
indicated that the CYC7-H2 overproduction was not compounded with the cycS or 
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cyc9 overproduction; cyc1 CYC7-H2 cyc8 and cyc1 CYC7-H2 cyc9 segregants did 
not appear to contain-nlgher levels-oT iso-2-cytochrome c-tnan the cyc1 
CYC7-H2 segregants (17). ---

Table 3. Overproduction of Iso-2-cytochrome c in Haploids 
Containing Combinations of Recessive Mutations 

Single Mutations Double Mutations 

Genotype 
Fold 

overproduction Genotype 
Fold 

overproduction 

cyc8 
cyc9 
cycrO 
cycll 

3 
3 
7 
3 

OVERPRODUCTION OF THE CYC7 TRANSCRIPT 

cyc9 
CyCrO 
cycll 
cyclo 
cyc11 
cycll 

6 
15 
6 

15 
6 

15 

Overproduction of iso-2-cytochrome c \ in the threeCYC7-H mutants and the 
four cyc8, cyc9, cyc10 and cyc11 re~essTve mutants approximately parallels 
overproductTOri""""of CYC7 transcri pti on. Total cell ul ar RNA, extracted from each 
of the overproducers, 'was separated ona denaturing agarose gel, transferred 
to a nitrocellulose membrane and hybridized with a specific CYC7 probe. The 
results, shown in Figure 5, demonstrate that little CYC7 mR~ produced by 
the CYC7+ strain compared to the st'rains overproducing iso-2-cytochrome c. 
Although precise quantitative determinations were not made, the level of-eYC7 
transcripti on was hi gher in the three CYC7-H mutants than the four recessive 
mutants, suggesting that the amount of the iso-2-cytochrome c protein 
corresponds to the amount of the CYC7 transcript. -

CONCLUSION 

Mutations overproducing iso-2-cytochrome c consist of either gross 
structural changes upstream of the coding regTon or extra genic mutations at 
several unlinked loci. The former class of mutations includes a 5 kbp 
deletion, a 5.6 kbp insertion·and a reciprocal translocation between 
chromosomes V and XVI.. Each of these mutations introduces entirely new DNA 
sequences within the first 230 bp upstream of the iso-2-cytochrome c ATG 
transl~tion start site. These abnormal DNA sequences may function directly, 
by providing the basic DNA sequence necessary ,to bind RNA polymerase and 
initiate transcription at·~abnormally high rates. Alternatively, these 
~equences may function indirectly by enhancing the utilization of pre-existing 
signals by some .unknown means such as altering the chromatin structure. 
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Figure 5. CYC7 Specific mRNA in Iso-2-cytochrome c Overproducer Mutants. 
Total cellu~RNA was extracted from CYC7 + and iso-2-cytochrome c 
overproducer strains. Approximately 2~of each sample was denatured, run 
in 1.8 percent agarose, 50 percent formamide, transfered to a nitrocellulose 
sheet and hybridized to single strainded radiolabeled probe consisting of a 
Sau3AI / HpaII fragment containing most of the CYC7 cistron. The autoradiogram 
shows a low l evel of 630 nt CYC7-specific message from CYC7+ cells, moderately 
increased levels of CYC7-spe~c message from cycS, cyc9, cyclO and cycll RNA 
and greatl y increasea-Tevels of CYC7-specific message from ~Hl, CYC7-H2 
and CYC7-H3 cells. --
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The CYC7-Hl mutation contains new DNA sequences less than 
140 bp from the CYC7 ATG initiation codon and produces a transcript 
which appears to besl i ghtly shorter than that of the wil d type CYC7+ gene. 
Thus the overproduction of iso-2-cytochrome c seen in CYC7-H1 mutants may 
resul t from an abnormal 51 region determining the rate and ori gin of CYC7 
transcription. However, the CYC7-H2 and CYC7-H3 transcripts both appear to be 
the same si ze as the CYC7+ transcript. Al though the mechanisms of 
overproduction in CYC7-H2 and CYC7-H3 are unknown, a common mode of action can 
be suggested by considering the properties of CYC7-H2 and other ROAM 
mutations. In the case of the CYC7-H2 and fourADR3 c mutants, the 
transcripts of the affected gene and the adjacent Ty element are synthesized 
divergently. The size of the CYC7-H2 transcript (Fig. 5) and the 51 ends of 
seven ADR3c transcripts (31) indicate that the mRNAs in ROAM mutants are 
initiating at the normal site. In addition, the amount of ·Ty RNA is dependent 
on the mating type system, there being 20 times more in MATa and MATa haploid 
cells than in MATa/MATa cells (7). Thus it appears that transcription away 
from the 51 end of certain genes causes overproduction and constitutivity. 
Also, the insertion of just any DNA sequence does not cause equivalent 
effects; there is a lack of constitutive expression of alcohol dehydrogenase 
II when an insert of approximately 350 bp solo 0 isat the same site as the 
inserted Tyelement in ADR3c mutants (2). In fact, the insertion of a solo 
o sequence at various sites causes diminution and complete deficiency of the 
gene product. These results, together wi.t~ the CYC7-H2 and other ROAM 
mutations, lead us to suggest that the overproduction in the CYC7-H3 mutant 
may also be due to transcription away from the CYC7 gene on the abnormal DNA 
sequence. The hypothetical transcript should not, however, be diminished in 
MATa/MATa cells. A more complete analysis of the abnormal DNA region in the 
CYC7-~mutant and an analysis of the corresponding transcripts may reveal 
whether or not there is a similar mode of action between overproduction in the 
CYC7-H2 and CYC7-H3 mutants. 

The second class of mutations includes alterations at four unlinked loci 
which cause increases of 3 to 7 fold in iso-2-cytochrome;c production. While 
it is possible that one or more of these mutations is within the gene of a 
specific regulator of iso-2-cytochrome c production, . the pleiotropic nature 
of two of them (cyc8 and cyc9) sugg~sts-that this may not be the case. In 
fact, the extreme pleiotropy of the ~ mut,ant suggests that it plays a 
fairly nonspecific, though important--roTe in determining levels of gene 
transcription. It is tempting to speculate that the recessive mutations 
destroy or modify components required for normal transcription or for 
chromatin integrity which indirectly modify transcription. 
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EXPRESSION, PROCESSING, AND SECRETION OF HETEROLOGOUS GENE PRODUCTS BY YEAST 

SUMMARY 

R.A. Hitzeman*, D.W. Leung*, L.J. Perry**, W.J. Kohr**, 
F.E. Hagie*,;C.Y •. Chen*, -J.M. Lugovoy*, A. Singh*, 

H.L. Levine**, R. Wetzel**,. and D.V. Goeddel* 

Departments of Molecular Biology* and Protein Biochemistry** 
Genentech, Inc., South San Francisco, CA 94080 

A DNA sequence, capable of transcription starting specificity in 
Saccharomyces cerevisiae (yeast), has been isolated from the 5 1-flanking 
sequence of the yeast 3-phosphoglycerate kinase (PGK) gene by introduction 
of specific restriction sites between this flanking sequence and the 
ATG-translational start. This portable PGK promoter fragment has been used 
to express the genes for both. mature and pre-forms (secretion signal 
sequence present) of human interferons. All of the expressed mature forms 
remain in the yeast cell, while. the pre-forms are found outside as well as 
inside the cell with some of the interferon activity also present in the 
cell wall. The proportions of interferon secretion vary somewhat depending 
on which interferon gene is expressed and at what stage of cell growth the 
interferon is assayed. One gene product, expressed from the leukocyte A 
(LeIF A) gene containing a hybrid secretion signal derived from LeIF D and 
LeIF A pre-sequences, has been purified from both outside and inside the 
cell. The interferon found free in the medium is mostly properly processed 
LeIF A by amino-terminal analysis, while another form containing 3 
additional amino acids of pre-sequence is also present. The interferon 
purified from the cell is also all processed; however, three forms are 
present with proport ions that are different from extracell ul ar forms. 

INTRODUCTION 

We have previously described a plasmid which is capable of expression in 
yeast of the mammal i an gene product, human leukocyte interferon. (1,22). The 
expression of this heterologous gene in yeast was obtained by the. proper 
insertion of the structural gene between two yeast derived sequences in a 
plasmid capable of replication and selection in both yeast and E. coli. The 
5 1-flanking DNA sequence (promoter fragment) used to obtain transcription 
was derived from the 5 1-flanking sequence of the yeast alcohol dehydrogenase 
I (ADHl) gene and the 3 I_fl ank ing sequence (transcri ptionterminator) was 
the 3 1-end of the TRP1 gene (31,33) from yeast. The structural gene was a 
modified cDNA madellY replacing the 23-amino acid Signal peptide sequence 
with an ATG-translational initiation codon preceded by an EcoRI linker· 
(P. Gray and D.G., unpublished results). -

The ADH1 promoter fragments used for initiation of transcription were 
isolated by Ba 131 exonuclease digestions from a restriction site within the 
ADH structurar gene through the ATG translation start, followed by the 
addition of an EcoRIlinker at the 3 1-ends of fragments of various lengths. 
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We descri be here the construction of a new yeast promoter fragment from 
another highly expressed yeast gene; that is the gene for 3-phosphoglycerate 
kinase. The gene that codes for this enzyme in Saccharomyces cerevisiae has 
been isolated, described, and characterized (21). Furthermore, eVldence 
suggests that there is a single copy of this gene per haploid cell that is 
responsible for the high expression (20). We have obtained additional 
evidence that the gene isolated above is that for 3-phosphoglycerate kinase; 
in that the DNA sequence shows an amino acid sequence homologous with human 
(23) and horse (3) PGKs. We here describe a portion of'the DNA sequence 
from this gene and how this sequence information was used to add specific 
restriction sites, so that this promoter fragment can be used as a portable 
restricti on fragment for the constructi on of pl asmi ds to express 
heterologous gene products in yeast. 

Using the PGK promoter fragment in a 211m origin-based (7) plasmid, we 
have expressed the cDNA genes for both mature and pre-interferons. 
Pre-interferon genes code for mature interferons as well as the natural 
human amino acid sequences which signal secretion of these proteins from the 
human cell and which are cleaved during this process to give mature 
interferons (13). Mature interferon genes have been constructed in vi tro 
from cDNA sequences by removal of the signal coding DNA sequence and 
replacement of this sequence with an ATG translational start preceded by a 
restriction site (15). Expressing such a modified gene in E. coli (15) or 
yeast (22) results in the formation of mature interferon activity within the 
cell without secretion. However, we now report that when the human 
secretion signal sequences are not removed but expressed using the PGK 
promoter, interferons are secreted into the yeast cell wall and into the 
medium. Although this process varies in efficiency from one interferon gene 
to another, it is a true secretion process; that is, it is not the result of 
partial cell lysis. One of the pre-interferon gene products (LeIF A 
activity) has been purified from both cell extract and medium. The 
interferon protein from the medium is composed of two forms. The major form 
(60-70 percent) is properly processed mature LeIF A, identical to the mature 
interferon that results after secretion from human cells. This demonstrates 
that the low eukaryote yeast is capable of recognizing and processing the 
secretion signal of the highest eukaryotic organism. Another form (30-40 
percent), having 3 extra amino acids of pre-sequence at the amino terminus 
suggests that yeast does not process the protein with perfect fidel ity. The 
nature of the interferon remaining inside the cell is even more complex 
since three forms are present. This variation in processing may be related 
to the efficiency of secretion to the outside of the cell. 

MATERIALS AND METHODS 

Strains and Media 

E. col i K-12 strain 294 (2) was used for all bacteri al transformations. 
Yeast strains 20B-12 (a trpl ~i~j-3) (24) and GM3C-2 (a, leu2-3 leu2-112 
trpl-l his4-519 cycl-l cyp3=Ij were used. _ 

Luria -broth was as described by Miller (27) with the addition of 20 
llg/ml ampici 11 in~ Yeast were grown on the following media: YEPD contained 
1 percent yeast extract, 2 percent peptone and 2 percent glucose. YNB+CAA 
(used for Trp+ selection) contained 6.7 grams of yeast nitrogen base 
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(without amino acids) (YNB) (Difco), 10 mg of adenine, 10 mg of uracil, 5 
grams Difco casamino acids (CAA) , and 20 grams glucose per liter •. Solid 
medium contained 3 percent agar. 

Plasmid DNA Preparation, Transformations, and Stabilities 

Purification of covalently closed circular plasmid DNAs .from E. coli (9) 
and transformation of E. col i (8) were· done in accordance with-previOusly 
described procedures. E. col i mini screens were as described by Birmboimand 
Doly (5). Transformailon--of yeast Was done essentially as previously 
described (19). Stabil ity of plasmids in yeast was determined by repl ica 
plating colonies from YEPD (nonselective) to YNB+CAA (selective) media. 

Extract Preparation and Interferon Assays 

Extracts and media from yeast were assayed for interferon by comparison 
with interferon standards using the cytopathic effect (CPE) inhibition assay 
(30). Media were assayed directly after cell removal while yeast extracts 
were prepared as follows: Cultures were grown in YNB+CAA and 10 ml aliquots 
of cells were collected by centrifugation then resuspended in 3 ml of 1.2 M 
sorbitol, 10 rrtv1 KH2P04, (pH 6.8) and 1 percent zymolyase 60,000 followed 
by incubation at 30 C for 30 min (to 90 percent spheropl asting). 
Spheroplasts were pelleted at 3000 xg for 10 min., then resuspended in 150 
1..1 of 7M guanidine hydrochloride (GHC1). Extracts were diluted in PBS/BSA 
buffer (20 mM NaH2P04 (pH 7.4), 150 mM NaCl, and 0.5 percent BSA). 
Al ternatively, 10 ml of cells at the same Ap60 were pelleted and 
resuspended in 0.4 ml of 7M GHCl in an Eppendorf ll.5 ml) tube containing 
about 0.4 ml of glass beads (0.45 to 0.5 mm, B. Braun Melsurgen AG). These 
tubes were vortexed twice for 2 min at the highest vortex setting, keeping 
on ice in between. The extracts were centrifuged 0.5 min in an Eppendorf 
centrifuge and diluted in PBS/BSA buffer as above. Bioassays were performed 
with MDBK cells (30) for LeIF A, LeIF 0, and the pre-forms, but with HeLa 
cells (30) for IFN-y and preIFN-y. 

Purification of (pre D/A) LeIF A from the Medium and Cell Extract 

Yeast strain YEp1PT -preLeIF A53t/20,B-12 was grown at 30°C to A660 of 
4. At this time the 5 liter culture was harvested by centrifugation. Ten 
milliliter aliquots were withdrawn periodically during the fermelJtation to 
measure optical density, interferon production, and secretion. The medium 
and cells were assayed as described above. 

The medium was concentrated and diafiltered in an Amicon thin channel 
apparatus or a 2.5 liter stirred cell. The retentate was further purified 
by ion exchange chromatography on CM-52 followed by immunoaffinity col umn 
chromatography as described for LeIF A (29). The peak of activity was 
lyophil ized and the residue redissolved in 0.1 percent trifluoroacetic acid 
(TFA), pH 2.5. The sample was then further purified by high pressure liquid 
chromatography (HPLC) on a Synchropak RP-P column. The column was eluted at 
a flow rate of 1 ml per minute with a linear gradient of 0 to 100 percent 
acetonitrile, 0.1 percent TFA, pH 2.5 in 60 minutes. The protein in the 
peak fractions containing interferon activity was then sequenced' at the 
amino terminal end. 
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The cells harvested above for medium isolation were disrupted in a Bead 
Beater (Biospec Products). The lysate was centrifuged, the pellet washed, 
and the supernatants combined. The supernatants were dialyzed and the 
interferon purified as described above for medium material. A portion of 
the interferon was further purified by HPLC with a linear gradient of 0 to 
100 percent acetonitrile. The protein from fractions containing interferon 
activity was then sequenced at the amino terminal end. 

Protein Sequence Analysis 

Sequence an~lysis was' based on the Edman degradation (10). The sample 
was. introduced into the cup of a Beckman 890B spinning cup sequencer. 
Polybrene™ (1 ,5-dimethyl-1 ,5-diazaundecamethylene polymethobromide) was 
used as a carrier in the cup (32). The sequencer was modified with a cold 
trap and some program changes to reduce background peaks. The reagents were 
Beckmanls sequence grade 0.1 molar Quadrol buffer, phenylisothiocyanate, and 
heptafl uorabutyric acid. 

A modification also included automatic conversion of the 
2-ani 1 jno-5-thiazol inone derivatives as they were extracted from the 
sequencer. The 1-chlorobutane was collected in a Pierce Reacti-Vial™ and 
dri ed under nitrogen. Then 25 percent TFA in water was added to the 
2-anilino-5-thiazolinone and. heated to 70°C for 10 min to convert it into 
the 3-phenyl-2-thiohydantoin (PTH derivative) (35). The PTH-amino-acid 
residue was then automatically dissolved in 50 percent acetonitrile and 
water and injected into a reverse-phase high-pressure 1 iquid chromatograph. 
Each PTH-amino acid was then identified by comparison to the retention times 
of a standard mixture of PTH-amino acids. 

RESUL TS 

Identification of PGK 51-flanking DNA Sequence 

Fig. 1 illustrates a partial restriction map of a cloned 3.1 kbp Hindlll 
fragment from chromosome I II of yeast, whi ch contains the gene for yeast 
3-phosphoglycerate kinase (20,21). We have determined the exact location of 
the structural gene by DNA sequencing from the Pvul site to the HindIII 
site. The relevant portion of the sequence is shoWrlin Fig. 1 as an insert 
between the Sau3A through the ATG translational start and 8 amino acids of 
additional coding sequence. This is thought to be the start of the 
structural gene due to the length of the open reading frame {consistent with 
polypeptide size), the DNA sequence 51 to the ATG, and extensive homology of 
protein sequence between yeast PGK and human (23) or horse (3) sequence. 

Construction of a PGK Promotor Fragment 

Having identified the start of the structural gene, a design was 
required for the isolation of a promoter fragment (5 1-flanking sequence of 
the PGK gene) on a specific restriction fragment for expression of fused 
heterologous genes (portable promoter fragment). This was done for the 
alcohol dehydrogenase I (ADH1) gene by Ba131 digestion through the ATG into 
the 51-flanking sequence followed by theaddition of an EcoRI linker (22). 
Since deletion of up to 32 base pairs of 51-flanking sequence adjacent to 
the ATG had no gross effects on the expression of a heterologous gene 
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THE INSERTION OF AN EcoRI SITE IN THE 51 FLANKING DNA 
OF THE 3-PHOSPHOGLYCERATE GENE OF YEAST 

1-1 --_-1200bp-----4 

Haem 

Pvul 

1 ... o--------1300bp 

, , , 
b ' a ' c /" ...... ...... 

. // Insert ....... ...... 
// Eco RI-Xba I ............ 

/ , 
/ sites ...... / , 

/ ...... 
// , 

/ ...... 
/ ...... 

/ DNA SEQUENCE OF THE 5' END OF THE ' 
/ ' / YEAST 3-PHOSPHOGLYCERATE KINASE ...... 

/ ...... 

Hindm 

// STRUCTU~AL GENE AND FLANKING DNA ...... , 
/ , 

/ ...... 
/ ...... 

/ ...... 
/ -40 -30 -20 -10 J -I I met ser leu sari ser Ilys leu I leu vol ...... 

5'-GATCATAAGGAAGTAATTATCTACTTTTTACAACAAATATAAAACA ATG TCT TTA rCT TCA AAG TT.G CTC GTC -3' . . 

Fig. 1. Partial restriction and sequence map of the PGK gene. The PGK 
structural gene is shown as a bar region in the partial restriction map 
of a 3.1 kbp HindIII fragment. Note that distances are not drawn to 
scale; however~istances of fragments relevant to the discussed 
constructions are designated. The inserted 51 to 3 1 sequence (left to 
right) is from the Sau3A'site through 9 amino acids of coding sequence. 
The underlined sequence was used to make a. complementary oligonucleotide 
for the primer repair reaction. Boxed in amino acids are identical to 
amino acids in the amino-terminal end of horse and human PGKs. 
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(leukocyte interferon D), Ba131 digestions were not used for construction of 
the PGK promoter fragment.---

Instead, we used the primer repair technique described by Goeddel et ale 
(14). An oligonucleotide (12 nucleotides long) was synthesized whiClils 
compl ementary to the -9 through -20 nucleotide sequence of the PGK strand 
shown in the insert of Fig. 1. When such an oligonucleotide is hybridized 
with denatured DNA from this region of the PGK gene in the presence of 
Klenow DNA polymerase I, polymerization occurs 51 -> 3 1 through the upstream 
Sau3A site while the 3 1 -> 51 exonuclease degrades phosphodiester bonds from 
the 3 1 end of the fragment until the double stranded region is reached. By 
cutting the repair product with- Sau3A a small region of the PGK promoter 
fragment can be isolated as a Sau3A to blunt end DNA (-46 to -9) fragment. 
The loss of -8 through -1 of ttie"5 l -flanking sequence was thought not to be 
a problem due to the ADHI promoter fragment results already discussed. 

The PGK fragment which contains a blunt end and a Sau3A sticky end 
(sequence II a" in Fig. 1) can then be ligated into aplasmid vector 
containing a BamHI sticky end and a filled-in XbaI blunt end. This allows a 
portion of the-5 l -flanking sequence of the PGK gene to then be isolated from 
this vector as a Sau3A to XbaI restriction fragment. However, since this 
fragment is small and since transcriptional starting efficiency and control 
of yeast genes is sometimes affected by yeast DNA far upstream from the ATG 
translational start (12,17), the plan to make a PGK promoter fragment 
required the reconstruction of 5 1-flanking sequence upstream from the Sau3A 
site to the HindIII site (thus sequences lib II and "c" in Fig. 1 were aaaed 
back to sequence "a"). During this reconstruction an EcoRI site was also 
added adjacent to the XbaI site so that the 1600 bp promoter fragment can be 
isolated as a HindllI-to-XbaI or as a HindllI-to-EcoRI fragment. 

A Yeast Plasmid for Expression of Heterologous Genes 

A plasmid containing the PGK promoter fragment and other necessary 
components is shown' in Fi g. 2. Th i s p 1 asmi d contains a port i on of pBR322 
(6) with the ampicill in resistance (ApR) gene and the E. col i origin of 
repl ication for selection and stable growth in E. coli. -Tneplasmid also 
contains the TRPI gene on an EcoRI to Pstl fragment which originates from 
chromosome lv--oT yeast (31,~. Thrs--gene allows for selection and 
maintenance of the plasmid in trpl yeast. The plasmid also contains a yeast 
origin of repl ication on a 2.0 kbp fragment from endogenous yeast 2pm 
plasmid DNA (7). This origin allows the DNA to replicate autonomously in 
yeast and be maintained as a plasmid. 

Furthermore, the plasmid system contains the yeast PGK promoter fragment 
which originates transcription near the only EcoRI site in the plasmid (the 
other EcoRI site was removed by standard procedures). A HindIII/~II 
fragment from the yeast TRPI gene region (31,33) of chromosomeIV"was used 
as a convertor of HindITrto .!!9lII for 1 igation with the BamHI site of 
pBR322. The 2.0 kbp fragment from 2p DNA contains the transcription 
termination/polyadenylation Signals which are normally the Signals for the 
"Able" gene in 2pm plasmid (18). Such a region appears to be essential for 
such a yeast expression system (data not shown) as well as for a natural 
yeast gene (36). Gene inserts as EcoRl fragments in the proper orientation 
can thus be expressed as protein when the vector is put into yeast. Many 
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YEAST EXPRESSION PLASM-ID 

Hind m: 

Yeast TRPI 
Gene 

transcription 
termination 

Yeast 2J.1 Origin 
of Replication 

2.0 

gene inserts 

YEplPT 
-S.6kbp 

E~coli 

ori 

transcription 

8g1 JII80m HI 

pBR322 

Fig. 2. Yeast expression plasmid. The partial restriction map of YEplPT 
is shown with components designated that are required for transcription 
and translation of a heterologous gene inserted at the single EcoR! site. 
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heterologous genes have been expressed in this system. Some examples 
besides the interferon genes mentioned here are human serum albumin (26) and 
hepatitis surface antigen (34). 

Interferon Genes 

Fig. 3 i,llustrates.some -EcoRI fragment constructions containing 
interferon cDNAs that were asecf"""Tn the YEp1PT expression plasniid.The 
details of these constructions will only briefly be discussed here. The 
modifications involved in the construction of mature LeIF D (22), LeIF A 
(15), and IFN-y (16) have already been published. Mature LeIF A required a 
final modification which we refer to as a converter. This 245 bp DNA 
fragment was obtai ned from yeast 2)Jm p 1 asmi d DNA (18) and due to its 
location was thought to, be devoid of transcripion terminators. However, 
recent data have shown that there is a terminator on this, fragment which 
functions as well as the IIAble ll terminator. Pre-interferon 5 1 -ends were 
converted to EcoRI by the primer repair technique (14) or by conversion of a 
convenient re~triction sites. ' , 

Expression and Secretion of Interferons 

The genes shown in Fi g. 3 were inserted into YEp1PT 
were transformed with these pl asmi ds. Transformants 
interferon using ,the cytophathic effect bioassay (30). 
were done on three distinct compartmental locations in 
The results of such assays ,are shown in Table 1. 

Table 1. Interferon Exeress ion Levels 
Re leased 

Gene YEplPT plasmid Insidea Pct.b after cell Pct. Outside 

(Flg. 2), and yeast 
were assayed, for 
Interferon assays 

the yeast culture. 

Pct. Pct. of 
Construction containing these cell cell wall removal c cell cell (media) cell Final d act hity 

No. EcoRI fragments Yeast U/ll Abs660SI protein (Utl/Abs 660) protein Utl/Abs660 protein Abs660 secretede 

I LelF 0 GM3C-2 130xl06 1.0 0 0 0 0 1.0 0 
II pre LelF 0 GM3C-2 27 xl 06 0.3 0.4xl06 .004 0.8xl06 .008 1.4 4 

III LelF A 208-12 130xl06 1.0 0 0 0 0 1.0 0 
IV (pre D/A) LelF A 208-12 19x106 0.2 0.5xl06 .005 0.5xl06 .005 1.0 5 
IV (pre D/A) LelF A 208-12 25xl06 0.1 N.D.' 2xl06 .007 3-4 8 
IV (pre D/A) LelF A GM3C-2 28xlo6 0.3 0.3xlo6 .003 D.5xl06 .005 1.3 3 
V IFN-y 208-12 0.6xlo6 N.D. N.D. 0 0 1.0 0 

VI pre I FN-y + cDNA 
5' flank i ng sequence 208-12 0.2xlo6 N.D. N.D. .03xlo6 N.D. 1.2 15 

VI pre IFN-y + cONA 
5' flanking sequence GM3C-2 0.38x~6 N.D. N.D. • 06 xl 06 N.D. 0.93 16 

VII pre IFN-y 208-12 0.9xl N.D. N.D. .19x106 N.D. 1.0 21 
VII pre IFN-y GM3C-2 1.9xl06 N.D. N.D. .19xlo6 N.D. 0.93 10 

a) See Methods for extract preparation. Note that two methods were used for extracts. When cells were spheroplasted the "inside cell" 
amount was really ins,ide material; however, when N'.D. (not determined) is specified the, "inside cell" amount and the "released after 
'cell wall removal" 'were both 'part of "inSide cell" amount-this type of extract involves glass beading 'cells without cell wall 
removal,. Note that ,glass ,bead extracts without spheroplasting were always done for IFN...,. and prelFN-y and that PBS buffer was used 
instead of 7M GHCl. . 

b) The specific 'activities of LelFA and LelFD were both assumed to be 108 U/mg protein for the 'calculations. A yeast culture contains 
about 100 mg of protein in the culture at an AbS660 • 1. 

c) See Methods for spheroplasting procedure. 
d) Abs of culture at which assay done. 
e) The percent secretion is the percent "released after cell wall removal" ~ the percent "outside cell". When spherop1astin~ was not 

done the ·percent of activity secreted" does not include this cell wall secretion activity and the percent Is lower (maybe 1/2) thanlt 
actually should be. --
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Fig.' 3. tvDdifications of· cDNAs for insertion into the EcoRI site of 
YEplPT. 
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The first compartment is inside the cell. This fraction is measured by 
making a cell extract after the cell wall is removed and is defined as 
interferon activity that is not secreted. The other two compartments are 
the medium (material completely separate from yeast cell) and the activity 
released from the cells after cell wall removal using zymolyase. Both the 
medium fraction and fraction released after cell wall removal represent the 
total secreted material. Alternatively when cell walls were not removed 
(see Methods), "inside cell" activity also includes the secreted activity 
present in the cell wall. 

It should be noted that (pre D/A) LeIF A is a mature LeIF A gene with a 
hybrid Signal peptide sequence (see Figs. 3 and 4). This construction was 
made using the DdeI restriction site common to both preLeIF 0 and 
preLeIF A. Fig. 4"Shows this Ode I site at amino acid -10. The underlined 
amino acids represent differences between the amino acid sequence of 
preLeIF 0 and preLeIF A. The hybrid (pre D/A) LeIF A is more like preD than 
preA. Both mature LeIF A and LeIF 0 genes (constructions I and III) were 
expressed in the yeast as 1.0 percent of the total cellular protein. The 
wrong orientations of all genes inserted into YEplPT did not express 
interferon activity. For these two mature genes as well as the mature IFN-y 
gene, no secretion occurred. However, when presequences were used on these 
genes, all three protein products were found in the media as secreted 
products. 

As shown in Table 1, levels of interferon secretion vary from one gene 
to another with immune interferon giving the highest level of secretion. 
Secretion into the medium of this interferon varies from 10-21 percent; 
however, another 10-21 percent may be in the cell wall (not determined). By 
comparison of the production of interferon for constructions VI and VII, it 
is interesting that yeast tolerates 50 bp of preIFN-y 5 1-flanking cDNA 
sequence; even though such an intrusion between the yeast promoter and 
structural gene results in about a 5-fold decrease in expression. Pre 
LeIF 0 and (pre D/A) LeIF A secrete from 3-5 percent into the cell wall and 
medium combined at an An60 := 1; however, when (pre D/A) LeIF A/20B-12 was 
grown to AG60 of 3-4, ~ percent secretion into the medium was observed. 
Although the percent in the cell wall was not determined at this higher 
A660, as much as 16 percent of the activity was probably secreted. 

Growth Curve and Interferon Production in the Medium from a Yeast Containing 
the (pre D/A) LeIF A Gene 

Two interferon-producing yeast were investigated by further 
characterization. These were YEplPT-preLeIF A53t/20B-12 and 
YEplPT -LeIF Al/20B-12. The former contains two copies oT construction IV 
(Fig. 3) in the EcoRI site of YEplPT and results in activity being inside 
the cell, in the---cell wall, and outside the cell (medium). This two copy 
gene (in tandem - both in orientation for proper expression) containing 
plasmid was used instead of the single copy construction since it sometimes 
gave higher levels of interferon activity in the medium. However, more 
careful compari sons have shown th is not to be the case (both express about 
the same). Furthermore, the transcript stops at the end of the first 
structural gene in the converter as previously discussed. Yeast strain 
20B-12 was used since it has greatly reduced protease levels (24), which 
might be an advantage for obtaining undegraded protein (interferon) from the 
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Cleavage site 
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-5 -4 -3 -2 -1 +1 +2 
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Met Ala Leu Thr Phe Ala Leu Leu Val Ala Leu Leu Val Leu Ser Cys Lys Ser Ser Cys Ser Val Gly Cys Asp -- -- I -
Met Ala SerPro Phe Ala Leu Leu Met Val Leu Val Val Leu Ser Cys Lys Ser Ser Cys Ser Leu GlyCys-Asp -- -- I -, 
Met Ala Ser Pro Phe Ala Leu Leu Met Val Leu Val Val Leu Ser Cys Lys Ser Ser Cys Ser Val Gly Cys Asp 

Met Lys Tyr Thr Ser Tyr Ile Leu Ala Phe Gln Leu Cys Ile Val Leu Gly Ser Leu Gly CysTyr 

Met'Thr Asn Lys, Cys LeuGl nIl e Ala Leu Leu Leu Cys Ph.e 'Ser Thr Thr Ala Leu Ser Met Ser 

Fig. 4. Amino acid sequences of secretion signals. A comparison of the 
amino acid sequence of the signal prepeptide regions of human IFN-al 
(pre 0), IFN-a2 (pre A), IFN-al,2 (pre O/A), IFN-y (pre y), and IFN-a 
(pre a) is shown. The amino acids underl ined represent differences 
between the alJli no ac i d sequences of pre A and pre o. The OdeI site .. 
indicates the junction of the 0 and A pre,-sequences in preparation of the 
hybrid preO/Apre-sequence. The cleavage site that -is used in' human 
cells is shown. . 



medium. The latter yeast contain construction III (Fig. 3) in YEplPT and 
express mature LeIF A inside the cell but do not secrete. 

Fig. 5 illustrates an essentially identical growth curve for these two 
yeast strains in YNB+CAA (Trp+ selective growth). Bioassays, done on the 
medium at various times during cell growth, demonstrate clearly that the 
pre-sequence on LeIF A is causing a release of interferon activity into the 
media. Without this pre-sequence essentially no activity is released. This 
has also been confirmed by "Western" gel analysis (11) of proteins from 
concentrated media. Labelled antibody reacts only with a LeIF A size 
protein in medium from a pre-LeIF A expressor and not from a mature LeIF A 
expressor (data not shown). It is also evident that levels of activity in 
the medium reach a maximum near stationary phase. 

One possible explanation for this apparent secretion process is that the 
pre-sequence of interferon somehow makes the cells more susceptible to lysis 
during cell growth. This possibility was carefully examined by measuring 
levels of protein in the media at stationary phase. Both yeast media 
contained essentially identical concentrations of protein which showed 
identical patterns on SDS-gel electrophoresis. Thus a true secretion 
process must be occurring. 

Purification of (pre D/A) LeIFA from the Medium and Cells 

In order to determine the nature of the secretion process for (pre D/A) 
LeIF A into yeast medium, it was necessary to purify the protein product 
from the medium and cells separately. Since yeast are able to secrete this 
protein, processing of the amino-terminal end may occur in some manner 
during the process as occurs in mammalian cells. The object of further 
experiments was to determine the nature of this processing. 

Cell extracts and media were obtained from 5 1 fermentations and the 
cellular interferon was purified as described in Methods. It should be 
noted that cell extracts also contain cell wall secreted material since the 
cell wall was not removed prior to extract preparation. The medium 
interferon was first concentrated by diafi ltration, purified by CM-52 ion 
exchange chromatography, followed by the last two steps for cellular 
interferon purification. 

NH2-terminal Sequence of (pre D/A) LeIF A Purified from Yeast Medium and 
Cells 

Fi g. 6 shows the results of sequencing .the purified interferon. The 
sequence shown. is that expected for (pre D/A) LeIF A if no processing 
occurs. The normal cleavage point of this interferon that is recognized by 
mammalian cells is shown. Two sequence runs were performed on two different 
purified samples from cells and media. 

The protein sequence was interpreted by noting which PTH amino acid 
increased in each corresponding Edman cycle and then decreased in the 
following cycle. PTH amino acids that normally give low recoveries (cys, 
ser, thr, arg, his) were assumed when no increase in any other PTH amino 
acid was seen. The percentage of each form was estimated by comparing the 
areas of the interpreted residue with area from a standard mixture of PTH 
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Fig. 5. Growth ,curve showing secretion into the medium. YEpIPT-LeIF 
Al/20B-12 ( A , 0 ) expresses mature interferon whi.ch rema.ins within the 
cell; while YEpIPT~LeIF: A53t/20B-12 ( A , 0 ) expresses the pre-sequence 
containing gene and produces interferon activity in the medium. 
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Fig. 6. Processing of (pre D/A) LeIF A by yeast. The 23 amino acid 
pre-sequence of (pre D/A) LeIF A interferon is shown as well as 10 amino 
acids of mature interferon sequence. Ten percent of the interferon made 
was found in the medium and 90 percent- was cell associated (about 
80 percent in the cell and 10 percent associated with the cell wall). So 
a small' percentage (10 percent) of the 90 percent was also secreted 
interferon. The interferon from these two growth fractions (medium and 
cells) was processed as shown. 



amino acids run on the same HPLC. Most of the forms were sequenced for 21 
cycles or much further into mature LeIF A sequence than shown. An internal 
standard of Nor-Leucine was introduced in each chromatogram to assure that 
retention times were reproducible. 

Figure 6 shows that most of the interferon in the medium was properly 
processed (64 percent) as done by human cells (13); however, another form 
(36 percent) containing three additional amino acids of pre-sequence was 
also present. The cellular interferon also contained these two forms, but 
in slightly different proportions, as well as a third form containing 8 
amino acids of pre-sequence that was not detected in the medium. In no 
sequencing experiment was a full length pre-sequence ever seen suggesting 
that yeast process all of the pre-interferon in some manner. It is possible 
that sorting is a problem and that transport into other organelles occurs. 
Examination of the cellular location of these forms in the yeast cell versus 
the expressed mature form should give some insight into this possibility. 

DISCUSSION 

Using the isolated PGK gene (21), we have again demonstrated that the 
5 1-flanking DNA sequence of a highly expressed gene from yeast can be 
isolated and used as a portable restriction fragment for the expression of 
heterologous gene products in yeast. Careful comparisons of this promoter 
fragment and an ADH1 promoter fragment (fragment no. 906, 22) have shown 
essentially identical expression levels of leukocyte interferon D (data not 
shown). 

In previous experiments, we suggested the need for a yeast 3 1-flanking 
sequence for termination of transcription (22). By the size of the 
transcripts, it appeared that the mRNA of the hybrid expression unit, 
5 1-ADH1 promoter-LeIF D-TRP1-3 1

, was terminating in the yeast TRP1 gene 
terminator. Indeed further experiments demonstrate the need for thl"SS i gna 1 
with little or no expression occurring if such a signal is not present 
adjacent to the gene (data not shown). Use of such a hybrid expression 
system should allow further insights into terminator function, factors 
involved in mRNA synthesis and stability, mRNA translatability, and possible 
implications of codon usage (4) on expre~~ion of heterologous genes. 

Using a plasmid containing the PGK-derived hybrid expression system, we 
have demonstrated the express ion of both mature and pre-forms of human 
interferon cDNAs. The mature forms lack the secretion signal sequences and 
produce interferon within the yeast cell. The pre-forms contain the 
secretion signal coding sequences and produce interferon activities both 
inside and outside the cell. The secreted interferons were found both in 
the cell wall and unattached to the cell in the medium. The interferon, 
from yeast expressing the (pre D/A) LeIF A cDNA, was purified from cell s 
(containing both intracell ul ar and cell wall secreted materi al) and from 
medium. Two forms of interferon were found in the medium (10 percent of the 
expressed interferon), one properly processed (+1, Fig. 6) and the other 
with three additional amino acids of pre-sequence (-3, Fig. 6). The second 
form may be demonstrating a difference in yeast versus human cell processing 
recognition or it may be the result of the hybrid 'signal sequence. Further 
purification and sequencing of pre LeIF D should address this possibility. 
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It might also be possible that human cells make some of this -3 form that 
has not been noticed in interferon preparations. 

Three forms of interferon were isolated from cells representing 
90 percent of the expressed interferon. One form (33 percent) was properly 
processed (+1, Fig. 6), a second form (55 percent) contained 3 additional 
amino acids (-3, Fig. 6), and a third form (11 percent) contained 8 
additional amino acids (-8). The last form was not, seen in medium and a 
full length pre-sequence was never observed. However, it is possible that 
this peptide lacks interferon activity and thus was lost during 
purification. Therefore yeast appear to process both the secreted and 
nonsecreted interferon. The reason for only 10-20 percent secretion (20 
percent if cell wall bound material included) instead of higher secretion 
levels may be due to a sorting problem associated with the heterologous 
Signal. Interferon may be going into various organelles instead of through 
the plasma membrane. To examine this, we plan to compare cellular locations 
of interferon from both mature and pre-interferon producing yeast. 

It would also be interesting to see if the interferons are secreted by 
yeast using the exocrine-like pathway which has been defined in yeast by sec 
mutants (28). Un 1 ike oth er enzymes secreted by th i s pathway, the mature 
leukocyte interferons lack N-glycosylation and are probably not glycosylated 
when secreted by yeast. The effect of tunicamycin, which inhibits acid 
phosphatase and invertase secretion (25), would also be of interest. 
Perhaps a new secretion pathway might be defined by leukocyte interferon 
secretion from yeast. 
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SUMMARY 

Recombination of a plasmid with the yeast genome after transformation is 
stimulated b¥ introducing a double-strand break in the plasmid molecule within 
a DNA fragment that is homologous to the chromosome. Transformation with a 
plasmid containing two double-strand breaks (a gap) within a single yeast DNA 
fragment results in a recombination event in which the gap is repaired using 
chromosomal information as the template. We have shown that gapped plasmids 
that contain an autonomous replicating sequence are also repaired and either a 
replicating or integrated plasmid is produced. We propose a rncd.el based on 
these observations that explains the repair of double-strand breaks and that 
postulates that double-strand breaks are important initiators of genetic 
recombination in yeast. 

INTRODUCTION 

The process of homologous genetic recombination requires 1) synapsis, 2) 
strand exchange and 3) resolution. We are using DNA transformation of yeast 
cells as a model system to study the various processes involved in 
recombination (9). The ability to experimentally manipulate plasmid DNA 
facilitates these studies. We have examined the interactions of both 
replicating and non-replicating plasmids wi th homologous chromosomal 
sequences. Non-replicating circular plasmids require integration into the 
chromoscme to be stably inherited and the plasmids integrate b¥ homologous 
recombination into the genome (3,10). In al::out one-third of the 
transformants, yeast sequences on the plasmid are substituted for the 
chromosomal sequences without integration of the entire plasmid (3). This 
class is functionally a gene conversion event. Replicating plasmids are 
maintained exogenously and consequently show an unstable phenotype for 
selectable markers on the plasmid. 

We have previously shown that circular plasmids linearized b¥ a 
restriction enzyme cleavage within a yeast sequence recombine into the 
homologous region of the genome (9). The double-strand break produced b¥ the 
restriction enzyme cleavage stimulates recombination between 10- and 1000-
fold over that found for circular integrating plasmids. We have also shown 
that a gap (two double-strand breaks) within a yeast segment is repaired using 
chromosomal sequences, and the resultant integrated plasmid is flanked b¥ two 
complete direct repeats of the target sequence. These observations have led 
to methodologies for the directed integration of yeast plasmids into desired 
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regions of the genome, for the recovery of chromosomal alleles, and for 
mapping the position of alleles within cloned segments (10). We propose that 
double-strand break repair provides a general model for recombination in fungi. 

RESULTS 

Circular molecules integrate by hanology. Integrations into the yeast 
genome occur b¥ homologous recombination. The plasmid pWJ12 contains a. 1.8kb 
FeoR! - BamBI fragment from the sup3+ region of chromosome XV as well as a 
1.7kb BamHI fragment of the HIS3+ region from the other side of the centromere 
on chromosome XV (Figure l)-.--After transformation of 108 cells with 10ug of 
rNA we observed 16 HIS3+ transformants. Colonies with integrated plasmid were 
detected b¥ standard yeast filter colony hybridization using bacterial plasmid 
sequences as a probe (3). HIS3+ colonies that failed to hybridize with the 
probe presumably became HIS3+ b¥ a gene conversion event. These colonies (4 
of the 16) were not further analyzed. Southern blot analysis (14) was 
performed after isolating rNA from twelve transformants to determine the site 
of plasmid integration. Integration into either the sup3 or the HIS3 region 
produced a characteristic restriction fragment after digestion of the genomic 
DNA with, the restriction enzyme Sall (see Figure 1). The fragments were 
detected by hybridization of genomic blots with labeled plasmid as a probe. 
Of 12 transformants examined, 4 contained the plasmid integrated at the HIS3 
region and 8 at the sup3 region (Figure 2). The larger number of integrations 
into the sup3 region reflects an as yet undetermined but reproducible property 
of the sup3 region. 

Double-strand breaks stimulate recanbination. The enzyme, XhoI, creates a 
double-strand break outside the codin:J sequence of the HIS3+ gene but within 
the HIS3+ fragment. After transformation with lOug of XhoI-cut plasmid DNA 
140 transformants/108 cells were detected. Approximately 90% contained 
pBR322 sequences and 12 were analyzed by Southern blots. The appearance of a 
genomic 24kbSalI fragment in each transformant after probing with radioactive 
pBR322 sequences indicated that the plasmid had integrated into the HIS3 
region (data not shown). The creation of the double-strand break both 
stimulated recanbination (lO-fold more than circles in this example) as well 
as directed integrations to the"HIS3 region. 

Gapped molecules are repaired. The plasmid p-vJ12 was digested with SmaI 
to create a 1200bp gap wi thin the sup3+ region. Forty-three transformants 
were recovered after transforming with lOug of rNA/108 cells. The 3-fold 
stimUlation of transformation is low presumably due to the small amount of 
homology left near the rorder of the sup3+ rNA and pBR322 sequences (17Obp). 
All transformants that contained plasmid sequences were integrated at the sup3 
region as demonstrated by Southern blots. The gap was repaired and the sup3 
regions flanking the plasmid sequence were both full length. We have 
previously shown that chromosomal information was used as template for the gap 
repair (10). 

We constructed a plasmid that contains the HIS3 region as well as the 2kb 
SalI-XhoI lEU2+ gene and the autonomous replication sequence ars!. The 
plasmid waSrnade his3- by creating a '60bp deletion between the two ~II 
sites within the HIS3+ gene. Therefore, digestion with !9,!II generates a 60bp 
gap. When yeast is transformed with ~II-cut pSZSll and selection is made 
for HIS3+, transformants arise only if the gap is repaired from the 
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Figure 1. Integration of p\'vJ12 into the yeast gencme. The 7. 4kb plasmid, 
~JJ12, contains DNA homologous to the two yeast regions HIS3 and sup3 (shown 
to the right) 'cloned in pBR322. HIS3+ transformants can arise in ·three ways: 
(A) gene conversion of HIS3+ information from p-JJ12 into the genome" without 
integration of the vector sequences, (B) integration of pWJ12 by a sirlJle 
crossover at his3- or (C) integration of p\VJ12 by a single crossover at 
sup3. Restriction sites SaIl, SmaI and Xhol are designated as S, Sm and X 
respectively" 
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Figure 2. Genomic blot of fWJ12 transforrnants. rnA was isolated from 12 
strains that had been transformed with circular plasmid DNA from pWJ12. 
Approximately 0.5ug of total genomic DNA was digested with the restriction 
enzyme SalI and electrophoresed for 16 hours in a 0.7% agarose gel at 75 volts 
in tris borate buffer as described previously (12). The DNA was blotted and 
hybridized with radioactively labelled pBR322 (12). Lane a shows the position 
of linear p\vJ12 digested with Sall. The plasmid has integrated at sup3 in 
strains represented by lanes b,c,e,f,g,h, j and 1 as indicated by the 9.2 kb 
lJand. Integrations at his3 are indicated by the 24 kb band (lanes d, i, k and 
m) • 'l'he presence of the additional band at 7.4 kb in lanes d, f and j is 
indicative of multiple tandem integrations (9). 

194 



chromosomal HIS3 region. Re-ligation of the gapped plasmid would result in a 
his3- transformant (Figure 3A). After transformation with ~II-cut linear 
molecules, both stable and unstable transformants are observed at 
approximately equal frequency. The stable transformants contain the repaired 
plasmid integrated at the HIS3 region (Figure 3B). The !:!IS3+ transformants 
exhibiting the unstable phenotype are due to molecules that interacted with 
the chromosome and repaired the gap without subsequent integration (Figure 
3C). The generation of unstable gap-repaired molecules at such a high 
frequency indicates that they are one of the normal products of the molecular 
interaction between the incoming plasmid and the chromosome - the other 
potential product being an integrated plasmid. 

DISCUSSION 

It is clear from our studies that free DNA ends are recombinogenic. The 
properties of gapped plasmid integration demonstrate that an efficient repair 
mechanism exists for resolving these structures. These results suggest new 
methods for the manipulation of plasmids during yeast transformation (10). We 
propose a mechanism for genetic recombination based on the idea that 
double-stram breaks am their subsequent repair can explain the observed 
fungal data for gene conversion and crossing over .. As a detailed model will 
appear in the future, in this communication we briefly outline some aspects of 
this proposal. 

The initial steps in the repair of gapped molecules are presented In 
Figure 4. In this model both ends invade the target double helix in a 
concerted fashion. We imagine that the initial invasive event actually occurs 
at either end of the double-strand gap. After the initial invasion the other 
free end has a high probability of invading its target site due to the close 
proximity of its region of homology. Each invading 3' end primes the repair 
synthesis necessary to fill in the gapped region using the existing 
chromosomal sequence as template. At the end of the replication-repair event, 
the repaired region is flanked b¥ two Holliday structures (4). Theoretically, 
each Holliday structure could be independently resolved to yield two separate 
duplexes that have either crossed over with respect to each other or have 
resol ved without a crossover. If each of the two Holliday structures in 
Figure 4 are resol ved differently - crossover and non-crossover - the net 
result is a single crossover am the plasmid integrates. If both are resolved 
similarly, no plasmid integration occurs. However, the heteroduplex present 
at the initial. site of pairing of the invading strand may result in gene 
conversion. 

We have generalized this view of gapped plasmid integration in a model for 
genetic recombination based on double-strand break repair. In brief, the 
initiation of genetic recombination occurs at or near selected sites and is 
initiated b¥ a double-stram break. The polarity of gene conversion suggests 
the existence of specific initiation sites. Exonucleolytic degradation 
exposes single strands which invade oomologous chromosomal seqUences: repair 
synthesis ensues and leads to the double Holliday structures shown for plasmid 
integration in Figure 4. Earlier investigators including Sobell (13) am 
Holliday (5) have postulated such intermediates for recombination. It is 
noteworthy that leslie Bell and Breck Byers (personal communication) have 
observed DNA structures during meiosis in yeast that are consistant with the 
view that Holliday structures are frequently found in pairs separated by 
300-800 base pairs. 
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Figure 3. Transformation with gapped pSZ511. The LEU2+ arsl his3- plasmid 
pSZ5ll contains an approximately 60 base' pair deletion wi thin the HIS3+ DNA 
sequence and is, therefore, his3-. The LEU2+ arsl pBR322 portion of the 
plasmid is indicated by thethick solid black line. The plasmid was 
linearized wi th ~II and transformed into a his3- yeast cell. If 
re-ligation of the plasmid occurs, the cell, remalns his3- due to the 
deletion of the DNA between the two ~II si tes (A) :--Gap repair and 
integration as described in the text could occur and a stably integrated HIS3+ 
plasmid would result (B). lastly the plasmid could interact with the 
chromosomal his3 region, repair the gap without subsequent integration, and 
result in an unstable HIS3+ phenotype due to the repaired autonomously 
replicatineJ plasmid (C). --
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Figure 4. Mcx1el for the repair of a double-strand gap. The thin lines 
represent chromosomal duplex DNA and the thick lines represent plasmid DNA. 
The dashed lines represent repair synthesis. The incoming plasmid DNA is 
shown invading the homologous region of the chromosome. The 3' end can act as 
a primer for repair synthesis. After repair two Holliday structures are 
formed. Resolution of the Holliday structures results in either integration 
of the plasmid or a donation of a small portion of plasmid sequences (depicted 
as a thick line) without the integration of the entire plasmid . 
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After the formation of the two Holliday structures, rotary diffusion (7) 
of the structure may occur. This feature accommodates the doubly heteroduplex 
regions necessary to generate aberrant 4:4s observed in Ascobolus and Sordaria 
(6,11). For yeast, in which there is a paucity of aberrant 4:4s (1), we 
postulate that such rotary diffusion cannot occur. The generation of 6:2 and 
2:6 tetrads is postulated to occur by the repair of a gapped region. 5:3 and 
3:5 segregations are accomodated by failure to repair the heteroduplex region 
created by strand invasion. There are two notable features of our model that 
fit with observations of conversion in yeast tetrad data. One is that the 6:2-
and 2:6 tetrads, which rarely favor one parent versus the other (1), can arise 
wholly from degradation of either chromatid and the subsequent repair of the 
duplex. This event does not require non-random mismatch correction as implied 
in other models (8) • Secondly, when Fogel and his co-workers examined 
post-meiotic segregations at the arg4 locus, they found that the associated 
crossover could occur on either side of the conversion event (1). The 
double-strand break repair model postulates the existence of two Holliday 
structures and thus accornodate this observation. 

The features, of the double-strand break repair model for recombination 
also make it an attractive model for Ho-initiated mating type interconversion 
(2) • The mating type system, however, puts an additional constraint on the 
crossover outcome - there can be no (or extremely rare) exchanges since this 
would cause lethal deletions of part of chromosome III. 
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IDENTIFICATION OF CLONED GENES THAT COi.V1PLEMENf 'Hili rad50-l, rad51-1, 
rad54-3 and rad55-3 MUTATIONS IN YEAST 

SUMMARY 

I. L. Calderon, C. R. Contopoulou and R. K. Mortimer 

Department of Biophysics and Medical Physics 
University of California 

Berke ley, CA 94720 . 

Plasmids that complement the rad50-l, rad51-l, rad54-3 and rad55-3 
mutations in yeast, have been isolated. They were obtained by transforming 
strains, carrying the leu2-ll2 leu2-3 alleles and the particular rad mutation, 
with YEp13 plasmids containing near random yeast DNA inserts. Rad+ clones 
were identified among the Leu+ transformants. Integration by targeting into 
the RADSS locus showed that the radSS-3 complementing plasmid contained the 
actual RADSS gene. BamHI fragments from each of the plasmids that complement 
radSO-l, radSl-l andJr.adS4-3, all of which lacked Rad+ activity, were sub~ 
cloned into the integrating plasmid YIpS and the hybrid plasmids were used to 
transform a Rad+ Ura- strain to Ura+. By genetic mapping, the radSl and 
radS4 subclones were shown to integrate at their respective locr:--However, the 
radSO subclones integrated at a site unlinked to the RADSO locus. This 
suggests that no homology exists between this BamHI fragment and the RADSO 
gene. Integration at the RADS4 locus of the rad54 subclone made the host cell 
Ura+ but Rad-; excision of~plasmid was shown to be X-ray inducible and 
to restore the Ura- Rad+ phenotype. These results indicate that the BamHI 
fragment of the RADS4 plasmid is internal to the RADS4 gene. We can conclude 
also that the RADS4 gene is not essential as cells bearing a disrupted copy of 
this gene are able to survive. 

Additionally, a plasmid carrying an amber suppressor has been isolated and 
characterized. 

* Support was obtained from the Office of Health and Environmental Research 
of the U.S. Department of Energy under Contract No. DE-AC03-76SF00098 and a 
"Fundacion Juan March" fellowship to I.L.C. 
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INTRODUCTION 

The ability to repair DNA that has been damaged seems to be an important 
characteristic, common to all living organisms. Damage can arise spontaneously 
or can be induced by both physical and chemical agents; repair of the damage 
can be accomplished through different pathways, depending on, for example, the 
kind of damage or the physiological state of the cell. 

In the yeast Saccharomyces cerevisiae evidence for the repair of 
potentially lethal damage has been provided by the isolation of a large number 
of mutant strains that are more sensitive than the wild type to the lethal 
effects of various mutagens, such as· ultraviolet light, X-rays and methyl
methane-sulfonate (see (0), (4) and 05) for recent reviews). These mutants 
fall into more than 50 different complementation groups: one of them is known 
to define a photoreactivation gene (19); the rest are thought to be involved 
in dark repair. The. fact that so many genes participate in dark repair implies 
that these processes are under extensive genetic control in yeast. Studies 
with double mutants'revealed that these genes can be classified into three 
epistatic groups (4,9) which are believed to represent three different repair 
pathways: 1) Excision repair, carried out by the genes in the RADl group; 
2) error prone repair, controlled by genes in the RAD6 group; a~ 
3) recombinational repair, controlled by the genes~the RADs2 group. This 
last group of genes seems to be involved in several cellular processes as 
demonstrated by the fact that their mutants have complex phenotypes; not only 
are they defective in repair, but also they exhibit abnormalities in mitosis, 
meiosis, recombination and homothallic switching. However, very little is 
known about the function of ,these genes at the molecular level. 

We have chosen to isolate these genes by cloning them into replicative 
plasmids, followed by in vivo and in vitro characterization. By such studies, 
we hope to determine ir-these -geneS-ar;-;gsential for the vegetative life of 
the yeast cell, how they are regulated and what are their products. 

In this paper we describe the preliminary steps of these investigations, 
namely the isolation and characterization of plasmids that complement the 
mutations radsO-l, radsl-l, rads4-3 and rad55-3. 

MATERIALS AND METHODS 

Strains: The yeast strains used for transformation are listed in Table 1; 
they were constructed by standard techniques of yeast genetics (21). Unless 
otherwise stated, the rest of the strains were obtained from the Yeast Genetic 
Stock Center (University of California, Berkeley). 
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Table 1. Transformable strains used 

Strain Genotype Source 

XS13l-SA MATa radSO-l leu2-112 leu2-3 ura3-S2 trpl-289 his3-t}1 lysl-l D. Schild 

XS133-3B MAT a radSl-l ·leu2-112 leu2-3 ura3-S2 trpl-289 his3-t}1 D. Schild 

XL4-22C MATa radS4-3 leu2-112 leu2-3 ura3-S2 tq~1-289 this 

XLS-3C MATa radSS-3 leu2-112 leu2-3 ura3-S2 tq~1-289 his3-M hisS this 

The ,Escherichia coli strains used were: HB10l (3), provided by A. J. 
Clark; JA300 (23), provided by J. Carbon, and DB6S07 (a pyrF derivative of 
HB10l), provided by D. Botstein. 

work 

work 

Plasmids: YEp13 (S)is a derivative of the pBR322 plasmid of E. coli that 
also carries the LEU2 gene of S. cerevisiae and a fragment of the- yeast 2 
plasmid with its origin of replication. pBR322 confers resistance to 
ampicillin and tetracycline to the host bacterial cell. 

YRp7 (23) is also a pBR322 derivative, carrying the yeast origin of 
replication ARSl and the yeast TRPI gene; it was provided by D. Botstein. 

YIpS (20) consists of pBR322 and the URA3 gene of yeast. This plasmid does 
not replicate autonomously in yeast but is able to transform it by integration; 
it was provided by D. Botstein. 

Yeast pool 3S DNA was provided by K. Nasmyth; it was constructed in a 
,similar way as that described by Nasmyth and Reed (17) but using the vector 
YEp13 instead of YRp7. 

Media and Genetic Methods: Growth media and standard genetic procedures 
for yeast have been described elsewhere (21). Tests for auxotrophy were 
carried out in synthetic complete media lacking the particular requirement. 

E. coli growth media have been described before (7). When necessary, 
ampi~illin (60 ~g/ml) and/or tetracycline (IS ~g/ml) was added to the media. 

Enzymes: Restriction enzymes and T4 DNA ligase were purchased from New 
England Biolabs and Bethesda Research Laboratories (Rockville, MD) and used as 
directed. 

Plasmid extractions and purifications: Plasmid DNA from yeast was 
extracted by the method described by Nasmyth and Reed (17). 
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Two different methods were used to extract DNA from E. coli: for quick 
small-scale preps the method of Holmes and Quigley (12)';as-;PPlied; when large 
quantities of plasmid were required, the procedure described by Birnboim and 
Doly (1) was used with minor modifications, scaled up to 1 liter cultures. 
Plasmid DNA was then purified by equilibrium density sedimentation in a CsCl
ethidium bromide gradient, as described by Davis et al. (7). 

Transformation: Yeast transformation was carried out as described by 
Hinnen et ~. (11) with minor modificatons. 

! 

E. coli strains were transformed using the procedure described 1n Davis 
et al. ~ 

X-ray Treatment: The X-ray source and treatment used are described in Game 
and Mortimer (9), except that the dose rate used was 237.5 rad/sec and the 
standard dose was 57 Krad. 

Elec~horesis: Electrophoresis was carried out in 1% agarose slab gels 
according to the method desctibed by Davis et al. (7)~ Tris-borate buffer was 
used both in the gel and in the chambers. 

RESULTS AND DISCUSSION 

Isolation of plasmids 

The pool 35 DNA was used to transform to Leu+ the yeast strains listed 
1n Table 1.' The resulting transformants were tested for resistance to X-rays. 
In the case of rad50, rad5l and rad54, about 0.1 to 0.2% of the Leu+ tested 
turned out to be Rad+;~he case of rad55, the propo~tion was in the order 
of 1% (Calderon, Contopoulou and Mortimer, manuscript in preparation). I~ one 
considers that the genome of S. cerevisiae has enough DNA (13,500 Kb, according 
to Lauer et al. (13» to code-for around 104 genes, and that each of the 
plasmids of pool 35 carries on the average a 5-7 Kb insert (17), one would 
expect to find a particular gene represented at a frequency of about 0.05%. 
We find no simple explanation for the considerably high frequency obtained in 
the case of rad55. 

In order to determine to what extent each plasmid restores the radiation 
resistance of the transformants to the wild type condition, haploid and 
homozygous diploid Rad- strains carrying or lacking the plasmids were 
irradiated with increasing doses of X-rays. The resulting survival curves were 
compared with those of similar Rad+ strains. In all cases studied, the 
presence of plasmids improved the resistance of 'the strains to X-rays, although 
the degree of improvement depended on the particular plasmid studied (Calderon, 
Contopoulou and Mortimer, manuscript in preparation). In no case did the 
degree of resistance exceed that of the wild type; we interpret this to mean 
that once the wild type level of repair has been reached, an. excess of RAD 
gene product has no influence. 

A phenotypic characteristic of some of the diploid Rad- strains is poor 
sporulation and/or low viability of spores (22). In contrast to the 
restoration of X-ray resistance~ the presence of the plasmids does not seem to 
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1mprove these sporulation defects (Calderon, Contopoulou and Mortimer, 
manuscript in preparation). This result might be explained, at least 
partially, by the fact that the plasmids are lost very often during meiosis: 
only 20~60% of the resulting spores retain them. 

Restriction Maps 

Plasmid DNA was obtained from each yeast strain and used to transform 
E. coli strain HBlOl to ampicillin resistance and leucine autotrophy. Plasmid 
DNA was extracted and purified from the transformed clones. The purified DNA 
was then digested with EcoRI and the resulting fragments were separated by 
agarose gel electrophoresis. Those plasmids having the smallest insert (one 
for each RAD gene) were chosen for subsequent studies. Detailed restriction 
maps of each are shown in Figure 1. 

In order to demonstrate that the purified plasmids were able to retransform 
the yeast strains from which they were isolated, and to determine if there was 
any cross complementation, the plasmids illustrated in Figure 1 were used to 
transform each of the Rad- transformable strains (Table 1) to Leu+. When 
tested for X-ray sensitivity, all were Rad+ when the plasmid used carried the 
same putative RAD gene as that mutated in the recipient strains. Conversely, 
all Leu+ transformants remained Rad- when the other plasmids were used. 

Integration of Plasmids into the Genome 

Complementation of a mutation by a plasmid may result from plasmids 
carrying the gene in question or another gene capable of "suppressing" either 
genetically or metabolically, the mutant phenotype. In the course of this 
investigation we have, in fact, isolated such a suppressor-bearing plasmid (to 
be described later) which complements the rad50-l mutation. It therefore 
became essential to prove the identity of the cloned RAD genes by means of 
homologous integration into the yeast genome. It is CO:mmonly accepted that 
integration at a certain locus demonstrates that the plasmid carries that 
particular gene. 

In view of the restriction maps, two different approaches were chosen to 
pursue the integration: 

Integration of the rad55-3 complementing plasmid 

As shown in Figure 1, the plasmid [YEp13-RAD55-l3C] has a unique BamHI 
site. According to the observation of Orr-Weaver-et al. (18), cleavage of this 
plasmid at the BamHI site would increase the efficiency of its integration 
within a chromoSQ;al DNA region homologous to the yeast DNA that was cut. 

About 25 g of the plasmid [YEp13-RAD55-l3C] were digested with BamHI and 
used to transform the strain XL5-3C (Table 1) to Leu+. Out of 35 --
transformants studied, 3 (INT55-ll, INT55-l2 and INT55-30) failed to show loss 
of the Leu+ Rad+ characters indicating that the plasmid had been 
integrated. Strain INT55-ll was then crossed to strain XL39-5A (MATa rad55-3 
leu2 ura3(and/or 4) met8 trpl-289 arolD his3(and/or ~), constructed by us). 
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Figure 1. Restriction maps of the plasmids. 
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The resulting diploids are, therefore, homozygous for radss-3 and leu2-112 
1eu2-3 but contain an integrated copy of the wild type allele of both of these 
genes. The genes RADss and AR01 are located on the right arm of chromosome IV 
and are separated by a distance-of 42.9 cM (16). About 60 asci derived from 
this cross were micromanipu1ated; only 52% of the spores were viable. Analysis 
of the asci containing 3 or 4 viable spores revealed that, as expected, both 
1eu2 and radss markers segregated 2+ : 2- and all tetrads were parental 
ditypes; they mapped at a distance of about 40 cM from AR01 (11 parental 
ditypes (PD): 1 non-parental ditype (NPD): 17 tetratypes-{T)). These results 
indicate that the integration has taken place at the RADss locus and, 
consequently, that the RADss gene is present in plasmid [YEp13-RADss-13C]. 

Integration of the radsO-1, rads1-1 andrads4-3 complementing p1asmids 

As shown in Figure 1, each of these p1asmids has two BamHI sites that flank 
yeast DNA segments of 3 Kb, 3.4 Kb and 1.5 Kb, respectively. By subc10ning 
these fragments into the single BamHI site of the integrative plasmid YIpS, 
then transforming the appropriate yeast strains with these p1asmids and finally 
mapping the sites of integration in the yeast genome, one could demonstrate 
whether or not homology exists between the cloned fragments and the respective 
RAD genes. Before proceeding with the integration, we found it useful to 
determine if these BamHI fragments per ~ have Rad+ function. This was 
carried out by subc10ning them into the replicative plasmid YRp7; the BamHI 
fragments were excised and re1igated into the single BamHI site of YRp~ The 
ligation mixtures were used to transform the E. coli strain JA300 to Trp+ 
AmpR. Plasmid DNA was extracted from those transformants that were also 
TetS , using the "quick prep" method. This DNA was digested with restriction 
enzymes and the resulting fragments separated by agarose gel electrophoresis. 
The p1asmids having the expected banding pattern for YRp7 plus the respective 
BamHI fragment, in the same orientation as in the original p1asmids, were 
called [YRp7-RAD •• -BB]; one each from RADsO, 51 and 54 was chosen for 
subsequent studies. Plasmid DNA was extracte~ purified and used to transform 
the appropriate Rad- strains to Trp+. In all three cases, the 
transformants tested were still Rad-, indicating that the Rad+ function is 
totally or partially outside the ~I fragments. 

The BamHI fragments were next subc10ned into YIpS in a way similar to that 
described for YRp7, except that the E. coli strain used for transformation was 
DB6s07, and Ura+ AmpR transformants were selected. The p1asmids obtained 
were called [YIps-RAD •• -BB] and were· used to transform the yeast strain DBY947 
(MAT ura3-s2 ade2-101, provided by D. Botstein) to Ura+. Integrants were 
called INTSO- •• , INTs1- •• and INTs4- •• , respectively. 

So far, 32 different INTsO strains have been analyzed. All were Ura+ 
Rad+. Crosses by XS132-1A (MATa ura3-s2 radsO-1 his3 1eu2 trpl-289, provided 
by D. Schild) revealed that, in all cases, the ura and the rad markers 
segregate 2+ : 2- but in an independent fashion~eaning th~the integration 
has not taken place at the RADsO locus. This result suggests that the cloned 
fragment lacks homology with the RADsO gene. 
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Two different hypotheses could explain these findings: 1) The 
[YEp13-RAD50-2l0B] plasmid carries a gene that is able to complement rad50 
mutations only when present in a high copy number, and 2) the insert ~e 
rad50-l complementing plasmid is made up of at least two Sau3A fragments which 
ligated together in the process of constructing the yeast pool but are normally 
separated in the genome; the BamHI fragment would carry a part that is neither 
homologous, nor continguous to the RAD50 gene. Presently we are working on 
these hypothesis. 

When the plasmid used for transformation was [YIp5-RADSl-BB], seven 
integrants were obtained and all were Ura+ Rad+. One, INT5l-B, was crossed 
to strain XS134-4B (~ ura3-52 rad5l-l leu2 his3 trpl, provided by D. 
Schild). The analysis of 18 tetrads derived from this cross revealed that URA3 
and RAD5l were closely linked: all of the tetrads were parental ditypes. The 
integrant INT5l-B was also crossed to strain 397l-5B (MATa gallO SUC mal ~ 
~ ~ ~ ade5, 7 ~.!.l!!. arolD ilvl can!). The genes RAD5l and ILVI are 
located on chromosome V, about 11 cM apart~. The results of the analysis 
of 15 tetrads showed that now URA3 and ILVI were also linked (9 PD: 0 NPD : 6 
T). We conclude that the integ;;tion h~aken place at the RAD5l locus and 
that the plasmid that complements rad5l-l carries the ~ gene:-

In the case of the INT54 transformants, two of them (INT54-A and INT54-D) 
were found to be Ura+ Rad+, while the other two (INT54-B and INT54-C) were 
Ura+ Rad-. Taking into account that the 1.5 Kb fragment carried by 
[YIp5-RAD54-BB] has no Rad+ activity (as previously described), a possible 
explanation for the occurrence of Rad- transformants would be that the BamHI 
fragment is totally internal to the RAD54 gene; its integration at the RAD54 
locus would then give rise to two incomplete RADS4 genes, separated by the YIpS 
sequences. This hypothesis implies that in INT54-B and INT54-C the integration 
occurred at the RAD54 locus. This in fact was shown to be the case: when 
INT54-C was crossed to strain X4004-3A (~~ lys5 trpl ~), a distance 
of 4.5 cM between the LYS5 and the URA3 loci was estimated 
(30 PD : 0 NPD : 3 T).--XCcording to j. Game (unpublished results), LYS5 and 
RAD54 are closely linked. In addition, this cross yielded only pare~ 
ditypes for the ~ and ~ markers. 

When INT54-A, one of the Ura+ Rad+ transformants, was crossed to 
X4004-3A, the lys5 and ~ markers segregated independently 
(3 PD : 1 NPD : 11 T), indicating that the integration has not occurred at the 
RAD54 locus. This might be explained by a gene conversion event between the 
URA3 allele on the plasmid and the chromosomal ura3 allele, or by integration 
~he plasmid at ura3: The latter explanation-rs-unlikely because the 
mutation ura3-52 i~ought to be a deletion and rarely undergoes homologous 
recombination (20). 

The fact that the RAD54 gene can be completely disrupted by the plasmid and 
the cell still survives strongly suggests that it is a non-essential gene. In 
order to investigate how such a disruption affects the response of the cells 
to X-rays, INT54-B cells were irradiated with different doses of X-rays and the 
survival determined. The experiment was carried out at 23°C and 37°C ~s the 
rad54-3 mutation used throughout these studies is thermosensitive (9). 
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As can be seen from Figure 2 (top), the same survival curve was obtained 
at either temperature. Furthermore, the survival curves closely paralleled 
that obtained with cells carrying the radS4~3 mutation, when incubated at 37°C 
after irradiation, except for the resistant "tail" exhibited at high doses. 
Such "tail" effects are characteristic of mixed populations consisting by, in 
large, of sensitive cells with a small proportion of resistant ones. The most 
likely origin of the resistant subpopulation is by excision of the integrated 
plasmid, yielding back the original Rad+ Ura- cells. This was tested by 
checking the Ura phenotype of the survivors. As can be seen in Figure 2 
(bottom), the proportion of Ura- colonies increased with the dose of X-ray, 
until they made up almost 90% of the surviving population. Further confirma
tion for the occurrence of an excision event was obtained by showing that, 
indeed, all the Ura- clones, when tested for X-ray sensitivity, were again 
Rad+. 

Moreover, this exc~s~on seems to be induced by X-rays, as shown by the rise 
of sectored colonies Ura+/Ura- among the surviving ones (Figure 2, bottom). 
Sectored colonies probably result from excision events occurring after 
surviving cells have divided. If no induction takes place, one would expect 
the proportion of sectored colonies to diminish with increasing doses, since 
the subpopulation of cells from which they derive, are being killed 
preferentially. The fact that the proportion increases rather than diminishes, 
would indicate that the excision is being induced. At high doses almost all 
the sensitive cells would have been killed; this would explain the eventual 
decline of the proportion of sectored colonies. 

Isolation of a Suppressor 

While testing the Leu+ transformants, obtained with the pool 3S, for 
other markers present in the transformable strains (Table 1), we found that a 
relatively high proportion of them (112/10,700 clones tested) were also Trp+. 
Furthermore, in the case of the radSO strain, most of the Rad+ (42/44) turned 
out to be also Trp+. The genes RADSO and TRPI are located on chromosome IV, 
but they are approximately 160 cM apart (l~ Thus, the probability of having 
both genes together on the same plasmid, particularly at the high frequencies 
at which they were obtained, was thought extremely unlikely. A more likely 
possibility was that we had cloned a nonsense suppressor. Since the 
transformants were still Lys- and the !I! marker present in the transformable 
strain, lysl-l, was an ochre mutation, we surmised that we were not dealing 
with an ochre suppressor. In fact, both radSO-l and trpl-289 were demonstrated 
by standard procedures to be amber mutations and the plasmid that complements 
them, [YEp13-SUP], was shown to suppress other amber mutations, i.e., arolD-l, 
met8-l, adeS,7 and trp-l (Calderon, Contopoulou and Mortimer, manuscript ~n 
preparation). A restriction map of this plasmid is shown in Figure 1. 

The most likely origin of this suppressor is the yeast strain AB320 
(MATa/MATa [HO trpS-2 ura3-l (ural-l ? ) met4-l ade2-l leu2-l lys2-l 
canl-lOO]), which was the source of the insert DNA in pool 3S. However, when 
a haploid ho derivative of AB320 (AB320 was provied by B. Hall) was crossed to 
strain 397l-SB that carries an assortment of nonsense alleles, no amber 
suppressor could be detected among the segregants of this cross. The 
possibility that AB320 carries a weak suppressor that is only active in high 
copy number, as is the case with plasmid YEp13, cannot be ruled out. 
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Another possible explanation would be that the plasmid carries the PSI 
factor which is known to enhance the expression of low level suppressor;-(6). 
One would then expect a low level supressor to be present in all transformable 
strains. This, however, seems not to be the case as demonstrated by crossing 
the strain XS131-SA (Table 1) to the strain MT193/3b (MATa SUQS ade2-l hisS-2 
lysl-l trpS-48 canl-100 ura3-l leul [PSI], provided by B. Cox). Analysis of 
tetrads derived from this cross showed that the presence of PSI does not 
affect the normal segregation of the radand the !!£ markers-.--

Two other possible hypotheses about the origin of the suppressor remain 
unproved: 

1. Plasmid [YEp13-SUP] could carry a mitochondrial tRNA gene that behaves 
as a suppressor in cytoplasmically-directed protein synthesis; the high copy 
number of mitochondrial genomes would explain the high frequency at which this 
plasmid is found 1.n the pool. This seems an unlikely explanation, however. 
The wobble rules for codon:anticodon recognition in mitochondrial translation 
would preclude a mitochondrial tRNA from functioning as an amber-specific 
suppressor (2). 

2. The fragment that contains LEU2 in YEp13 is known to contain also a 
gene coding for a tRNA (8). This might well be SUPS3, a gene closely linked 
to LEU2 (16), some of whose mutations are known to suppress amber mutations. 

Presently, experiments to elucidate which of these hypotheses may be the 
correct one, are being carried out. 
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SUMMARY 

CLONING OF THE RADS2 GENE OF SACCHAROMYCES CEREVISIAE* 

1 
David Schild, Boyana Konforti, Carl Perez, 

Warren Gish,2 and Robert Mortimer 1 

Department of Biophysics and Medical Physics and Donner Laboratoryl 
and Department of Molecular Biology 2 

University of California 
Berkeley, CA 94720 

The RADS2 gene of Saccharomyces cerev~s~ae has previously been shown to be 
involved in both recombination and DNA repair. Here we report on the cloning 
of this gene. A plasmid containing a S.9kb yeast insert in the YEp13 vector 
has been isolated and shown to complement the X-ray sensitive phenotype of the 
radS2-l mutation. From this insert various fragments have been subcloned into 
the YRp7 vector. A spontaneous integration event of one of the subclones has 
been genetically mapped to the chromosomal location of RADS2, indicating that 
the structural gene has been cloned. A 1.97kb BamHl fragment subcloned into 
YRp7 in one orientation complements the radS2-l~tation, while the same frag
ment in the opposite orientation fails to complement. Various other subclones 
indicate that a ~II site, within the ~Hl fragment, is in the RADS2 gene. 
This ~II site has been deleted by Sl-nuclease digestion and the resulting 
deletion inactivates the RAD52 gene. BAL3l deletions from one end of a 1.9kb 
Sall-BamHl fragment have been isolated; up to 0.9kb can be deleted without 
loss or-RAD52 activity, demonstrating that the RADS2 gene is approximately lkb 
or less in length. -----

INTRODUCTION 

Several different DNA repair pathways have been identified in yeast, 
including a presumptive recombinational repair pathway (reviewed in ref. 7 and 
12). The RADS2 gene is one of at least eight genes (the RAD52 epistasis group) 
already identified which are t_hought to be involved in recombinational repair 
(5,7). The rad52-l·mutation was originally identified as causing extreme 
sensitivity to X-rays, but only slight sensitivity to U.V~ light (19). Strains 
carrying this mutation have also been shown to be partially or completely 
defective in meiosis and sporulation (5,6,18,27), meiotic recombination 
(6,18,27), mitotic gene conversion (6,18,25,27), double strand break repair 
(10,21), homothallic switching (13), and maintenance of chromosome stability, 
resulting in chromosome loss (IS). In addition, vegetative cells with the 
rad52-l mutation have been shown to have elevated rates of spontaneous mutation 
(30) and radS2/radS2 cells in meiosis have been shown to accumulate single 

* This work was supported by N.I.H. grant GM07988 to D.S. and by the Office 
of Health and Environmental Research of the U.S. Department of Energy under 
contract DE-AC03-76SF00098. 
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strand breaks during premeiotic DNA synthesis (22). If one assumes that double 
strand breaks and other X-ray induced DNA lesions are repaired by a recombina
tional mechanism (20), it is possible to account for most of the phenotypes 
associated with the rad52-l mutation by its de-fect in recombination. 

Although many phenotypes of the rad52-l mutation have been observed, no 
known enzymatic or structural activity of the RAD52 gene product is known. In 
order to study the RAD52 gene at the molecular level, we have cloned this gene. 
The cloning of E. coli DNA repair genes, such as RECA and LEXA, has already 
been very important in isolating and characterizing the primary products of 
these genes and in studying their transcriptional regulation (reviewed in 
ref. 23). The' cloned RAD52 will be used to determine whether this gene is 
transcriptionally regulated and if so, what are the inducers of transcription. 
The cloned gene is currently being used to identify and isolate the RAD52 gene 
product and to determine whether this gene might code for an essentiar--
function. 

MATERIALS AND METHODS 

Strains. The transformable yeast strain XS95-6C (MATa rad52-l ura3-52 
leu2-3 leu2-ll2 trpl and his3-l) was used in most of the experiments. It was 
constructed by first crossing g160/2d (MATa rad52-l ade2-l arg4 arg9 trpl hisS 
leul-l ilv3 and leu2) from the Yeast Genetic Stock Center (Berkeley, CA.) to 
RH2l8 (MATa trpl=289) and then back crossing a resulting MATa rad52-l trpl 
derivative twice to DBY746 (MATa trpl-289 ura3-52 his3-l leu2-3 leu2-ll2) 
(similar to SHY strains in ref. 2), kindly supplied by D. Botstein. The 
bacterial strains used were HBlOl (CA600 leu- Bl- thr- pro- lacz- Sm- recA-, 

~- mB- ~) supplied by R. Davis, JA300 (thr- leuB6- thi- thyA- trpCl17-
hsrK- hsmK- strR) (29) supplied by John Carbon, and DB6507 (HBlOl EZEK-) 
supplied by D. Botstein. 

Plasmids. A bank of near random (Sau3A) partial fragments cloned into the 
BamHl site of the vector YEp13 was kindly supplied by K. Nasmyth (16). YRp7 
and YIpS were obtained from D. Botstein. 

Yeast transformation. Yeast transformation was performed using a modified 
version of the Hinnen, Hicks and Fink method (9), as suggested by V. MacKay and 
R. Hitzeman. 100ml of YEPD culture, grown to 2xl07 cells/ml, was collected 
and washed in water. The resulting pellet was resuspended in 5ml of S.E.D. (1M 
sorbitol, 25mM EDTA pH8.0 and 50mM dithiothreitol) and incubated 10 min. at 
30°C. After a wash in 10ml 1M sorbitol, cells were resuspended in S.C.E. (1M 
sorbitol, 100mM Na citrate pHS and 10mM EDTA) and 100 ~l of zymolyase 60,000 
(Kirin Brewery) at lmg/ml waS added. Cells were incubated at 30°C until 80-90% 
spheroplasting had occurred (1/2 to 1-1/2 hrs). Spheroplasting was monitored 
both microscopically and by loss of turbidity when spheroplasts were diluted 
into 10% SDS. Spheroplasts were washed 2 times in 1M sorbitol and once with 
CaS (1M sorbitol, 10mM CaC12 and 10mM Tris-HClpH7.4). Spheroplasts were 
resuspended in 0.5ml CaS and divided into 100 ~l aliquots. 5-20 ~g plasmid DNA 
was added to cells and the mixture was incubated 15 min. at room temperature. 
lml of 20% polyethylene glycol (PEG-4,000, Sigma), 10mM CaC12 and 10mM Tris 
pH7.4 was added to each sample and incubated 15 min. at room temperature. 
After gently spinning the spheroplasts out of the PEG solution, they were 
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resuspended in 150 ~l of 1M sorbitol, 33.5% YEPD and 50mM CaC12' 50 ~l 
aliquots were plated in yeast regeneration agar onto minimal dropout plates as 
described previously (9). 

E. coli transformation and plasmid preparation. E. coli transformation was 
performed as described by R. Davis et ale (4). Small scale plasmid prepara
tions were performed by the method of Holmes and Quigley (11) and large scale 
isolations plasmid were carried out using a protocol of Birnboim and Doly (1) 
scaled up to 1 liter by S. Conrad. 

Restriction, ligation, Sl nuclease digestion and BAL3l diges.tion. All of 
the enzymes except BAL3l were obtained from Bethesda Research Laboratories and 
the B.R.L. suggested procedures were followed. BAL3l was obtained from New 
England Bio Labs and their procedure was followed. 

X-ray source. A Machlett OEG-60 X-ray source operated at 50 kV and 25 rnA 
was used. The exposure rate was'240 R/sec. The f factor for the exposure 
conditions used was .90 rad/R. 

RESULTS AND DISCUSSION 

Cloning of RAD52 

A leu2 rad52-l yeast strain (XS95~6C) was transformed with YEp13 (3) 
containing near random yeast DNA inserts (16) and Leu+ transformants were 
selected. Approximately 2,200 Leu+ transformant colonies were picked to 
master plates ( 50 per -leu plate) and grown up for 2 days at 30°C. They were 
then replica plated to YEPD plates and the replicas were treated with 50 krads 
of X-ray. Two transformants showed significant X-ray resistance and these were 
tested further. Survival curves on these transformants demonstrated that they 
had near wild type survival after X-ray treatment (data not shown). Cells' 
derived from these transformants which had lost their plasmid became simul
taneously leucine auxotrophs and radiation sensitive. Plasmid DNA was isolated 
from the two Rad+ transformants by transforming E: coli with a crude yeast 
DNA preparation and selecting for ampicillin-resTst~E. coli colonies. From 
these E. coli transformants, plasmid DNA was isolated and restriction analyses 
carried out. One plasmid contained a 5.9kb insert and the other one an insert 
slightly over 20kb.Preliminary restriction analysis of the two inserts was 
consistent with the smaller insert being part of the larger insert. Because 
of complications associated with obtaining large amounts of plasmid DNA and a 
detailed restriction map from the plasmid with the 20kb insert, we concen
trated on the plasmid containing the smaller insert. A restriction map of the 
smaller plasmid is shown in Figure 1. Reintroduction of either of the 'RAD52 , 
plasmids into XS95-6C (rad52-l leu2) resulted in a Leu+ Rad+ phenotype for 
all of the transformant colonies tested (100 for each plasmid). These results 
are consistent with the plasmids containing either the RAD52 gene or a 
suppressor of the rad52-l mutation. Although the rad52-l mutation is not non
sense suppressible, it is possible that another gene on a high copy number 
plasmid might suppress the rad52-l mutation or by-pass its defect. Experiments 
discussed below demonstrate that this is not the case and that at least the 
smaller plasmid contains the RAD52 gene and not a suppressor. 
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Figure 1. Restriction map of YEp13-[RAD52]. This plasmid consists of a 5.9kb 
yeast Sau3A fragment, containing the RAD52 gene, cloned into the BamHl site of 
the YEp13 vector (pBR322, the yeast LEU2 gene and the part of the yeast 2~ 
plasmid which includes the origin of replication) (3). 
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Subcloning of 'RAD52' and 'rad52' Fragments 

From the original 5.9kb insert, we have subcloned several fragments into 
the YRp7 vector using standard techniques. A 3.3kb SaIl fragment, consisting 
primarily of yeast DNA but with 275 base pairs from pBR322, and a 1.97kb yeast 
BamHl fragment were found to have 'RAD52' complementing activity (Figure 2). 
Unexpectedly, when this BamHl fragment was isolated in the opposite orientation 
in YRp7, it lacked activity. One trivial explanation for this difference was 
that the 1.97kb BamHl fragment in YRp7-C9 had been mutated or modified either 
by growth in E. coli or by the various biochemical manipulations during the 
subcloning procedures. We can rule this out because we have subcloned the 
1.97kb fragment from YRp7-C9 back into YRp7 in the same. orientation as 
YRp-C2-[RAD52] and this subclone now has RAD52 activity. The orientation 
difference we observe probably indicates that the activity of the BamHl 
fragment is dependent on part of the vector sequence, such as a pr~ter, or 
is being inhibited by part of the vector and that this dependence or inhibition 
is orientation specific. The BamHl-~II subclones all lacked activity, 
indicating that the ~II site is probably either in the structural gene or 
between the gene and its regulatory region. 

Integration Analysis of YRp7~A4 Sal-[RAD52] 

In order to prove that we had cloned theRAD52 gene, rather than a 
suppressor of rad52-l, we examined integratio~nts of one of the subclones. 
It has been demonstrated that integration of plasmids in yeast occurs via 
homologous recombination (8,17,26). Therefore, integration events at the 
chromosomal location of RAD52 would indicate that the plasmid contains the 
RAD52·region. Three independent spontaneous 'integration events were found 1n 
which the YRp7-A4-Sal-[RAD52] plasmid had integrated into the genome of 
XS95-6C. Two of these integration events were at the chromosomal location of 
TRPI (data not shown) but one integrated at the chromosomal site of RAD52. The 
chromosomal location of this integrarit was established by crossing i~a 
Rad+ haploid of the opposite mating type and dissecting 10 asci from the 
resulting diploid (rad52[RAD52]/RAD52). All eight asci with four viable spore 
colonies yielded 4 Rad+:O rad- segregants and the two asci with three 
viable spore colonies yielded 3 Rad+:O rad- segregants. This segregation 
pattern establishes that the integration event occurred at or very close to the 
RAD52 chromosomal site on chromosome XIII. If the YRp7-A4-Sal-[RAD52] plasmid 

'had not integrated at or very near the site of rad52-l one would have expected 
some asci with 3 Rad+:l rad52-l or 2 Rad+: 2 rad52-l segregations. The 
original integrant was also crossed to a rad52-1 !1!Z trpl strain and asci from 
this cross were dissected. The Rad+ Trp+ phenotypes segregated together 
as expected for an integrated plasmid containing both TRPI and RAD52. Both 
were also linked to !1!Z (P:NP:T = 4:0:4) and to a centromere (FDS:SDS = 5:2) 
at distances consistent with the map position of RAD52 (14). 

The 1.9kb BamHl fragment has also been subcloned into YIpS, the URA3 
integrating vector (2,28), and,preliminary results indicate that this plasmid, 
also integrates at the chromosomal location of RAD52. 
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Figure 2. Subclones with and without RAD52 activity. Various segments of the 
original 5.9kb fragment subcloned into~SalI or BamHl site of the YRp7 
vector (pBR322 with the yeastTRPl-ARSl region). The inserts in the 
YRp7-C2-[RAD52] and YRp7-C9 plasmid;-;;e identical except for orientation. 
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BAL3l Deletions 

In order to more precisely define where the RADs2 gene 1S located within 
the 1.97kb BamHl fragment, we have isolated deletions into the insert from one 
end. Since~e subcloning experiments (Figure 2) and the ~ll deletion 
experiment (see below) indicated that the RADs2 region included the ~ll site, 
we isolated deletions into the insert from the side furthest away from the 
~ll site (the left side in YRp7-C2-[RADs2], see Figure 3a). Because the 
isolation of .BAL3l deletions is simplified by starting from a restriction site 
that is unique in the plasmid, we first deleted the short Sall fragment of 
YRp7-C2-[RADs2], using standard restriction and religation procedures. The 
resultant plasmid (YRp7-C2.:...~Sal-[RADs2]) contains both unique Sall and BamHl 
sites (Figure 3a). This plasmid still complements the rads2-l~tation:-Which 
is expected since the previously subcloned 3.3kb Sall fragment, which lacks the 
short yeast BamHl to Sall. region, has RADs2 activity (Figure 2). The 
YRp7-C2-~Sal-[RADs2] plasmid was linearized by restriction with Sall and 
digested with BAL3l for various lengths of time from 15 min. to 21hr. Most of 
the time points gave large deletions; all of the deletions we used were from 
the 15 and 30 min. time points. Since BAL3l causes deletions in both directions 
from the Sall site, we restricted with Pvull before ligations so that we could 
later dete;;ine the length of the deletion within the RADs2 region. Pvull 
leaves blunt ends, but since BAL3l ends are frequently~blunt we i~eased 
the number of blunt ends by filling in some of the overhangs using the Klenow 
fragment of DNA Poll, prior to blunt end ligation. Following ligation, we 
transformed E. coli and used restriction analysis (Pstl and BamHl double 
digest) on mIni plasmid preparations to screen for plasmids with different 
sized deletions up to about l.skb. Large scale plasmid preparations were done 
on 24 plasmids and these plasmids were reintroduced into the rads2-l yeast 
strain XS9s-6C in order to score for RADs2 activity. The deletions which were 
reintroduced into yeast are diagrammed in Figure 3b. The size of the deletions 
are approximations since agarose gel electrophoresis does not give exact 
lengths, but each deletion diagrammed did appear to be slightly different in 
length. Some deletions appeared to be of the same size and these duplications 
are not listed in Figure 3b although the RADs2 activity results for these 
apparent repeats were consistent. Some of the sizes of the deletions might be 
overestimates if BAL3l had actually digested much further in the Sall to Pvull 
direction and had deleted past the Pvull site. This seems unlike-ry-for most 
of the deletions since the distance-r;om Sall to Pvull is ~1.4kb and most of 
our deletions were lkb or shorter. The r~lts fen-two deletions (Gl and 02) 
are inconsistent with the results from the other deletions; althoug~they 
appeared to be short deletions they lacked activity. These cases might 
represent longer deletions which appear shorter because of the addition of 
random short DNA fragments during ligation. The rest of the deletions are 
consistent with deletions of about 900 bases retaining RADs2 activity, while 
longer deletions inactivate the gene. Therefore, the RADs2 gene is at most 
lkb in length. 

Deletion of Bglll Site 

A deletion~frameshift mutation in RADs2 has been isolated to determine 
whether RADs2 codes for an essential function; only two rads2 alleles exist 
(5) and neither is known to be nonsense suppressible. If both alleles are 
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leaky, then it is possible that RADS2 might encode an essential function. The 
radS2-2 allele is clearly leaky,~it is not known if radS2-l is also leaky 
(5,27). Th.e radS4-3 mutation is more X-ray sensitive than radS2-l (J. Game, 
personal communication) and since radS2 and radS4 are in the same epistasis 
group, it ~ight indicate that radS2-l is a slightly leaky allele. It is known 
that diploids homozygous for radS2-l have extremely low (~10-20%) plating 
efficiency and also spontaneously undergo chromosome loss (15) indicating a 
probable role for this gene during normal cell division. 

Since the previously discussed subcloning experiments indicated that the 
~II site in the 1. 97kb BamHl fragment was probably in the RADS2 gene, we 
decided to isolate a "null" allele of radS2 by constructing a four base pair 
deletion of the ~II site using SI nuclease. The 1.97kb BamHl fragment was 
first subcloned into pBR322 so that ~II site in the BamHl fragment was the 
only ~II site in the plasmid. This plasmid was restricted with ~II, 
treated with Sl single-strand exonuclease, blunt-end ligated, recut with BglII 
(to decrease transformation ability of plasmids still containing a ~II site), 
and transformed into HBlOl. Mini plasmid preparations on the transformants 
showed that the ~II site was missing from plasmids in most of the transform
ants. Following large scale preparations of two plasmids with independently 
derived deletions of ~II, we subcloned these deletions into both YRp7 and 
YIpS in the proper orientation for RADS2 activity. When the deletions in YRp7 
were introduced into yeast they failed to complement radS2-l (Figure 2). This 
demonstrates that the BglII site is either in the structural gene or in a 
region essential for transcription or translation. We have recently integrated 
these deletions in YIpS into a wild type strain of yeast and are currently 
examining excision events in 'both haploids and diploids in order to determine 
whether RADS2 codes for an essential function. If these experiments show that 
RADS2 codes for a nonessential function, our ~II deletion allele will still 
be valuable as a nonleaky allele.' 

NOTE ADDED IN PROOF 

Kenji Adzuma (personal communication), in the laboratory of Dr. H. Ogawa 
(Osaka University, Osaka, Japan), has independently isolated a 1.98kb BamHl 
fragment which complements the radS2-l mutation. This fragment appearsto be 
identical to our 1.97kb BamHl fragment, since both share a common restriction 
map. 
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SUMMARY 

CLONING OF A DNA REPAIR GENE IN YEAST* 

L. Prakash, R. Polakowska, and B. Slitzky 
Department of Radi ati on Bi 01 ogy and Biophysics 

University of Rochester School of Medicine and Dentistry 
Rochester, New York 14642 

A fragment of DNA which restores resistance to UV, gamma rays, and 
methyl methanesulfonate in both rad6-1 and rad6-3 mutants has been isolated 
on a recombinant plasmid, YEp13. Recombinant plasmids containing such DNA 
segments were obtained by transforming a leu2-3 leu2-112 rad6-1 strain to 
LEU+ and screening for UV resistance among the LEO+ transformants. Three 
classes of recombinant plasmids, based on restriction with BamHI, were 
obtained. The cloned DNA segment complementing rad6 was transferred to an 
integrating plasmid containing the yeast URA3 ge~and then used to 
determine the site of recombination of thecToned DNA. Preliminary genetic 
experiments suggest that the cloned segment integrates at the rad6 locus. 
Subcloning of this segment has yielded a 1.9 kb fragment which~l 
functions in complementation of rad6. When this fragment is used as a probe 
for hybridization to total yeast~, two transcripts are observed. 

INTRODUCTION 

Procaryotic and eucaryotic organisms possess many different mechanisms 
which enable them to repair damage induced in their DNA by a wide variety of 
physical and chemical agents. Modificati on of the DNA damage, however, 
depends on the genetic constitution of the organism as well as the . 
post-exposure conditions. In Escherichia coli, repair of ultraviolet light 
(UV) induced damage is governed by genes in two epistasis groups - one 
con troll ed by the uvrA+, uvrB+, uvrC+ system i nvol ved in exci s i on of 
pyrimidine dimers, and the other controlled by the recA+-lexA+ system 
(10,51), involved in postreplication repair. The sensitivity of double 
mutants consisting of uvrA and recA is such that one pyrimidine dimer is 
sufficient to kill the~, indICating that no other pathways playa major 
role in repair of UV damage in h coli (14). 

Many cellular repair processes, such as excision repair and 
postrepl icati on repai r, al so occur in eucaryotes. However, rel ati vely few 
DNA repair mutants are known in higher eucaryotes. In the yeast 

*Support was obtained from the National Institutes of Health grant GM 
. 19261 and from contract No. DE-AC02~76EV03490 with The U.S. Department of· 
Energy at the Uni versi ty of Rochester Department of Radi ati on Bi 01 ogy and 
Biophysics and has been assigned Report No. UR-3490-2184. 
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Saccharomyces cerevisiae, which has a well-characterized genetic system, a 
large number of radiation sensitive (rad) mutants representing over 30 
distinct genetic loci have been isolated and many have been characterized 
extensively in terms of their effect on UV induced mutations (19,21,39), 
chemically induced mutations (31,33), and their repair defects. Comparisons 
of sensitivities to killing of various double mutant combinations indicate 
that three epistasis groups exist for repairing UV induced DNA damage (6, 
see 11 for review). One group consists of nine genes, RADl, RAD2, RAD3, 
RAD4, RAD7, RADIO, RADI4, RADI6, and MMSI9, involved in excision of 
UV-induced pyrimidine dimers (32,36,42,43,48,49). Like the excision 
defective uvrA and uvrB mutants of E. coli, the yeast excision defective 
mutants show enhanced frequencies or-mutations following UV irradiation. 
Experiments with double mutants consisting of the rad mutants defective in 
excision coupled with cdc9, which is temperature sensitive for growth and 
lacks detectable DNA lTgaSe activity in vitro (18), suggest that radl, rad2, 
rad3, rad4, and radIO mutants are defective in an initial incision step-
requirea-Tor pyrimidine dimer removal and rad14 is defective in a step 
subsequent to incision (50). In addition, it has been shown that cell-free 
extracts from radl, rad2, rad3, rad4, and radIO strains are capable of 
removing dimers-Trom preincised uv-Trradiated DNA (44). However, it has not 
been possible to demonstrate pyrimidine dimer incising activity in cell-free 
extracts of yeast. 

The RAD52 epistasis group consists of eight genes (RAD50 to RAD57) which 
confer sensitivity primarily to ionizing radiation (8), while UV sensitivity 
is enhanced mainly in the presence of a defect in excision (6). Mutability 
induced by UV or gamma rays in mutants of genes of the RAD52 group is 
similar to that observed in RAD+ strains (19,25). Many of the mutants in 
this group, particularly rad~affect recombination and DNA strand break 
repair. The rad52-1 mutant is defective in spontaneous, UV and ionizing' 
radiation induced homologous mitotic recombination (23,38,40), mitotic gene 
conversion (17), meiotic recombination between homologous chromosomes 
(9,38), UV induced sister chromatid recombination (37), and in mating type 
interconversion (23) which occurs by transposition of DNA copies from silent 
a and a loci to the mating type locus. The rad52-1 mutation also blocks 
chromosomal integration of gapped-linear or linear molecules but not of 
circular molecules (30). In addition, both the rad51-1 and rad52-1 mutants 
are defective in the repair of DNA double strand breaks (16,41). The 
rad52-1 mutants are also not as proficient as wild type in postreplication 
repair of UV damaged DNA (34). 

Mutants of genes in the third epistasis group affect sensitivity to both 
UV and ionizing radiation and consist of rad6, rad8, rad9, rad18, rev1, 
rev2, rev3, and mms3. Many of these mutants show reduced UV mutability for 
at least some, ir-nQt all, loci tested (19,22,24). In addition, some of 
them have pleiotropic effects on spontaneous mitotic gene conversion, 
spontaneous mutation, and DNA repair (see 11 for review). The radl8-3 
mutant increases rates of spontaneous mitotic recombination (1). Both 
alleles of the rad6 locus, rad6-1 and rad6-3, enhance spontaneous and UV 
induced mitotic--neteroallelic recombination in diploids and are proficient 
in spontaneous and UV induced unequal sister chromatid recombination in 
haploids (26). Both rad6 mutants show no induced mutations with UV, 
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ionlzlng radiation (19,25), ethyl methanesulfonate, 
N-methyl-N'-nitro-nitrosoguanidine, and a wide variety of other chemical 
mutagens T31). The rad6-1 and rad18-2 mutants show a great inhibition of 
postreplication repair of UV damaged DNA while the rev3-1 mutation does not 
affect it (34). 

Our aim has been to study the genes and gene products involved in DNA 
repair and mutagenesis in order to elucidate the molecular mechanisms of 
these important cellular responses. We have begun this study by cloning one 
of the genes, RAD6, which probably plays an important role in the regulation 
of these two c~ar processes and report here our preliminary results. 

MATERIALS AND METHODS 

Strains: The yeast strains LP2530-2A: MATa leu2-3 leu2-112 his5-2 
trp1-1 rad6-1 and LP2652-9C: MATa 1 eu2-3 1 eU2-T12 trp5-c ura3-52 rad6-3 
were constructed by standard techniques of yeast genetics and used for 
transformation. Strain AB320 HO met4-1 ade2-1 lys2-1 tr~5-2 leu2-1 can1-100 
ura3-1 and/or ural was obtainea-fromJ. Hopper and s150- B MATa leu2-3 
leu2-112 ura3-~r~1-289 his3~1 from S. Bairn. Escherichia-coTi strain 
HelOl was obtained rom H. Eberle. --

Plasmids used for cloning: YEp13 (2), a 10.7 kb hybrid of pBR322 
containing a yeast DNA fragment with the 2 ~ circle origin of replication, 
enabling it to replicate autonomously in yeast, the yeast LEU2 gene, which 
complements E. coli leuB, the col E1 origin of replication:-and the genes 
conferring ampiC'TITin (ampR) and tetracycline resistance (tetR). A 
single BamHI site. used as the cloning site, is present in the tet gene; 
insertion in the BamHI site inactivates the tet gene. ---

YIp5 (45) a 5.5 kb plasmid, also derived from pBR322, replicates 
autonomously in ~ coli but not yeast, contains the amp and tet genes, and 
the yeast URA3 gene. 

pAB108, a 6.1 kb derivative of pBR322, contains the amp gene and 
repl icates autonomously in both E. col i and yeast because of the yeast 
.chromosomal replicator ARS2, andcontains the URA3 gene for selection in 
yeast. pAB108 contains~que EcoRI, HindIII,-namHI sites, was constructed 
by and obtai ned from S. Bairn. pBEU49 is a recAo281 multicopy pl asmi d 
obtained from J. Clark and has a BamHI fragment containing the recA.gene of 
E. coli. --

DNA ~urifications: Plasmid DNA from yeast was purified by a modified 
method 0 Hirt (13). Yeast DNA was purified by a mini-prep method obtained 
from G.S. Roeder (unpublished results). Growth of E. coli containing 
plasmids was carried out as described (29) but with-nucleosides omitted. 
Plasmid DNA was then purified by the cleared lysate method of Clewell and 
Helinski (5) but with 0.1 percent Triton X-100 instead of Brij 58. For 
screening of large number of E. coli containing plasmids, the procedure of 
Ish-Horowicz and Burke (15) for ~extraction from plasmid or cosmid 
cultures was used. 
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Pool DNA for transformation: The pool of yeast DNA sequences used for 
transformation, and designated pool 35, was constructed by K. Nasmyth and S. 
Reed and obtained from J. Hopper. Genomic DNA was purified from strain 
AB320, digested partially with Sau3A, and fragments of average size of 10 kb 
purified by sucrose gradients. These fragments were ligated into the BamHI 
site of YEp13 and used to transform ~ coli to i2)R. Transformation of 
yeast was carried out as previously described ( • 

Scoring of UV, X-ray and methyl methanesulfonate sensitivity: Methods 
were as described by Prakash and Prakash (35). 

Gel electro horesis, transfer to nitrocellulose filters, re aration of 
trObes and hybridization: Restriction endonucleases were purchased from ew 
ngland Biolabs and used in 0.09 M Tris-HC1, pH 7.4 - 0.01 M MgC12 

buffer. Electrophoresis in agarose slab gels (Model 800, purchased from 
Aquebogue Machine Shop, Aquebogue L.I., N.Y.) to separate restriction 
fragments was carried out in 89 mM Tris-HC1, 23 mM phosphoric acid, 2.5 mM 
EDTA buffer, pH 8.3. Agarose gels also contained 0.5 ~g/ml ethidium 
bromide. The restriction fragments were photographed under short-wave 
ultraviolet light with Polaroid type 57 film. DNA fragments to be used as 
probes were isolated by electroelution from agarose gels as described by 
Zaret and Sherman (52). Nick translation of fragments for radioactive 
labeling was carried out by using the nick translation kit purchased from 
Amersham. The specific activities of various probes ranged from 1.4 x 107 
to 6.1 x 107 cpm/~g DNA and total of about 2 x 106 cpm was used for each 
Southern blot. The method of Southern (46) was used to transfer restriction 
fragments to nitrocellulose paper and hybridizations were carried out as 
described by Zaret and Sherman (52). 

RESULTS AND DISCUSSION 

Isolation of RAD6-containing plasmids: We cloned the RAD6 gene by 
screening for UV resistant colonies in a population of transformed rad6-1 
mutants cells. This method of complementation has been used successfully to 
clone various other yeast genes, such a~ cdc10, cdc28, and rad52 (4,28 and 
Schild and Mortimer, personal communication). However, before making use of 
this procedure, several precautions had to be taken because of the nature of 
the only existing rad6 alleles. Both rad6-1, isolated by Cox and Parry (7), 
and rad6-3, isolatea-rn our laboratory (35), are nonsense alleles suppressed 
by both amber and ochre suppressors (20,47). Therefore, we included an 
amber allele, trp1-1, and an ochre allele his5-2, in the rad6-1 strain to be 
transformed for isolation of the RAD6 gene. Any putative RAD6-containing 
clones could then be tested for the presence of a suppressor activity. The 
restoration of the RAD+ phenotype to a rad6 mutant could arise from either 
the presence of the~6 gene on the cloned DNA fragment, or the presence of 
any other gene which could suppress the rad6 phenotype. Any strains which 
were RAD+ as a result of cloning of a translational suppressor could be 
eliminated by testing RAD+ clones for ability to grow without histidine or 
tryptophan. A second precaution taken was to determine that strain AB320, 
from which pool 35 DNA had been constructed, did not contain any genes that 
might suppress either rad6-1 or rad6-3. This was done by crossing AB320 to 
rad6-1 and rad6-3 suitably marked haploids and analyzing the segregation 
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pattern for the rad6 phenotype in the resulting progeny. In both crosses, 
rad6-1 and rad6-J:Segregated 2:2, indicating that strain AB320 did not 
contain any suppressors of either rad6-1 or rad6-3. 

Strain LP2530-2A, MATa leu2-3 leu2-112 his5-2 trp1-1 rad6-1, was 
transformed to LEU+ witnlPool 35 DNA. LEO+ transformants were then 
transferred to media lacking leucine and tested for their response to UV 
irradiation as well as for growth in the absence of histidine or 
tryptophan. Nine independent LEU+ clones were obtained which were UV 
resistant and retained dependence on histidine and tryptophan for growth. 
However, pool 35 contains a suppressor present in about 1 percent of LEU+ 
transformants which suppresses trp1-1 poorly, does not act on the amber-
allele ade5-7, or the ochre alleles lys1-1, ilv1-1, and can1-100, but 
suppresses tr)1-289, aro1B, and met8-1 very well (R. Mortimer, personal 
communication. In order to eliminate the possibility that the putative 
RAD6 clones contained this suppressor which was also suppressing rad6-1 and 
raab-3, we transformed strain S150-2B to LEU+ with each plasmid and tested 
30 LEO+ transformants from each experimen~one of the LEU+ transformants 
were TRP+, indicating that the putative RAD6 clones did not contain 
suppressors of trpl-289. --

Plasmid DNA obtained from each of the nine clones was used to transform 
E. coli strain HB101 to ampicillin resistance. Plasmid DNA from each of the 
nTne transformed strains was then purified by by amplification with 
chloramphenicol and centrifugation through CsCl. The purified DNA was used 
to transform LP2530-2A (rad6-1) and LP2652-9C (rad6-3) to LEU+. All LEU+ 
transformants were UV resistant and still required tryptop~and histidine 
for growth. In addition, resistance to the lethal effects of X-rays and 
methyl methanesulfonate was obtained and sporulation ability was restored in 
diploids obtained by crossing rad6-1 haploids to transformed rad6-1 haploids 
of opposite mating type. These results indicate that the nine plasmids, 
designated pTB12 through pTB20, all contain a DNA fragment which restores 
RAD6 function to rad6-1 and rad6-3 strains. 

Restriction maps of putative ~-containing plasmids: Digestion with 
BamHI was used to determine whether any similarities existed among the nine 
yeast DNA inserts. Three groups were obtained, based on the types of 
fragments obtained following digestion with BamHI: (a) one insert fragment 
in pTB13, pTB14, pTB15, pTB16, and pTB20 (b) two insert fragments in pTB17 
(c) and no insert fragment in pTB13, pTB18, and pTB19. The extent of 
homology among the cloned yeast DNA fragments was determined by mapping 
several restriction sites in pTB16, one of five plasmids in class (a), and 
pTB17, the only plasmid in class (b). The results are presented in Figure 
1. The 5.2 kb BamHI fragment of pTB17 is homologous to the 5.2 kb BamHI 
fragment of pTB16 and both fragments contain the RAD6 function since 
transfer of each fragment in both orientations into the BamHI site of YEp13 
resulted in plasmids capable of transforming rad6-1 and rad6-3 strains to 
RAD+ with high efficiency. Restriction maps for members of class c have not 
yet been completed, however, hybridization results indicate that this class 
contains a small deletion within the 4.2 kb HindIII fragment present in both 
pTB16 and pTB17 (Figure 2). For this experiment, the 5.2 kb BamHI fragment 
from pTB17 was used as a probe to hybridize to HindIII or BamHI digested 
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Figure 1. Restriction maps of recombinant plasmids containing the RAD6 gene. 

Insert of yeast DNA segments, given by open bars, is in the BamHI site of 
the tet gene of YEp13. The thin line represents YEp13 DNA. The extent of, 
overlap and orientation was determined by analysis of restriction sites and 
Southern gels. Symbols for restriction enzymes are as follows: B, BamHI; 
*B, BamHI/Sau3A junction; Bg, Bg1II; H, HindIII; K, KpnI; P, PstI; Pv, 
PvuII; Sa, SalI. The 5.2 kb BamHI fragment of pTBl6 is homologous to the 
5.2 kb BamHI fragment of pTBl7, which contains an additional 6.6 kb BamHI 
fragment, as shown. In pTBl6, the insertion of the Sau3A fragment occurred 
such that the left end, near the SalI site, generated a BamHI site, while 
the other end, near the HindIII site· (on the right hand in the figure), 
generated a site not cut by BamHI and is designated *B. However, an 
additional BamHI site occurs about 0.5 kb to the left of *B and BamHI 
digestion of pTBl6 yields an insert fragment of about 5.2 kb. 
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The 5.2 kb BamHI fragment of pTB17 was purified by electroelution and 
labeled by nick translation. Digested plasmid DNA samples were separated by 
agarose gel electrophoresis, transferred to nitrocellulose, and hybridized 
with the 32p labeled probe. Lane a: plasmid DNA from pTB60, which 
contains the 4.2 kb HindIII fragment of pTB16 cloned into pAB108 (see 
below), digested with HindIII; lanes b, f, j, and k, plasmid DNA from pTB13, 
pTB13, pTB18 and pTB19, respectively, digested with HindIII; lanes c, d, e, 
and i: plasmid DNA from pTB17, pTB16, pTB16 and pTB14, respectively, 
digested with BamHI. Lane d contains about 1/4 the DNA present in lane e. 
Lanes g and h contain HindIII digested YEp13 and BamHI digested pBEU49 DNA, 
respectively. Lane 1 contains the purified HindIII fragment obtained from 
pTB60. The left hand side of the gel is somewhat skewed upward, giving 
those fragments an apparently larger size than they actually have, as 
observed in many other gels. 
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plasmids from all three classes. Lanes b, f, j, and k contain plasmids of 
class c, and the probe hybridizes to only one fragment of HindIII digested 
DNA in each case, and the size of that fragment is 3.S kb'. Lanes c, d, e, 
and i, on the other hand, contain BamHI digested plasmids of class a, and in 
these cases, the fragment which hybridizes with the S.2 kb BamHI probe is 
about S.2 kb. Lane g, which contains HindIII digested YEp13 (the vector 
without any insert) and lane h, which contains BamHI digested pBEU49 DNA, a 
plasmid containing the E. coli recA+ gene on a BamHI fragment, do not , 
hybridize with the prob-e,- as expected, since there is no homology between 
the yeast DNA probe with either vector alone or with vector containing E. 
coli DNA. Identical patterns of hybridization to that observed in Figure 2 
are obtained if the S.2 kb BamHI fragment or the 4.2 kb HindIII fragment of 
pTB16 are used as probes. 

Confirmation that cloned fragments contain ~ DNA: Since 
complementation is not sufficient proof for the identity of a cloned gene, 
that RAD6 was contained in the plasmids described above was verified by 
mapping the cloned fragment to the yeast chromosome. The S.2 kb BamHI 
fragment of pTB16 was purified and ligated into the single BamHI site of 
YIpS. This plasmid, designated pTB33, was used to transform LP26S2-9C 
(rad6-3 ura3-S2 trpS-c) to URA+. Since YIpS does not replicate autonomously 
but transforms yeast by integration, and since the ura3-S2 allele does not 
recombine and is thought to be a small deletion (45), integration of the 
URA3 gene should occur in the region of the yeast genome which shows 
homology with the cloned yeast DNA fragment. The URA+ transformantswere 
tested for sensitivity to UV irradiation: six were-ITV resistant and three 
UV sensitive; the latter three might have arisen as a result of gene 
conversion. One of the rad6-3 URA3+ trpS-c integrants was crossed to a RAD+ 
ura3-S2 TRPS+ strain. The URA3 gene is located on chromosome V, whereas~ 
TRP5 gene is on chromosome vrr; about 20 cM away from RAD6 (27). Analysis 
~O tetrads obtained after sporulation of diploids yTeTaed 14 parental 
ditype and 6 tetratype tetrads, giving 1S percent recombination. The 
linkage of ura3 to trpS indicates that ura3 had integrated at the rad6 locus 
and that the RAD6 gene was present on thejplasmid pTB33. 

Integration at the RAD6 locus would generate a fragment of about 10.S kb 
following digestion of total yeast genomic DNA with Bg1II, as indicated in 
Figure 3, whereas integration elsewhere in the genome would yield a Bg11I 
fragment whose size cannot be predicted since the relation of the flanking 
Bg1II sites to the Bg1II site in the integrated segment is not known. 
Further evidence for the identity of the cloned fragment as the RAD6 gene, 
was obtained by digesting genomic DNA obtained from two RAD+ integrants and 
three rad6 integants with BglII and hybridizing to a pBR~probe (Figure . 
4). As predicted for integration at the RAD6 locus, the size of the Bg11I 

- fragment hybridizing to the probe is about 10.S kb. Also as expected, 
vector sequences are present in the genomic DNA of all integrants (lanes a 
to e) whereas no hybridization was observed with genomic DNA prepared from 
two non-transformed strains (lanes f and g). 

Subcloning and preliminary characterization of the ~ gene:'In.order 
to identify the smallest unit having RAD6 function, it was necessary to, 
obtain smaller fragments of insert DNr.-The HindIII fragment present within 
the two BamHI sites of pTB16 was cloned into the single HindIII site of 
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Figure 3. Integration of a DNA segment on a plasmid by recombination with 
its region of homology in the genome of yeast. 
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Pl asmi d pTB33 was constructed by inserti on of the BamHI fragment of pTB16 
into the BamHI site of YIpS. The structure of the resulting plasmid has not 
yet been confirmed but is assumed to be as given above. The 'Open bar refers 
to the cloned segment on pTB33 and its corresponding region of homology on 
chromosome VII, the 1 ocati on of the RAD6 gene. "X" and "Y" refer to the 
distance between the Bg1II site in tne-cloned segment and the next BgIII 
site on chromosome VII, going leftward and rightward, respectively. The 
thin line respresents chromosomal DNA. The lower linear chromosome 
represents the integration of the cloned DNA segment into chromosome VII 
with two copies flanking the vector sequence of YIpS. The predicted size of 
the fragment generated by BgIII digestion of chromosomal DNA from integrants 
is about 10.5 kb. Symbols for restriction enzymes are as given in Figure 1. 
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Figure 4. Detection of pBR322 sequences in RAD+ URA+ integrants . 

Chromosomal DNA from two UV resistant integrants, BES-2 and BES-5, lanes a 
and b, respectively; three UV sen sitive integrants, BES-7, BES-8, BES-9, 
lanes c, d, and e, respectively, and two RAD+ non-transformed strains, 
AB320, lane f, and #264, lane g, were digested with Bg111 and fragments 
separated by electrophoresi s on agarose gels. The DNA fragments were 
transferred to nitrocellulose and hybridized to 3ZP-labeled pBR322 DNA. 
Lane h contains pBR322 DNA and lane i contains lambda DNA digested with 
HindlII . 
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pAB10S, generating the plasmid pTB60 (Figure 5). pTB60 DNA was used to 
transform LP2652-9C to URA+ and all URA+ transformants obtained were also 
found to be UV resistan~ndicating-rhat the RAD6 gene was contained in the 
HindII! fragment. This 4.2 kb HindIII fragment, when hybridized to HindIII 
digested genomic yeast DNA, hybridizes to only one band of about 4.2 kb, 
indicating that no repeated sequences corresponding to this fragment are 
present in the yeast genome (Figure 6). Further subcloning of the RAD6 gene 
was achieved by deleting the rightward BglII/HindIII fragment of p~by 
digestion with both BglII and BamHI (Figure 5). The resulting products were 
ligated and the mix used to transform HB101 to ampicillin resistance. , 
Ampici 11 in resi stant col oni es were screened for the presence of the 
appropriate deletion. The plasmid generated in this way, pTB64, was also 
shown to contain RAD6 function as determined by the ability to restore UV 
resistance to the--rad'6-3 strain, LP2652-9C, indicating that this leftward 
Hi ndI II/Bgl II fragment contai nsthe RAD6 gene. Experiments are in progess 
to determine whether further subcloning of the RAD6 gene is possible while 
still retaining function. --

As a prerequisite for identification of the RAD6 protein product by in 
vitro translation, we will identify the RAD6 transcript. In preliminary
experiments, the 4.2 kb Hi ndII I fragment-orpTB60 was purifi ed and used as· a 
probe to hybridize to total yeast RNA. Three transcripts of about 1.7, 1.1, 
and O.S kb, were observed. The HindIII/BglII fragment present in pTB64 was 
isolated from HindIII/BglII double digestion of pTB60 by electroelution, 
since in the creation of pTB64, the BglII/BamHI ligation generates a 
sequence not recognized by either restriction enzyme. When this 1.9 kb 
HindIII/BglII fragment is used as a probe for hybridization to total yeast 
RNA, the largest transcript disappears and the two smaller ones remain. The 
possibil,ity remains that further subcloning of the 1.9 kb HindIII/BglII 
fragment will yield an even smaller DNA segment which has RAD6 function and 
that when'this smaller fragment is used as a probe for hybrTOization to 
yeast RNA, one of the two transcripts will not be seen. However, it is also 
possible that the RAD6 gene specifies two mRNAs, as has been found for the 
SUC2 gene, which specifies invertase (3); one transcript encodes the 
secreted, glycosylated form of invertase while the other encodes the 
intracellular form of invertase. In the case of the RAD6 gene, one 
transcript may be inducible, in response to DNA damagrng-agents, and the 
other may be constitutive. 
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Figure 5. Restriction map of pTB60. 

The HindIII fragment from pTB16 was cloned into the single HindIII site of 
pABI08, a 6.1 kb derivative of pBR322, and designated here by the thin line 
and the two open bars, one with the URA3 gene and one with the ARS2 sequence 
of yeast DNA. The open bar marked R~represents the HindIII fragment of 
pTBI6. Symbols for restriction enzymes are as given in Figure 1. 
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Figure 6. 

a b c d e f 9 h i 

- 4 .2 kb -- -

Autoradiogram of Southern blot of total yeast DNA h2bridized with 
the 4.2 kb HindIII fragment of pTB6D labeled with 3 P. 

Total DNA purified from strains BE5-2, a RAD+ integrant, lane a; BES-7, a 
rad integrant, lane b; RAD+ non-transformea-5trains: AB 32D, lane c, A364A , 
lane d, #264, lane e, B-635, lane g, LP1777-9A, lane h, and a rad6-3 
non-transformed strai n MD-65, 1 ane f, all di ges ted wi th Hi ndII 1. Lane i 
contains a HindIII digest of lambda DNA. DNAs were separated by agarose gel 
electrophoresis, transferred to ni trocellulose, and hybridized to 
32P-labelled probe. 
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MOLECULAR MECHANISMS OF DNA RECOMBINATION; 
TESTING MITOTIC AND MEIOTIC MODELS* 

Michael S. Esposito and Carlo V. Bruschi 
Biology and Medicine Division 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

A hyperhaploid n + 1 strain of Saccharomyces cerevisiae (LBLl) disomic for 
chromosome VII was employed to isolate hyper-rec and hypo-rec mutations 
affecting spontaneous mitotic gene conversion and intergenic recombination. 
The genotype of LBLl permits simultaneous and independent identification of rec 
mutations that enhance or diminish gene conversion and those that enhance or--
diminish intergenic recombination. Five phenotypic groups of rec mutants were 
isolated following ultraviolet light mutagenesis. Rec mutatioMthat simul
taneously abolish or enhance both classes of recombinational events were 
detected. These results demonstrate that gene conversion and intergenic 
recombination are under joint genetic control in mitotic cells. Conversion
specific and intergenic recombination-specific rec mutants were also recovered. 
Their properties indicate that conversion and intergenic recombination are 
separable phenomena dependent upon discrete REC genes. The rec mutants 
isolated in LBLl provide a method to test molecular ~odels of mitotic and 
meiotic recombination. 

INTRODUCTION 

Interest in the mechanisms of mitotic and meiotic recombination in 
Saccharomyces cerevisiae has been heightened by recent demonstrations that 
genetic recombination plays a significant role in the regulation of gene 
expression in yeast and other eukaryotes (4,10). The mechanisms and pathways 
of yeast mitotic and meiotic recombination are exceptionally amenable to study. 
Molecular studies of DNA recombination and detailed genetic analyses suggest 
the existence of a variety of recombinational intermediates and modes of 
resolution (6). While several rec mutants have been isolated in yeast the 
extant collection does not appear-to include variants defective in each step 
of recombination (1,6). We constructed an n + 1 hyperhaploid strain disomic 
for chromosome VII (5) for the isolation of a broad spectrum of rec mutations. 
The genotype of LBLl permits detection of rec mutations affecting the initia
tion of recombination, establishment of Holliday structures or related 
intermediates, isomerization of Holliday structures and resolution of Holliday 
structures by endonucleolytic scission (11) or DNA replication (3). In this 
report we discuss the phenotypes of recently isolated rec mutants and analytic 
methods for identification of their putative defects. The latter methods were 
developed to characterize the recombinationa1 phenotype of the spoll-l mutant, 
as described in the accompanying article by Bruschi and Esposito. 

* This work was supported by the Director, Office of Energy Research, Office 
of Biology and Medicine of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098, NIH Grant GM 29002 and NIHES Grant ES 02756. 
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MATERIALS AND METHODS 

Yeast strains. The genotype of LBLl, the n + 1 hyperhaploid disomic for 
chromosome VII, is given in Figure 1. 

Media and techniques. The recipes for media have be~n reported previously 
(8). Strain LBLI was maintained on slants of leucineless tryptophanless 
omission medium or frozen in SO% (v/v) glycerol at -70°C. Before each experi
ment single colony isolates of LBLI were obtained by streaking on leucineless 
trytophanless omission medium or synthetic complete medium followed by incuba
tion at 24°C. The genotypes of putative adeS, ade6, and adeS ade6 segregants 
of LBLI were ~erified by complementation analysis employing adeS and ade6 test 
strains. Segregation of cly8, a heat sensitive lethal mutation, was monitored 
by failure of growth on glucose nutrient medium at 36°C. 

Determination of mitotic rates of restitutiun of haploidy, intergenic 
recombination and gene conversion. The rate of occurrence of each type of 
mitotic event was determined by the method of the median of Lea.and Coulson 
(12) as previously reported (S,9,13). The .LBLI strain was plated on synthetic 
complete medium and incubated at 24°C. Twenty-five colonies having a diameter 
of 2.S mm were employed in rate determinations. Colonies of the same size were 
used because such colonies have undergone approximately the same number of cell 
divisions. Each colony was resuspended in sterile distilled water and plated 
on synthetic complete medium, leucineless tryptophanless medium, cycloheximide 
medium and leucineless tryptophanless cycloheximide medium. 

Induction of Rec mutations by ultraviolet light mutagenesis. The LBLI 
strain was plated on leucine less tryptophanless medium and exposed to a 6S% 
killing dose of ultraviolet light. Surviving red colonies of 2.S mm diameter 
were resuspended and plated on leucineless tryptophanless cycloheximide medium 
to detect rec mutations affecting spontaneous gene conversion and intergenic 
recombination. Red cycloheximide resistatlt segregants of LBLI detected on 
leucineless trptophanless cycloheximide medium result from gene conversion of 
CYH2 s to cyh2r while white resistant colonies result from intergenic . 
recombination in the CYH2 - TRPS interval (S). 

RESULTS 

Chromosomal Recombination and Segregation in Strain LBLI 

Strain LBLI is a n + 1 hyperhaploid disomic for chromosome VII which we 
employed for the ·isolation of hyper-rec and hypo-rec mutations affecting 
mitotic gene conversion and/or intergenic recombination. The genotype of LBLI 
is shown in Figure 1. The disomic chromosome is heterozygous at six loci 
distributed on both sides of the centromere. The strain forms red colonies on 
chemically defined' and complex glucose nutrient media due to the presence of 
the ade2-l mutation that confers adenine auxotrophy and accumulation of a 
cell-limited red pigment (IS). The trans arrangement of markers at LEUI and 
TRPS is employed for maintenance of the disomic strain~ Haploid segregants 
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resulting from breakdown of the disome are unable to grow on media lacking 
leucine and tryptophan. The cyh2r mutation, a recessive marker, permits 
simultaneous monitoring of gene conversion, intergenic recombination and 
restitution of haploidy. 

Gene conversion, intergenic recombination and restitution of haploidy (due 
to chromosomal loss of nondisjunction) result in rare cycloheximide resistant 
segregants that can be detected selectively as summarized in Table 1 and 
previously reported (S). The rates of occurence of each class of mitotic event 
resulting in cycloheximide resistant segregants were determined by the method 
of the median of Lea and Coulson (12) as described in the previous section. 
Twenty-five colonies of the LBLI strain grown at 24°C were plated on diagnostic 
media to determine the number and types of cycloheximide resistant segregants 
that had arisen during growth. The results of this analysis are summarized in 
Table 2. The data demonstrate that the chromosome VII disome is highly stable 
and that gene conversion of CYH2 s to cyh2r and intergenic recombination in 
the interval CYH2 - TRPS can be detected separately from events resulting in 
restitution of haploidy by plating cells on leucineless tryptophanless cyclo
heximide medium. Two classes of cycloheximide resistant colonies (Classes B 
and C of Table 1) arise on this medium. Red colonies are of the Class B type 
and are due to gene conversion of CYH2 s to cyh2r with maintenance of 
disomy. White colonies are of the Class C type and result from intergenic 
recombination in the interval CYH2 - TRPS. They are white due to homozygosity 
for the adeS mutation which blocks ac~lationof the red pigment precursor. 

Ultraviolet light induced rec mutations affecting spontaneous mitotic gene 
conversion, as measured by the appearance of Class B segregants, and/or 
intergenic recombination, as measured by the appearance of Class C segregants, 
were obtained as described below. 

Isolation of Recombination Mutants 

The LBLI strain was plated on leucineless tryptophanless medium and 
mutagenized by exposure to ultraviolet light a,s described in MATERIALS AND 
METHODS. After growth at 24°C, surviving red colonies were resuspended and 
plated on leucineless tryptophanless cycloheximide medium to assay the 
frequencies of Class B and Class C segregants within each colony. A total of 
2,467 survivors of UV mutagenesis were examined. Fifty-four mutants that 
exhibit a reproducible hypo-rec or hyper-~ phenotype were obtained. The 
phenotypes of the mutants are summarized in Table 3. Five phenotypic groups 
were observed. Mutants in Group I exhibit reduced levels of both spontaneous 
mitotic gene conversion and intergenic recombination. This mutant class 
demonstrates that gene conversion and intergenic recombination are under 
coordinate genetic control. Group II mutants retain the capacity for gene 
conversion but exhibit a reduced level of intergenic recombination. The 
existence of this class indicates there are REC gene products required for 
detection of intergenic recombination that a;e-not required for gene 
conversion. Mutants of Group III display normal levels of spontaneous gene 
conversion and enhanced intergenic recombination. The existence of Group III, 
like that of Group II, demonstrates that intergenic recombination is affected 
by gene products that are not involved in gene conversion. 
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Table 1. Chromosomal loss, nondisjunction, gene conversion and intergenic recombination of chromosome VII 
markers. 

Event 

Chromosomal loss or nondisjunction 

Gene conversion of CYH2s to cyh2r 

Recombination in the interval CYH2 - TRPS 

Recombination in the interval TRPS - LEUI 

Re"combination in the interval 
LEUI - centromere 

Gene conversion and chromosomal loss 
or nondisjunction 

Recombination and chromosomal loss 
or nondisjunction 

Genotypes of cycloheximide resistant 
segregants 

Haploid 

Disome 

Disome 

Disome 

Disome 

Haploid 
Haploid 

Haploid 
Haploid 
Haploid 
Haploid 

adeS cyh2r trpS LEUI ade6 c1y8 

ADES cyh2r TRPS leul ADE6 CLY8 
adeS cyh2r trpS LEUI ade6 c1y8 

adeS cyh2r TRPS leul ADE6 CLY8 
adeS cyh2r trpS LEUI ade6 c1y8 

adeS cyh2r trpS leul ADE6 CLY8 
adeS cyh2r trpS LEUI ade6 c1y8 

adeS cyh2r trpS LEUI ADE6 CLY8 
adeS cyh2r trpS LEUI ade6 c1y8 

adeS cyh2r trpS LEUI ade6 cly8 
ADES cyh2 r TRPS leul ADE6 CLY8 

adeS cyh2r trpS LEUI ade6 c1y8 
adeS cyh2r trpS LEUI ADE6 CLY8 
adeS cyh2r TRPS leul ADE6 CLY8 
adeS cyh2 r trpS leul ADE6 CLY8 

Phenotypic 
classa 

A 

B 

C 

D 

D 

A 
E 

A 
D 
F 
G 

a Class A is diagnostic of chromosomal loss or nondisjunction. Class B is diagnostic of gene conversion 
of CYH2s to cyh2r with maintenance of disomy. Class C is diagnostic of recombination with mainte
nance of disomy. Class D is diagnostic or recombination. Class E is diagnostic of gene conversion and 
resititution of haploidy. Classes F and G are diagnostic of recombination and restitution of haploidy. 
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Table 2. Rates of spontaneous mitotic restitution of haploidy, gene conversion and intergenic recombination 
of chromosome VII markers. 

Event detected 

,/ 

Chromosomal loss or nondisjunction 

Gene conversion of CYH2s to cyh2r 

Recombination in the interval CYH2 - TRP5 

Recombination in the interval TRP5 - ADE6 

a Total of all events 

Phenotypic 
class 

A 

B 

C 

D 

Mitotic rates: 
Cyh medium 

1.37 x 10 -5 

-6 1. 45 x 10 ' 

3.66 x 10 -6 

4.47 x 10 -6 

, -5 
2.44±0.24 x 10 

Mitotic rates: 
Leu-Trp-Cyh medium 

, -6 
2.03 x 10 

"-6 3.30 x 10 

-6 5.33±0.64 x 10 

aA total of 25 colonies of LBLI grown on synthetic complete medium at 24°C were plated on both cycioheximide 
synthetic complete medium and leucineless tryptophanless cycloheximide medium. The total rates per cell 
division of the ensemble of events that result in Cyhr and Leu+rrp+Cyhr resistant segregants were determined 
by the median method of Lea and Coulson (12). A total of 1033 colonies recovered on Cyh medium and 314 
colonies recovered on Leu-Trp~Cyh medium were further characterized to determine the rates for each pheno
typic class. Classes A,B,C, and D accounted for 98% of the events detected on Cyh medium. Classes Band 
C accounted for 98% of the events detected on Leu-Trp-Cyh medium (5). 
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Table 3. Mitotic recombination mutants isolated following ultraviolet light mutagenesis of LBLI. 

Phenotypic Groups 

1. Conv. Recip •. Exch. 

II. Conv.+ Recip. Exch. 

III. Conv.+ Recip.Exch.+++ 

IV. Conv. Recip. Exch.+ 

V. Conv.+++ Recip. Exch.+++ 

Control. LBLI (25 colonies) 

No. Mutants 
Obtained 

13 

·24 

13 

1 

3. 

Average Spontaneous Mitotic Recombination Frequenciesa 

.r 6·r 6 Cyh Conv./IO . cells Cyh Inter. Rec./IO cells 

1.5 0.8 

22.8 0.8 

15.3 121.9 

0.8 19.7 

94.7 1006.4 

19.4 29.1 

aTh~ av~rage values for each phenotypic group of mutants represent the results of four independent determi
nations per mutant. For each determination a 2.5 mm colony grown on synthetic complete medium was resus
pen$ed and plated on leucineless tryptophanless cycloheximide medium to determine the frequency of red 
Leu Trp+Cyhr convertants and white Leu+Trp+Cyhr intergenic recombinants. Phenotypic symbols are as 
follows: - = hypo-rec; + = wildtype; and +++ = hyper-rec. 



Groups IV and V contain the fewest number of mutants. Group IV, containing 
one mutant, fails to exhibit conversion but does exhibit intergenic 
recombination. The phenotype of Group IV demonstrates that gene conversion 
involves processes that are not required for intergenic recombination. Group V 
mutants exhibit enhanced levels .of both gene conversion and intergenic 
recombination. Like Group I, Group V demonstrates the existence of REC gene 
products that coordinately control the levels of gene conversion ana intergenic 
recombination in mitotic cells. More detailed information regarding the 
functions of the REC genes comprising the five phenotypic classes which we have 
identified can be obtained by examining their meiotic phenotypes, as discussed 
below. 

DISCUSSION 

Several molecular models of recombination have been proposed to explain the 
properties of mitotic and meiotic gene conversion and reciprocal recombination 
(2,11,14,16). Most share three elements in common: 1) Gene conversion 
reflects the establishment of heterodup1ex DNA, which may persist or undergo 
mismatch repair; 2) Reciprocal recombination results from the formation, 
isomerization, and endonuc1eo1ytic cleavage of Holliday structures; and 
3) Chromosomal recombination is initiated postrep1icationa11y in G2 of mitosis 
and meiosis. Recent studies~ however, have provided genetic evidence that 
most, if not all, mitotic recombination between homologous chromosomes of 
diploid cells is initiated prerep1icationa11y (3,7,18) and that postrep1ica
tiona1 mitotic sister chromatid exchange also occurs (17). We proposed a 
molecular model of prereplicational mitotic recombination to explain the 
properties of mitotic recombination between homo10gs (3,9). According to the 
model prerep1icationa1 recombination is initiated by heterodup1ex DNA formation 
involving unrep1icated homologs. The formation of heterodup1ex DNA results in 
gene conversion of heterozygous markers and can be detected both with and 
without mismatch repair (6). Gene conversional events, for example, result in 
Class B red cycloheximide resistant segregants of the LBL1 disome (Table 1). 
Mitotic reciprocal intergenic recombination, according to our model, requires 
the formation of a Holliday structure, does not require isomerization, and can 
only be detected when the Holliday structure is not endonuc1eo1ytica11y cleaved 
and persists through chromosomal DNA replication. Class C segregants of LBLl 
presumably arise in this manner by formation of a Holliday structure in the 
CYH2 - TRPS interval. 

The critical functions required for detection of prerep1icationa1 mitotic 
gene conversion and intergenic recombination are summarized in Table 4. The 
collection of hyper-~ and ~-~ mutants isolated in the LBL1 strain 
(Table 3) includes all of the phenotypic groups anticipated following loss of 
functions affecting prerep1icationa1 mitotic gene conversion and reciprocal 
recombination, i.e., Groups I, II, and III of Table 3. Group IV of Table 3, a 
rare_mutational class, may result in preferential mismatch repair of 
CYH2 s :cyhZr heterodup1exes to the CYH2 s :CYH2s homodup1ex state, thereby 
diminishing the frequency of C1ass-a-red-cyc10heximide resistant comvertants. 
Group V mutants of Table 3, which enhance both gene conversion and intergenic 
recombination are likely to result from increased overall initiation of mitotic 
recombination. We have previously described a mitosis-specific hyper-rec 
mutation of this type, rem1-l (8,9). 
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Future studies of Group I, II and III rec mutants will focus on a 
Jcomparison of their mitotic and meiotic phenotypes. Group I is expected to 

include mutants that are hypo-rec with respect to both meiotic gene conversion 
and reciprocal recombination owing to loss of a function required for 
initiation,of heteroduplex DNA formation in both mitosis and meiosis (Table 5). 
Group II mutants are expected to be of two types. Those which diminish 
Holliday structure formation in both meiosis and mitosis are expected to affect 
mitotic and meiotic recombination in the same manner (Table 5). Those which 
are defective in mitotic reciprocal recombination due to failure to resolve 
mitotic Holliday structures by replication are not expected to affect meiotic 
reciprocal recombination (Table 5). Group III mutants that exhibit a hyper~rec 
phenotype with respect to reciprocal recombination due to loss of a function 
required for both mitotic and meiotic endonucleolytic scission of Holliday 
structures are expected to exhibit a hypo-rec phenotype with respect to meiotic 
reciprocal recombination. Evidence that the spoll-l mutation may belong to 
this class of ~ mutations is discussed in this volume by Bruschi and 
Esposito. 

The isomerization of Holliday structures may play no important role in 
prereplicational recombination (Tables 4 and 5). Consequently ~ mutants 
isolated in LBLI are not expected to include variants defective in isomeriza
tion of Holliday structures. Putative isomerase defective mutants can, how
ever; be detected as variants that fail to exhibit reciprocal sister chromatid 
exchange and reciprocal meiotic intergenic recombination. Selective systems 
to isolate such mutants are presently available. 
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Table 4. Prereplicational versus postreplicational recombination. 

Functions involved in recombination 
Prereplicational 
recombination 

Postreplicational 
recombination 

l. Formation of heteroduplex 

2. Establishment of Holliday 
structures 

3. Isomerization of Holliday 
structures 

4. Endonucleolytic scission 
Holliday structures 

5. Repiicational resolution 
Holliday structures 

ADE5 

DNA 

of 

of 

required 

required 

not required 

not required 
and 

antagonistic 

required 

required 

required 

required 

required 

impossible 

CYH2S TRP5 leuJ 1ZII ADE6 ClY8 
------------------------------------~O~--------------------

ode5 cyh2r trp5 lEUl ode6 cly8 
------------------~------------------------~()~----------------~--------101 79 18 3 29 18 

MATo ill 
--------------~()~---25 

/ ~ ode2 
--~()~--~---------86 

Figure 1. Genotype of the chromosome VIr disomic strain LBLI. The map dis
tances shown are the standard meiotic values. 
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Table 5. Predicted phenotypes of rec mutations affecting prerep1icationa1 and/or postrep1icationa1 
recombinationa • 

Absent function 
Prerep1icationa1 recombination 
Conversion Recip. Exch. 

Postrep1icationa1 recombination 
Conversion Recip. Exch. 

1. Formation of heterodup1ex DNA 

2. Establishment of Holliday + + 
structures 

3. Isomerization of Holliday + + + 
structures 

4. Endonuc1eo1ytic scission of + +1+ + 
Holliday structures 

5. Rep1icationa1 resolution of + . + + 
Holliday structures 

aphenotypic symbols are as follows: - = hypo-rec; += wi1dtype; and +1+ = hyper-rec 
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RECOMBINATION PROCESSES IN A SPORULATION-DEFECTIVE MUTANT OF 
S. cerevisiae: ROLE OF HOLLIDAY STRUCTURE RESOLUTION* 

Carlo V. Bruschi and Michael S. Esposito 
Biology and Medicine Division 
Lawrence Berkeley Laboratory 

University of California, Berkeley, CA 94720 

A mutant of the yeast Saccharomyces cereV1S1ae, defective in the production 
of ascospores, is used for comparative analysis of the formation and resolution 
of Holliday structures in meiotic and mitotic recombination. Diploid hybrids 
homozygous for the mutation spoll-l exhibit not only a sporulation-deficient 
phenotype, but also a very low level of ascosporal viability, due to nondis
junction and chromosomal loss. Ascosporal survival is ca. 0.02% while in 
SPOll/SPOll diploids ascosporal survival typically exceeds 95%. The genetic 
characterization of spoll-l/spoll-l hybrids has provided evidence supporting 
the hypothesis that failure to cut Holliday structures, during both mitosis and 
meiosis results in a hyper~rec phenotype in mitosis and hypo-rec phenotype 1n 
meiosis. Diploid spoll~l/spoll-l cells are hyper-rec with respect to 
spontaneous mitotic intergenic recombination and hypo-rec with respect to 
spontaneous meiotic intergenic recombination. The spontaneous level of mitotic 
intergenic recombination at 24°C, a semi-permissive temperature for the 
sporulation process in spoll-l/spoll-l hybrids, is ca. 5 fold higher in 
spoll-l/spoll-l than in wild-type SPOll/SPOll hybrids, while no significant 
difference exists at the restrictive temperature of 34°C. No activity on 
spontaneous intragenic heteroallelic recombination (gene-conversion), which 
does not depend upon resolution of Holliday structures,is detected at both 
temperatures. Meiotic intergenic recombination in the mutant, in contrast, ,is 
ca. 2 fold lower .than that of wild type hybrids. 

The phenotype of spoll-l homozygous diploids precisely fulfills the 
expected phenotype predicted according to the model of prereplicational mitotic 
recombination versus postreplicational meiotic recombination for cells 
defective in the endonucleolytic scission of Holliday ~tructures in both 
mitosis and meiosis. Preliminary studies of mitotic and meiotic recombination 
of the 2-micron DNA plasmid in spoll-l/spoll-l and SPOll/SPOll cells have been 
initiated to characterize the recombinational defect of spoll-l cells at the 
DNA molecular level. 

* This work was supported by the Director, Office of Energy Research, Office 
of Biology and Medicine of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. The authors' research is supported by the National 
Institutes of Health, Grant No. GM 29002. We thank Dr. S. Klapholz for 
providing yeast strains employed in this study. 
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INTRODUCTION 

Different mechanisms of genetic recombination in meiosis and mitosis and 
the existence of common REC gel1e functions can be genetically studied in yeast 
by the isolation of mutants affected in one or both processes with respect to 
the formation and resolution of Holliday structures (7). In meiosis, in which 
genetic recombination appears to occur after DNA synthesis and chromosomal 
duplication, in the G2 phase, the cleavage of Holliday structures formed in the 
G2 phase is the hypothesized basis for the generation of meiotic intergenic 
recombinants (11,15). Failure to resolve Holliday structures that engage 
nonsister chromatids would be expected to reduce the level of detectable 
meiotic intergenic recombination, to cause extensive meiotic nOridisjunction and 
to result in drastic ascospore lethality owing to the consequent aneuploidy. 

The effect of failure to resolve Holliday structures in mitosis is expected 
to differ from that observed in meiosis. We have recently presented genetic 
data indicating that spontaneous mitotic recombination between homologous 
chromosomes occurs at the two-strand stage, i.e., in the Gl phase, before 
chromosomal duplication, in both wild type hybrids and hybrids homozygous for 
the mitotic hyper-rec mutation reml-l (6,10). A specific-prereplicational 
model of mitotic recombination at the two-strand stage was advanced by 
Esposito (6), who proposed that intergenic recombination is initiated pre
replicationally by formation of Holliday structures. Some of these structures, 
th~t are not resolved by e~donuc1eolytic scission, are instead resolved by 
chromosomal DNA replication (Figure 1). According to this model, failure to 
cut Holliday structures by enzymatic activity before DNA replication would 
allow more of them to be resolved by DNA synthesis and would increase the level 
of mitotic recombination. These resolution events change the linkage relation
ships of heterozygous markers bracketing the site of the Holliday structure and 
are detected by standard methods which rely on the appearance of homozygous 
sectors. Holliday structures resolved by endonucleolytic cleavage, in 
contrast, do not produce sectors or mitotic intergenic recombinants and thus 
escape detection. 

A critical analysis of the involyement ,of resolution of Holliday structures 
in meiotic and mitotic recombination processes can thus be carried out with 
mutants that show high levels of lethality of the meiotic products due to non
disjunction and consequent chromosomal loss leading ~o aneuploidy. Such 
mutants may include variants defective in the resolution of Holliday structures 
formed during both mitosis and meiosis. They would 'be expected to exhibit a 
hypo-rec phenotype with respect to spontaneous intergenic recombination and a 
hyper-rec phenotype with respect to spontaneous mitotic intergenic 
recombination. Furthermore, the level of gene-conversion measured as 
intragenic heteroallelic recombination should be normal, since conversion 
depends upon formation of heteroduplex DNA rather than the mode of Holliday 
structure resolution. The extent of mitotic hyper-rec activity of such mutants 
would depend upon the efficiency with which Holliday structures are normally 
cleaved in the wild type. 

255 



......I1 A Be 

-U 

~ a be 
I...J 

~ Ho"iday Structure 
formed in G1 

......I1 A Be 

~ 
A X Be 

a be 
"I...J a be 

! DNA Synthesis 

~ A Be 

.-----------------------~ 

-----------------------~. --uJ a be 
Mitotic Disjunction Patterns 

I 

Sectored Colony OR 

-oJ A Be 

-ill a Be 

-iliA be 

-rna be 

~ 
Non-sectored 

Colony 

-[!]A Be 

-0a be 

-iliA be 

~a Be 

Figure 1. The prereplicational model of mitotic recombination proposed by 
Esposito (6). Prior to chromosomal duplication, a Holliday structure (11) is 
formed by exchange of single strands of DNA of the same chemical polarity. 
When the Holliday structure is not cleaved prior to duplication of the 
chromosomes the resulting chromatids consist of a pair with markers in the non
recombinant configuation, i.e. 1 and 4 and a pair of recombinant chromatids, 
i.e. 2 and 3. When chromatids 1 and 3 separate from 2 and 4 a sectored colony 
results, exhibiting segregation of the recessive markers band c. The arrows 
indicate the 3' termini of the deoxyribonucleotide chains~ The-broken lines 
indicate DNA synthesized during the S phase of mitosis. 
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The data described below demonstrate .that diploids homozygous for the 
mutation spoll-l exhibit the genetic characteristics expected for cells 
defective in both mitotic and meiotic endonucleolytic scission of Holliday 
structures. 

MATERIALS AND METHODS 

Strains. Mitotic and meiotic recombination was studied in the MATa/MATa 
heterothallic spol1-l/spoll-l hybrid, CBXl, and the MATa/MATa heterothallic 
SPOIl/SPOIl congenic hybrid, CBX2, having the .genotypes shown in Table 6. 

Media and genetic techniques. Genetic procedures and the compositions of 
the glucose nutrient (YPD), synthetic growth media, and sporulation media have 
been reported (8,14). 

Plating of parallel vegetative cultures. The diploids used in 
recombination experiments were plated on YPD medium and incubated at 24°C or 
34°C to obtain single colonies. 100 ml liquid YPD cultures supplemented with 
60 mg/liter of adenine were inoculated with one colony of approximately 3 mm 
in diameter (ca. 1.5 - 3.0 x 107 cells). The cultures were grown at 24°C or 
34°C, respectively, harvested during the exponential phase of growth, con
centrated by centrifugation, washed once in 10 ml of sterile distilled water 
and plated on the appropriate synthetic media. The plates were incubated for 
7 days prior to counting. 

Caclulation of recombination rates. Mitotic recombination rates were 
calculated by the methods of Drake (1) and Lea and Coulson (13). The pertinent 
recombination rates for each culture were obtained from the equation r=0.4343 
f/(logN-logNo), (where r=rate, f=frequency of recombinants, N=final total 
cell number, and No=initial cell number). The median rate was then 
determined. 

RESULTS 

Isolation and Properties of spoll-l 

The spoll-l mutation was isolated following ultraviolet mutagenesis of 
ascospores derived from a homothallic diploid strain of Saccharomyces 
cerevisiae and subsequently introduced into heterothallic stocks (2,3). 
Diploids homozygous for the spoll-l mutation exhibit reduced sporulation ru 
compari'son to wild type diploids at both 24°C and 34°C. At 24°C 
spo1l-l/spo11-l diploids exhibit ca. 25% asci in comparison to wild type 
diploids which yield ca. 70% asci at this temperature. At 34°C spoll-1/spo11-l 
diploids yield ca. 10% asci in comparison to congenic wild type diploids that 
exhibit ca. 60% sporulation • 

We have characterized the effect of the spoll-l mutation on mitotic and 
meiotic recombination at both 24°C and 34°C in order to determine the 
temperature dependence of the spoll-l defect. To perform the analysis it was 
necessary to determine the effect of the spoll-1 mutation on ascosporal 
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viability at 24°C. In a preliminary experiment we dissected 81 four-spored 
asci and 1 three-spored ascus obtained following sporulation of the 
spoll-l/spoll-l hybrid at 24°C. None of the ascospores gave rise to viable 
colonies at 24°C. This result indicated the spoll-l mutation results in 
drastically reduced ascospore viability. 

In order to further assess the effect of the spoll-l mutation on survival 
of cells exposed to sporulation medium, a sporulated suspension of the 
spoll-l/ spoll-l hybrid was diluted and plated on solid YPD medium. A total of 
1026 plated cells plus asci were observed microscopically over a 20 hr period 
during incubation at 24°C on YPD plates. The results of this microscopic 
analysis are summarized in Table 1 below. 

Table 1. Viability of spoll-l/spoll-l after sporulation at 24°C. 

Micro-Colonies Dead Cells Dead Asci Total Observed 

41 728 257 1026 

(4.0% ) (71. 0%) (25.0% ) 

Only 41/1026 surv1v1ng microc010nies were observed. This observation 
demonstrates that the spoll-l mutation results in reduced viability of 
unsporulated as well as sporulated cells. To obtain a more precise estimate 
of ascosporal viability of spoll-l/spoll-l segregants, a total of 855 
microcolonies were characterized by light microscopic observation in order to 
distinguish between apparently diploid cell colonies and haploid cell 
colonies. Haploid cells can be recognized by their smaller size and haploid 
growth habit. A total of 4/855 presumptive haploid colonies were observed. 
Subsequent genetic analysis of putative haploids has supported the conclusion 
that they are indeed haploid or hyperhaploid. These observations and the 
knowledge that the sporulated suspension consisted of 25% asci allow us to 
calculate that ascospore survival of the spoll-l/spoll-l haploid is ca. 0.02%. 

Effect of the spoll-l Mutation on Meiotic Recombination 

, We employed the CBXl spoll-l/spoll-l hybrid to determine the effect of the 
spoll-l mutation on meiotic intergenic recombination for markers on chromosome 
VII following sporulation at 24°C. Owing to the fact that the spoll-l mutation 
drastically reduces ascospore viability, it was not possible to observe its 
effp.ct upon meiotic recombination by standard tetrad analysis. We performed a 
modified random spore analysis taking advantage of the fact that the diploids 
are cani/CANI heterozygotes sensitive to canavanine. Meiotic canl segregants 
resistant to canavanine can be randomly selected out of sporulated populations 
by replica plating on arginineless plates containing 60 ug/ml of canavanine. 
40 independent colonies of the spoll-l/spoll-l hybrid were sporulated and 
replicated on canavanine medium. Single canavanine-resistant colonies were 
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Figure 2. Meiotic and mitotic maps of chromosome VII intervals of the wild 
typeSPOll/SPOll and the spoll-l/spoll-l mutant hybrids. Both maps of the 
wild type were determined in previous studies from our laboratory (8,9,10,14). 
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then picked up randomly, grown on YPD master plates, replicated to the complete 
and drop-out media and mated to 4 different adel tester strains. Two of these 
were a and a mating type tester strains and the two others were chromosome VII 
teste-;s. M-;ting between the tester strains and spoll-l meiotic segregants 
resulted in adenine prototrophic colonies that could be scored following 
replica plating to adenine-deficient medium. We analyzed 1160 colonies that 
mated with one of the two mating type testers. The sample included both 
monosomic chromosome VII segregants and disomics for chromosome VII. The 
analysis provided an estimate of the percent meiotic recombination among 
surviving ascospores of the spoll-l/spoll-l hybrid for the intervals between 
the chromosome VII markers ade5-met13-cyh2-leul~ade6 and the chromosome V 
markers canl-hom3. The results are shown in Table 2. ----

Table 2. Single strand analysis of meiotic segregants of the spoll-l/spoll-l 
hybrid (CBXl) a 

Corrected 
Interval + + + + Total % Rec. 

ade5-met13 Rl 223 P2 139 PI 367 R2 94 823 28 

met13-cyh2 Rl 117 P2 429 Pl 162 R2 61 769 19 

cyh2-leul Rl 80 P2 199 Pl 370 R2 120 769 38 

leul-ade6 PI 406 Rl 86 R2 68 P2 261 821 20 ----
canl-hom3 PI 1083 Rl 77 1160 9 ----

a Pl and P2 are the parental categories; Rl and R2 are the 
recombinant ones. The percentages of recombination have been corrected 
for the presence of disomics for chromosome VII that increase the real 
number of chromosomes involved in the analysis. P2 and R2 for the 
interval between canl and hom3 on chromosome V are not given because 
canavanine sensitive strands are not rescued. 

On the basis of the values of meiotic recombination reported in Table 2, 
we have constructed the meiotic map of the spoll-l/spoll-l hybrid which is 
compared with that <;>f the SPOIl/SPOIl wild type in Figure 2. As one can see 
there is an overall reduction of ca. 50% of the map length between the ade5 and 
ade6 markers: the total length of the wild type map is 216 eM while in the 
mutant it is only 105 eM. The reduction of recombination is not homogeneous 
in the various intervals measured on chromosome VII. Recombination in the 
leul-ade6 and cyh2-leul intervals is 50% of the wild type level and 64% of the 
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wild type level between ade5 and met13. The greatest reduction was observed 
in the interval between the canl and hom3 markers on chromosome V in which the 
spoll-l value is of the order of 14 fold lower than that of the wild type. 
The interval met13-cyh2 on chromosome VII exhibited no apparent reduction in 
spoll-l/spoll-l. 

The gene to centromere distance for leul was also estimated but by a 
different approach, since it cannot be obtained from random spore analysis. 
We isolated.a total of 104 microcolonies following sporulation and growth of 
the spoll-l/spoll-l hybrid on YPD medium. In this sample, 98 microcolonies 
consiste'd of diploid cells Le., they were non-maters, were able to sporulate 
poorly, and exhibited heterozygosity for one or more markers originally present 
in heterozygous or heteroallelic condition. Among these 98, two exhibited 
reciprocal recombination in the leul to centromere map interval, providing an 
estimate of the meiotic recombination frequency for this interval. Previous 
studies have demonstrated that map values obtained among diploids following 
extensive exposure to sporulation conditions approximate true meiotic map 
distances (4,5,16). 

Effect of the spoll-l Mutation on Mitotic Recombination 

The spontaneous rates of mitotic'intergenic recombination for markers on 
chromosome VII were measur'ed by plating aliquots from five parallel cultures 
of the spoll-l/spoll~l CBXl hybrid and the SPOIl/SPOIl CBX2 congenic wild type 
on synthetic complete medium and selective media. 

The rate of heteroallelic (intragenic) recombination at trp5, located on 
chromosome VII, at 24°C was determined from the total number of prototrophs in 
each of the five parallel cultures as described in MATERIALS AND METHODS. The 
rate of heteroallelic recombination leading to prototrophy is the same in the 
spoll-l/spoll-l hybrid and the wild type. The spoll~l mutation does not confer 
a hyper-rec phenotype with respect to heteroallelic intragenic recombination 
events leading to prototrophy (Table 3). The spoll-l mutation does, however, 
exhibit an enhancement of the rate with which heteroallelic recombination at 
trp5 is associated with intergenic recombination in the interval trp5-cyh2 
leading to the production of red-white and white Trp+ colonies. The spoll-l 
mutation also confers hyper-rec activity in the case of intergenic recombina
tion events unselected with respect to association with gene conversion, as 
discussed below. 

The rates of mitotic events resulting in the production of canavanine 
resistant segregants at 24°C and of cycloheximide resistant segregants at 24°C 
and 34°C are reported in Tables 4 and 5, respectively. No substantial, 
differences between spoll-l/spoll-l and SPOll/SPOll were ob'served. Since 
canavanine resistant and cycloheximide resistant segregants arise by both 
conversion and intergenic recombination in unknown proportions we proceeded to 
measure intergenic recombination on chromosome VII. 

Intergenic recombination on chromosome VII was monitored by the production 
of white and red-white sectored colonies on synthetic complete medium at the 
fwo temperature of 24°C and 34°C. Since the hybrids are homozygous for the 
ade2-l mutation, mitotic events that result in homozygosity for either ade5 or 

261 



Table 3. Spontaneous tryptophan prototrophic segregants recovered from 
cultures following growth of the spo11-l/spoll-l and SPOIl/SPOIl 
hybrids at 24°C. 

Culture 
Diploid Number 

spo11-l 
spoll-l 

SPOll 
SPOIl 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Rate 

1 

2 

3 

4 

5 

Rate 

Prototrophic segregants, No/l06 
Red White Sectored Total 

16.9 65.2 

18.9 3.4 

6.7 2.2 

18.9 3.3 

22.5 111.0 

28.1 2.2 

16.3 1.1 

18.6 3.0 

21.2 4.9 

14.4 2.1 

1.00 x 1. 70 x 
10-6 10-7 

20.3 1.4 

16.2 4.2 

19.2 2.5 

111.9 1.5 

233.1 2.2 

0.93 x 1.11 x 
10-6 10-7 

0.0 

1.0 

0.0 

0.0 

0.0 

0.1 

0.2 

0.1 

0.0 

0.5 

0.0 

0.0 

0.0 

0.2 

0.4 

262 

82.2 

23.2 

8.9 

22.1 

133.5 

30.4 

17 .5 

21.7 

26.0 

17.0 

1.27 x 
10-6 

21.7 

28.3 

21.7 

113.6 

235.7 

0.99 x 
10-6 

Cells/culture 
x 10-9 

1. 56 

1.03 

1.19 

1.22 

1.18 

5.95 

4.98 

3.39 

4.28 

3.42 

2.51 

3.69 

7.83 

3.02 



Table 4. Spontane.ous canavanine resistant segregants recovered from cultures 
following growth of s2011-l/s2oll-l and SPOIl/SPOIl hybrids at 24°C • 

Culture Resistant se<gregants, . No/lOS Cells/culture 
Diploid Number Red White Sectored Total x 10-9 

s20ll- 1 
spoll-1 1 35.8 0.3 1.5 37.6 1.56 

2 31.0 2.3 0.0 33.3 1.03 

3 39.3 0.0 0.0 39.3 1.19 

4 142.0 2.3 0.3 144.6 1.22 

5 54.2 8.8 0.0 63.1 1.18 

6 23.2 0.0 0.0 23.2 3.19 

7 42.2 0.1 0.0 42.3 5.95 

8 25.6 0.0 0.0 25.6 4.98 

9 26.0 0.3 0.1 26.5 3.39 

10 33.7 0.0 0.3 34.0 4.28 . 

Rate 1.90 x 1.50 x 1.97 x 
10-5 10-7 10-5 

SPOll 
SPOll 1 17.0 0.6 0.0 17.6 3.42 

2 38.2 14.9 0.0 53.1 2.51 

3 38.0 0.4 0.0 38.4 3.69 

4 29.4 0.2 0.0 29.6 7.83 

5 151.8 349.7 9.5 511.0 3.02 

Rate 1. 76 x 3.00 x 2.99 x 
10-5 10-7 10-5 
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lable 5. Spontaneous cycloh~ximide resistant segregants recovered from 
colonies of the spoll-l/spoll-l and SPOll/SPOll hybrids grown 
at 24°C and 34°C. 

Colony 
Diploid Number 

sEoll-1 
spoll-1 1 

2 

3 

4 

5 

Rate 

SPOIl 
SPOll 1 

2 

3 

4 

5 

Rate 

Colonies grown at 24°C 

Resistant 
segregants 

No. 105 

12.3 

18.6 

13.5 

22.0 

10.9 

0.8 x 10-5 

6.2 

7.0 

29.6 

23.9 

10.7 

0.7 x 10-5 

Ce lls/ colony 
xlO-7 

2.6 

2.2 

2.5 

2.2 

2.6 

1.2 

1.4 

1.6 

0.8 

1.6 

. Colonies grown at 34°C 

Resistant 
segregants 

No. 105 

24.1 

18.0 

18.2 

18.0 

47.5 

Cells/ colony 
xlO-7 

3.9 

1.8 

2.4 

2.1 

1.7 

1.1 x 10-5 

7.0 1.8 

19.4. 0.9 

19.8 1.9 

10.1 2.3 

9.5 2.8 

0.6 x 10-5 

ade6 result in the production of white and red-white sectored colonies. 
Red-white sectored colonies represent events that occurred in the cell 
divisions following plating. Their frequency thus provides a direct estimate 
of the rate of mitotic events resulting in ade5/ade5 and ade6/ade6 segregants 
(Table 6). Comparing the rates of the mutant and the wild type at 24°C we 
found a five fold higher rate for the mutant that is statistically significant 
at the 99% confidence level. At 34°C, however, there is only a small 

\ 
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Table 6. Mitotic recombination rates of spoll~l/ spoll-l and SPOll/SPOll 
hybrids at 24°C and 34°C 

Red-white sectored colonies 
Diploids Temperature on synthetic complete 

spoll-l 24°C 5.2 + 1.2xIO-4 (19/36821) 
spoll-l 
(CBXl) 34°C 5.3 + 1.4x10-4(14/26668) 

SPOll 24°C 1.4 + O.6xIO-4 (05/34808) 
SPOll 
(CBX2) 34°C 4.3 + 1.3xIO-4(11/25288) 

VII 

ADE5 met13-c 
r 

tq~5-c . leul-c ade6 cz:h2 Q 
ade5 METl3 CYH2

s 
trp5-d LEUl ADE6 

O.8xIO-5 

1.1x10-5 

O.7xIO-5 

O.6xIO- 5 

V 

hom3 Q 
HOM3 

1. 3x10-6 

O.9xIO-6 

XV 

CANIs 
8 

canl r 

2.0xIO-5 

2.9xIO-5 

ade2 

ade2 

difference between the two r.ates of recombination that is in the range of the 
standard deviations and is not significant.· It thus seems that the wild type 
gene product is temperature sensitive and that the spoll-l mutation reduces 
the range in which the enzymatic activity is optimal. At 34°C, the 
SPOll/SPOll hybrid is a phenocopy of the spoll-l/spoll-l mutant diploid. 

The genotypes of 41 red-white sectored spoll-l/spoll-l colonies were 
determined to locate the exchanges resulting in homozygosity for the distal 
markers ade5 and ade6. Five subclones from the red and white portions of the 
s·ectored colonies-;ere sporulated at 24°C and backcrossed to haploid chromosome 
VII testers. Their genotypes were inferred from the phenotypes of the back
cross hybrids. The results of this analysis are summarized in Figure 2, which 
illustrates the mitotic hz:per-rec activity of spoll-l/spoll-l with respect to 
intergenic events. 

In order to demonstrate the involvement of the resolution of Holliday 
structures by DNA synthesis at the molecular level during mitotic 
recombination, we have begun a structural study of the yeast 2-micron DNA 
plasmid in the spoll-l/spoll-l hybrid in which we expect the formation of 
dimers and multimers as a product of DNA replication through uncleaved Holliday 
structures. Preliminary results obtained by electron-microscopy of covalently 
closed DNA molecules in spoll-l/spoll-l diploids did show the frequent presence 
of dimers and tetramers. Size determinations by gel-electrophoresis are 
currently in progress. 
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DISCUSSION 

The data presented above provide strong evidence in favor of the conclusion 
that the product of the SPOIl gene is directly involved in endonucleolytic 
cleavage of Holliday structures in both mitosis and meiosis. This fact 
identifies a common step in the mitotic and meiotic pathways of recombination. 
The mitotic hyper-rec and meiotic hypo-rec phenotype with respect to intergenic 
recombination of the spoll-l/spoll-l hybrid lends support to the view that 
recombination between homo logs of mitotic cells occurs prereplicationally while 
meiotic recombination between homologs occurs postreplicationally. Given these 
results, genetically marked haploid and diploid spoll-l strains can now be 
employed to test a corollary of the Gl model of mitotic recombination, viz, 
that sister chromatid exchange, like meiotic homologous chromosomal recombina
tion, is dependent upon endonucleolytic cleavage of Holliday structures. 
Several yeast systems amenable to this type of analysis have already been 
developed in other laboratories (cf. 7 for review). 

The spoll-l mutation also provides a basic genetic approach to determine 
whether the overall sequence of molecular events postulated to occur by 
molecular models of genetic recombination is correct (6). The data discussed 
above suggest that the SPOIl gene encodes a late function in the recombination 
sequence. Previous studies have uncovered both hyper-rec and hypo-rec 
mutations that may affect early stages of recombination, e.g., initiation of 
single-strand transfer (7). The phenotypes of doubly mutant strains 
incorporating spoll-l and those previously isolated rec mutations may challenge 
models of genetic recombination. Reciprocal temperature shift studies (12) 
employing ts-rec mutants may also provide information with respect to the 
order of function in recombination of REC gene products. 
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AT ADE8 IN YEAST* 
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SUMMARY The ADE8 locus of chromosome IV has been cloned. Various subclones, 
principally those with fragment lengths of 2.5 and 4.0 kb, confer ADE8 func
tion on recipient strains carrying the unique allele ade8-18. A visual screen 
for detecting integrations of the autonomously replicating vector is described 
along with diagnostic genetic tests that identify the genomic integration 
sites. Most integrants generate non-tandem duplications at the ade8-18 site, 
though some also occur at~. None were found at ura3. The frequency of 
integration via homologous recombination into a genomic site is proportional 
to the physical length of the corresponding DNA segment, carried in the YRp17 
vector. Similarly, overall plasmid excision rates are proportional to the 
to'tal length of the integrated segment and the distribution of events for a 
plasmid with a given DNA insert is determined by the position of the mutant 
site within the genetic fine structure map. Meiotic gene conversion, intra
chromosomal conversion, and postmeiotic segregation were studied in several 
hybrids containing two, three or four ADE8 sequences within conventional chro
mosomes or non-tandem duplications that are either isosequential or heterose
quential. 

********* 

Gene conversion is typically defined as a non-reciprocal transfer of 
genetic information from one parental DNA segment to the corresponding DNA 
segment of the homologous chromosome (10-17,21,25). In yeast, -it is generally 
agreed that conversion events can occur both in meiosis and mitosis. The mei
otic process involves specific synaptic pairings at the zygotene or pachytene 
stage of prophase I, along with the formation of heteroduplex DNA. These 
heteroduplexes may isomerize, as suggested by the Aviemore model (24,28) to 
yield associated exchanges that recombine the outside markers. Alternatively, 
isomerization might not occur and the somewhat more probable parental ~arker 
array is maintained. Thus, because gene conversion and genetic recombination 
are mechanistically linked, conversion has been viewed as a signal of the 
basic recombination event (15,16,17). 

* SupporteQ1)y-in-NrH research grant (GM17317) to S.F. 
and by the Berkeley Agricultural Experiment Station of 
the University of California. 
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More recently, the definition and significance of gene conversion has 
been enlarged and extended-~particularly by perspectives and insights stemming 
from the experimental potentialities inherent in recombinant DNA technology 
coupled to yeast transformation (2). Several major studies impinge on current 
molecular recombination schemes and these are based on a combined genetical
recombinant DNA approach. The importance of these works is summarized here. 

Introduced into sites on non-homologous chromosomes, by means of recom
binant DNA procedures, various his3 alleles were shown to undergo heteroal
lelic recombination and restoration of prototrophy (31). Clearly, homologous 
sequences could experience informational transfer or gene conversion regard
less of their position in the genome. Of course, the frequency of such 
heterologous events is several orders of magnitude lower than controls involv
ing heteroalleles occupying corresponding sites on homologous chromosomes. 
Similar findings were reported by others (1). 

Related to this extension of gene conversion's definition are the reports 
concerning sister chromatid exchange (23,34). Such studies were facilitated 
by the coupling of critical genetic analyses with recombinant DNA procedures 
that permitted differential marking of highly iterated sequences. To account 
for the events observed, as well as fhe more recently described instance of 
gene amplification at the cup1 locus in yeast, it is assumed that misalign
ment between homologous iterated segments is followed by heteroduplex DNA for
mation, isomerization and an appropriate scission (4). Taken collectively, 
these events lead to a reciprocal exchange that generates quantitatively dis
similar products i.e., unequal crossing over. This event sequence may occur 
in mitotic cells and involve sister chromatids. Alternatively, it could occur 
in meiotic cells where homologous chromosomes might be engaged interactively 
during synapsis. With regard to DNA replication, conversion is viewed as. 
prereplicative in mitosis (7,8,9,18) and as postreplicative in meiosis (2-4). 

A final approach entails the analysis of non-tandem duplications. These 
originate as a consequence of integrational events, i.e. homologous recombina
tion events which lead to the incorporation of a plasmid bearing a cloned DNA 
sequence into a site within the corresponding genomic region. Several studies -
(19,20,22,23) may be taken as representative. Such genomic reorganizations 
allow for the possibility of intrachromosomal gene conversion with and without 
associated crossing over when the interactive sequences are separated by a 
physical distance equal to the number of base pairs contained in the cloning 
vehicle. 

The pr.esent study aims to clone, analyze and sequence the structural and 
regulatory sequences of the ARG4 and ADE8 loci. Of special interest are the 
alleles arg4-16, ade8-14, ade8=rs-and others for which we have accumulated an 
extensive, highly detailed background of biochemical and recombinational data 
(5,6,8,15,16,17). Our program seeks to address, at the DNA sequence level, 
the generalizations based on genetic analysis that relate to parity, fidelity, 
polarity, frequencies of associated outside marker exchange, the position of 
associated exchanges, the conversional behavior of insertions,/deletions and 
perhaps most importantly the marker effects of specific mutants (5,17). 
Marker effects may reflect DNA structural- organizational features relating to 

~-------- -.- -- ---------
1. Fogel and Welch, in press, PNAS, September 1982. 
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heteroduplex DNA correction mechanisms that sense, detect and repair 
mismatched base pairs as in single base substitution or frameshift mutants, or 
extensive non-homologies as are found at the MAT locus, or non-pairings as in 
deletions or insertions several kilobases in extent (16). 

The production of non-tandem duplications and some of their salient 
features have been reported (19,20,22,23). The present approach seeks to 
exploit the resolving power of recombinant DNA-transformation systems with a 
view towards advancing our understanding of recombination from the self
contained black box level of genetic fine structure analysis to the physical
molecular level. Current state of the art techniques make it practical to 
isolate and analyze specific genes or gene fragments (2). Moreover, isolated 
genes, carried in plasmid vectors with known but varied replicative and 
integrative behavior, may be subjected to in vitro or in vivo mutagenesis and 
then returned to the host cell by DNA transformation for studying the effects 
of such alterations on gene organization, expression and regulation. 

Cloning the ADE8 locus 

A recipient conventional diploid strain of the foilowing genotype was 
synthesized after several rounds of mating, sporulation, ascus dissection, 
scoring ascosporal colonies and selection. Except for MAT, each of the fol
lowing markers was homozygous ade2-l trpl, ura3 ade8-~arg4-1~, cupl. Com
parable strains carrying the wild type allele at ade2 were also prepared. 
When these studies were initiated by the senior author, in the laboratory of 
R.W. Davis at Stanford University, it was presumed that transformation studies 
in diplOids immediately amenable to meiotic characterization would confer 
several advantages over transformation in haplo~ds. Accordingly, these 
strains were monitored and selected for abundant sporulation with a high pro
portion of 4-spored tetrads, high ascosporal survival equal to or better than 
95%, and ease of spheroplasting and transformability. From a vantage point of 
hindsight, it is apparent that congenic haploids appropriately marked to 
facilitate subsequent analytical studies' would also be useful. 

A random library of DNA fragments was prepared from the DNA isolated from 
a standard yeast strain--S288C. Conventional restriction enzyme digestion and 
sticky end ligation were' involved. Yeast DNA was partially digested with the 
6 base pair recognition enzyme BamHI and the fragments were ligated into the 
unique BamHIsite of the YRp17 vector. This plasmid was constructed and 
kindly made available in purified form by W.M. McDonnell and R.W. Davis. The 
plasmid YRp17 shown in Fig. 1 is derived from YRp12. It contains a unique 
BamHI site located within ,the tetracycline resistance gene. This site is also 
present in YRp7, a TRPl/pBR322 vector (33). YRp17 also harbors the yeast URA3 
locus, ARSl--an autonomous replication sequence, and an adjacent, unique EcoRl 
site (32). Pools containing about 25,000 independent plasmids, i.e. each 
plasmid bearing a different inserted DNA fragment, were obtained by transformr 
ing!. coli to ampicillin resistance and tetracycline sensitivity. The pool's 
informational content was assessed by transforming the above described reci
pient yeast strain and selecting for complementation with respect to the TRPI 
and URA3 functions. Among the latter, colonies displaying complementation 
relative to ade8-18 could be readily identified in the recipient ADE2 strain, 
since their replica-transfer prints would grow confluently on synthetic com
plete media deficient for adenine. Single yeast colonies containing presump
tive ADE8 fragments were purified, grown, lysed and used to infect!. coli 
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Fig. 1. The YRp17 cloning vehicle (constructed by W.M.McDonnell and R.W. 
Davis, pers. comm.) is a 7.0 kb plasmid carrying pBR322 sequences and the 
wild type sequences for the yeast genesTRP1 and URA3 in addition to an 
autonomous replication sequence, ars. A~ kb BamH1 insert carrying 
ADE8 function is shown. 
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cultures for the isolation of purified plasmid preparations. A YRp17 plasmid 
containing a 4kb wild type DNA fragment inserted into the unique BamHI site 
comprises the initial hybrid DNA species on which the present study is based. 

The 4kb·fragment was subjected to restriction enzyme digestion, electro
phoretic analysis, and subcloning. The restriction map is given as Fig. 2. 
Several different subclones were isolated and two will be discussed here. The 
first is about 2.5 kb in length. It was generated by cleaving the 4kb BamHI 
fragment with the enzyme EcoR1--a procedure that yields two fragments; i.e., 
2500bp and 1500bp. When these were subcloned and tested, only the larger 
fragment provided ADE8 function. Like the parental 4.0 kb segment, it 
integrates preferentially into the chromosome IV region marked by ade8-18. A 
smaller, secondary subclone of 1750 bp (from SaIl to BamHI shown in Fig: 2) 
fails to provide ADE8 function in URA3, TRP1 transformants. But, the sub-

.clones of the 2500bp fragment recombi~intragenically within the ade8-18 
sequence, at an extremely low frequency, to yield functional ADE8 prototrophs. 
Thus, the coding region and probably the regulatory sequence--of ADE8 are 
available to us within a combined physical length corresponding to about 2500 
bp. The ade8-18 site falls within the 1750 bp fragment. In contrast, the 
mutant, ade8-10, is located within a cluster adjacent to a terminus of the 
ADE8 genetic fine structure map (5). Recombinational integration resulting in 
prototrophy occurs between this ochre nonsense mutant and the smaller 750 bp 
segment. Accordingly, the 750 bp fragment includes ade8-10 but not ade8-18, 
since it recombines only with the former heteroallele, while the larger 1750 
fragment must subtend and include the non- revertible, high PMS ade8-18 site 
situated in the approximate center of the fine structure map; see Fig. 3. A 
DNA sequence analysis of the 1750 bp fragment containing the mutant ade8-18 
compared to wild type will almost certainly provide a molecular basis that 
accounts for the unusual attributes of this particular allele, i.e., its high 
frequency of postmeiotic segregation when heterozygous, its marker effects in 
recombination, and its nonrevertible character (6). 

Ultimately, the ade8-18 sequence may be compared to ade8-14, an adjacent, 
effectively inseparable ochre mutant known to revert and which nonetheless 
exhibits equivalent PMS patterns when heterozygous. However, ade8-14 does not, 
exhibit the pronounced marker effect of stimulating recombination rates with 
alleles to the left or right as is the case with ade8-18 (5). Clearly, DNA 
sequence data can be expected to illuminate our insight concerning recombina
tion at the intragenic level. Currently, we can orient the cloned fragment 
relative to Esposito's fine structure map shown in Fig. 3. The ade8-10 site 
falls between the restriction sites EcoR1 and SaIl and the ade8-18 site is 
localized on the 1750 bp segment bounded by SaIl and BamHI. Determined also 
is the orientation of the 2.5kb subclone. The ade8-10 allele located at the 
low end of the conversion polarity gradient is near the EcoRl site and the 
ade8-1~ allele distinguished by high conversion and high PMS rates (17) falls 
on the opposite side of the SaIl site. The availability of two Kpnl sites and 
single sites for Hpal, Xhol, and Bgill provide additional subcloning opportun
ities. 

A similar combined genetic-molecular approach is projected for the 
specific mutant allele arg4-16. This mutant also displays an exceptionally 
high meiotic conversion rate and a high proportion of these events, 30%, are 
postmeiotic segregations (35). The isolation and cloning of the ARG4 locus 
was definitively established earlier by others (3), and we have obtained an 
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Fig. 2. Restriction map of the"4 kb fragment. 
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Fig. 3. Genetic fine structure map of Adenine8, after Esposito (1967). 
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independent clone. 
where. 

Experiments with theARG4 clone will be discussed else-

ADEB integration--~ visual screen 

When the YRp17 plasmids carrying either the 2.5 or 4.0 kb cloned frag
ments are employed to transform spheroplasts of a normal MATa/MATa diploid 
st rain homozygous for the marker s ade2, 'adeB-lB, 'uta3 and trpl, selec tion for 
positive URA3 and TRPI function is achieved by plating the protoplast-plasmid 
mixture in soft agar on normal solidified media deficient for tryptophane and 
uracil. Such transformants display behavior expected of cells containing an 
autonomously replicating plasmid. When the selective pressure is relaxed, by 
growing transformed cells on a rich medium such as YEPD, a large proportion of 
the daughter cells, and their subsequent progeny, lack the plasmid and conse
quently display a trpl ura3 phenotype. These observations are fully con
sistent with those made earlier (32,33). 

Transformed ade2, ,arleB-lB cells, i.e., containing the autonomously repli
cating plasmid described above, appear white rather than red on YEPD and other 
media. Since ADEB function is undoubtedly provided by the plasmid, as indi
cated by transformation of adeB-IB ADE2 strains to prototrophs, it is 
appropriate to inquire concerning the underlying causes. Factors contributing 
to this altered phenotypic expression are as follows: 

1. Cells that have lost the plasmid, or failed to acquire it, are ade2 
adeB-lB genotypically. Such cells are devoid of red pigment since the 
metabolic block imposed by adeB-lB occurs prior to the ade2 block in the 
de novo biosynthetic pathway. 

2. White cells typically outgrow red cells. 

3. Transformed cells may excrete uracil and tryptophane and these 
nutrilites ,are utilized for growth by ade2, adeB-IB ,white cells. 

Transformed cells a!e, _at _best, faint pink on l!£ ura media and 
moderately pink on l!£ ura ade media. Such white or pink patches often 
display numerous clearly defined sectors w~ich are dark red by comparison to 
the adjacent pink/white background and exhibit a pigm~ntation level charac
teristic of ade2 ADE8 cells. Subsequent tetrad analysis indicates that each 
red sector represents a single, independent integration event. Accordingly, 
the white-red or red-white shift, here designated as the Roman effect, in 
honor of Prof. H. Roman who first exploited the red-white system in yeast 
genetics (29,30), serves as a visual screen for the detection and ready isola
tion of homologous recombination events in which a plasmid is incorporated 
into the recipient's genome. Furthermore,- the red-white Roman effect forms 
the basis for quantifying intrachromosomalgene conversion rates as well as 
plasmid excision rates. 

The system's clarity and inherent objectivity make it unusually adaptable 
as a novel means for identifying and characterizing specialized DNA sequence 
of yeast, or other organisms, that modulate, regulate or control general as 
well as site specific recombination: Even greater resolving power may be 
introduced by coupling our systems to other recombinant DNA constructions that 
are highly selective. In this manner, only excision products would survive. 
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Among these, the proportions of red and white colonies could be determined 
with high speed counting devices. Accordingly, integration and excision might 
be amenable to a highly detailed molecular and genetic characterization. 

Thirty two (32) independent red sectors were isolated and sporulated. 
Ascus dissection and tetrad analyses were performed. Twenty-eight red
sectored clones were heterozygous tor_ a single integration even t--ADE 8 
cosegregated with URA3, TRPI in the 4:4 ratio expected for simple Mendelian 
behavior. Three integrants were a.pparently homozygous. These might represent 
two simultaneous integration events, mitotic co-conversions, or mitotic recom
bination between the centromere-and the site of integration. Finally, a sin
gle sector was simply heterozygous for ADE8/ade8-18. Here, we suppose that an 
intrachromosomal excision event resulted in the loss of the segment containing 
URA3, TRPI ade8-l8. Alternatively, it might more likeiy represent an informa
tional transfer from the plasmid to the chromosomal site. Transfers in the 
opposite direction may occur also. This isolate, BarnS, serves as our standard 
conventional heterozygote. It displays a basic conversion frequency of 10% 
among 621 fully analyzed tetrads. Of the 63 aberrant segregations, 40 or 
63.5% displayed postmeiotic segregations, detected as sectored ascosporal 
colonies by means of our standard plate-dissection-replica-plating procedure. 

Site of integration 

Red, URA3, TRPl, ADE8 segregants from each of twenty-one integrants 
involving the cloned~b fragment, were crossed to a single tester straIn 
displayed in Table 1. Single zygotes were isolated, grown, sporulated, and 
subjected to dissections and tetrad anaiysis. Table 1 presents the diagnostic 
screen for identifying the site of integration. Of the twenty-one integrant 
hybrids analyzed in this manner, 18 displayed segregations consistent with 
integration at or near the ade8-18 site on chromosome IV. In addition, three 
integrations occurred close to the centromere at or near trpl. To a first 
approximation, it appears as though the frequency of integration at a given 
site is proportional to the physical length of the homologous segment carried 
in the plasmid. Thus, the TRPI segment and the Bam HI fragment containing 
ADE8 within the YRp17 vector are respectively 1.43 and 4.0 kb; or a ratio of 
about 3. Also, it may be noted that when the ADE8 segment is reduced to about 
2.5 kb, a significantly higher proportion of the integration events (about 
50%) occur at trp1 compared to ade8-18. These findings suggest that the pro
bability of localized effective mitotic pairing, as might be required for 
integration events involving mitotic recombination. between homologous 
sequences, increases as a simple function of the physical length of the 
interactive sequences. Finally, as regards homologous sequence integration 
events, the three apparent homozygotes, about 10%, suggest that integration 
itself may be recombinogenic •. Experiments specifically designed to test this 
notion in a critical manner are warranted. 

Rates of Mitotic Intrachromosomal Excision 

Events· leading to the excision of YRp17 plasmid sequences containing ADE8 
inserts may be studied quantitatively with respect to the actual recombination 
rate at which the integrated plasmid sequence is removed from the genome. 
Mitotic excision rates are readily estimated from protocols based on the 
method of the median (7,9). In our stu9ies, eleven independent haploid 
colonies, each containing about 1. 5 x 10 cells, were assayed via dilution-
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TABLE 1. Diagnostic segregation and genetic screen for identifying site of integration 

Integrant 
0 

X 

Tester a 

Site of Integration 

N 
....... 
....... 

, 
) 

\ " 

-.~ ~.~ l, 4 "'i--~ 
~ .... ,..'~ . \\ ~~\' 

<l.~:\o("··:,:",!,:",·: 

ura3 

trpl. 

ade8 

trpl 

TRPI 

TRP4 ade8-18 URA3 TRPI ADE8 RNA3 ura3 
0 

trp4 ade8-14 rna3 URA3 
0 

Tetrad segregation on synthetic complete medium deficient for: 
tryptophane adenine uracil 

+ 2 :2-
+ 

1 : 3 

0+:4-

+ 2 :2 

+ -2 : 2 

1+:3-

+ -o :4 

18 
18 
+ 
+ 

14 
14 
+ 
+ 

14 
14 

or + 
+ 

18 

& 
18 
+ 
+ 

14 
14 
+ 
+ 

18 
14 

or 
+ 
+ 

18 
14 

or 
+ 
+ 

4+:0-

"+ -2 : 2 

3+:1-

+ 
4 :0 

2+ :2-

3+:1-

+ -4 :0 

0 

0 

ade2 

ade2 



\ 

~i~ __ 

, 
./ 

plating on non-selective media and subsequent replica-transfers to diagnostic 
media. Each colony arose from a single cell isolated by micromanipulation. 

o Incubations were at 30 for three days. Three quantities are ascertained: a) 
Numbers of cells in each of the elev~n p~rental colonies, b) Proportions of 
cells within each colony that yield ~ ~ colonies and c) Proportion of the 
auxotrophic colonies that are red (ADES) or white (adeS-1S). White colonies 
are classified as adeS-1S only on the~sis of appropriate complementation 
tests. Such estimates allow us to compute a recombination rate for excision 
in terms of a probability per cell division. 

Excision rate experiments were conducted wth non-tandem duplication 
haploid strains derived from the meiotic analyses of integrants containing 
ADES fragment of 4.0, 2.5 and 1.7 kb in length. The integrations occurred at 
~-lS, adeS-10 or trpl. 

Taken collectively, the data obtained are consistent with the following 
simple model: \oJ'e assume that the mitotic excision rate is determined primarily 
by the sequence homology length between the recipient and inserted sequences 
in a given non-tandem duplication. Exchanges leading to excision are assumed 
to occur randomly along the homologous segment. Accordingly, with a particu
lar integration array e.g., -ADES-URA3-TRP1-adeS-x or adeS-x-URA3-TRP1-ADES), 
the proportion of adeS-x-ura3-trpl to ADES-ura3-trpl excision products would 
be determined by the position of the adeS-x mutant site within the region of 
homology. 

When the recipient genome contained the mutant allele adeS-1S, the rate 
leading to white (gdeS-1S) excisionprod~sts is about four times the rate to 
red, i.e. 7.3 x 10 /division vs 1.9 x 10 /division. A representative set 
of data is displayed as Table 2. However, when the recipient genome contained 
the mutant adeS-l0 in place of adeS-1S, the corresponding !~tes to white and 
re~5 excision products were essentially equal--i.e. 3 x 10 /division vs 2.5 x 
10 /division. We may note that ade8-l0 is located within the BamHI-SaII sec
tion. Thus, the adeS-10 site divides the 4 kb insert nearly equally, whereas 
the adeS-1S mutant divides the same fragment disproportionately. 

Given an integration event of the type •••• adeS-URA3-TRP1-ADES ••.•• , a 
crossover at a or b would generate red or white excision products respectively 
as shown in Fig. 4: The ratio of red to white excision products is ,approxi
mately equal to the ratio of the sequence homology lengths in region b com
pared to region a. Illustrative data for the 4 kb fragment integrated into 
recipients carrying ade8-1S and adeS-10 are given in Tables 2 and 3. 

In addition to varying the position of the mutant site achieved by util
izing different alleles, we may also vary the extent of homology by choosing 
appropriate subclones of the original 4 kb BamHI fragment. As given in Fig. 
2, an EcoRl site allows us to isolate a YRp17 plasmid containing a 2.5kb 
insert that confers ADES function. Non-tandem duplications derived from this 
vector were studied with respect to spontaneous mitotic excision. Int~gra

tions into haploid recipient strains carrying adeS-IS and adeS-IO were 
analyzed, and the data is presented in Table 4. In this instance, the adeS-1S 
site divides the 2.5 kb insert into nearly equal segments. Thus, our model 
predicts that the ratio of (rate to reds)/(rate to whites) would be unity. 
The overall total excision rate for this smaller fragment would be little more 
than half the rate obtained with the 4 kb fr"agment. Also, reductions in rate 
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TABLE 2. Plasmid Excision Rate: 4kb Insert Integrated at ade8-18 

Colony 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Total 

Units/ 
Colony 

1. 43xlO 
7 

. 7, 
, 2.46xlO 

1.44xlO 
7 

1.40xlO 
7 

1.14xlO 
7 

1.41xlO 
7 

1.12xlO 
7 

1.40xlO 
7 

1.51xlO 
7 

1. 49xlO 
7 

1.38xlO 
7 

.. 8 
1.62xlO ' 

Units 
Plated 

2808 

2357 

1870 

1913 

2341 

2176 

2153 

2626 

2084 

2236 

2528 

25092 

trp , ura 
White Red 

2 2 

15 1 

2 0 

0 0 

3 4 

2 0 

4 0 

3 0 

5 0 

50 0 

3 1 

89 8 

Median Rate to ade8-18,trp-,ura- from colony #11: 7.3xlO-
5 

excisions/cell/division 

Mean Rate to ~DE8+'lll2-'~- from total data: 1.9xlO-
5 

excisions/cell/division 
- -

Calculated from Rate= «.4343)x(freq.trp ,~ »/logIO(Nfinal cells) 
.. 

Rate (excisions/cell/div) 
White' Red 

4.3xlO 
-5 

4.3xlO 
-5 

3.8xlO 
-4 

2.5xlO -5 

-5 
6.7xlO ' 

8.0xlO 
-5 

1.lxlO 
-4 

5.6xlO 
-5 

1.2xlO 
-4 

-5 
6.7xlO . 

1.5xlO 
-4 

1.3xlO 
-3 

7.3xlO 
-5 

2.4xlO 
-5 



TABLE 3. Plasmid Excision Rates 

Size of Insert Integration Site 

4 kb ade8-18 

4 kb ade8-10 

4 kb trpl-l 

2.5 kb ade8-18 

* Rate excisions/cell/division 

8-18 

b __ ~) 

mutant 

7.3xlO 

3.0xlO 

7.6xlO 

4.1xlO 

* Rate to 

-5 

-5 

-5 

-5 

·8-10 

wild 

1.9xlO 
-5 

2.5xlO 
-5 
, 

8.1xlO 
-5 

3.4xlO 
-6 

~a_~)~(_ b~ 

Fig. 4. Intrachromosomal excision events relative to mutant sites in ADE8. 
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TABLE 4. Gene Conversion and PMS in Hybrids With 2,3, and 4 Adenine8 Sequences 

Strain 

Barn 5 

Barn 9 

DKI0l 

TC140 

Barn 32 

TC136 

TC148 

Total 
Tetrads 

622 

515 

582 

554 

640 

820 

174 

4+:4- 6+ :2-

560 15 

493 8 

547 6 

521 5 

583, 33 

692 llO 

8+:0- 6+:2-

168 2 

+ -
2 :6 

7 

3 

9 

15 

0 

0 

7+:1-

4 

5+:3-

21 

7 
-, 

5 

5 

24 

18 

3+:5-

+ -
7 :1' & 

abo 6+:2"'" 

18 1 

4 0 

15 0 

'8 0 

0 2 

0 0 

* %BCF 

10.0 

4.3 

6.4 

6.0 

9.3 

,15.6 

3.4 

%PMS/BCF 

64 

48 

57 

39 

44 

14 

67 

%BCF~ t,he Basicr;Conversion- Frequency, is defined as 
+ - + - + - +-

((6:2 + 2 :6 + 5:3 + 3 :5 )/Total Tetrads) X 100% 



would arise at the expense of adeB excision products, since the smaller frag
ment was generated by removing 1.5 kb of DNA from the b region of the original 
4kb segment. To date, all of our data on mitotic excision in non-tandem dupli
cations is consistent with the simple model presented above. 

Finally, we may inquire about mitotic excision s as a function of where 
the integration site is located within the genome. Three integration events 
were detected in the vicinity of ~, a centromere-proximal marker whose 
extent of sequence homology corresponds to a 1.4 kb TRP1 fragment carried in 
the YRp17 vector. On the meiotic map (26,27) ~ is located about 0.5 cM 
from the centromere whileadeB is removed about 150cM distally on the same arm 
of chromosome IV. A single integrant at ~ was analyzed in detail. The 
non-tandem duplication has the structure ~- trpl-ADEB-URA3-TRP1 ••••••• adeB
lB ••• •• ade2. The total excision rate approximates that observed for exci
sion of the same plasmid when it is incorporated into the genome at adeB-1B. 
Also, the TRP1 ura3 adeB-1B excisions were equal to the trp1 ura3 adeB-1B_ 
excisions. Thus, the rates of spontaneous mitotic excision for plasmid 
sequences introduced into the chromosome by homologous recombination are not 
markedly affected by proximity to a genomic centromere. In summary, it is 
clear that non-tandem duplications that arise by the integration of cloning 
vehicles into the genome provide us with a sensitive device for estimating 
several important parameters of recombination. Furthermore, as presently con
stituted or coupled to selective DNA construction, the system could serve to 
identify and isolate DNA sequences that regulate mitotic recombination. As 
yet, we have not varied the distance between the duplicated sequences, though 
this is readily achieved by recombinant DNA in vitro procedures. 

Meioti£ gene conversion and postmeiotic 
tions. 

segregation in non-tandem duplica-

Most of the independent integration events (2B/32) were heterozygous for 
the plasmid markers, I.e. URA3, TRP1 and ADEB (see Fig. 1). 515 complete 
four-spored tetrads from an integrant-;;-adeB-rs-;ere analyzed. This culture 
is listed as Bam9. In all, twenty-two conversion-like events were detected 
via the plate dissection-replica transfer method. This. reflects a basic 
conversion frequency of 4.3%--a value equal to about half that of the standard 
isogenic heterozyote BaroS, where 622 analyzed tetrads yielded a basic conver
sion frequency of 10%. However, the % PMS/BCF values, 4B% and 64%, for Bam9 
and BaroS respectively, are essentially equivalent. Thus, we presume that the 
presence of the integrated plasmid, yielding a non-tandem duplication, reduces 
the frequency of heterozygous pairings. Pairings are of two types i.e., +/
or-/- and if these occur with equal liklihood and the repair parameter (50%) 
is unchanged, our predicted value for %BCF and % PMS/BCF would concur with 
those observed (see Table 4). Clearly a, a novel prediction is suggested by 
these findings. If the non-tandem duplications were iterated as .+----- we 
would predict a reduction in % 'BCF proportional to the number of iterated 
adeB-18 alleles, but with no change in the % PMS/BCF ratio. Recombinant DNA 
constructions of this sort have been reported (23). 

The availability of non-tandem duplicati0n, such as ADEB-URA3-TRPl-adeB
lB as well as the corresponding homosequential forms ADE8-URA3- TRP1-ADE8 and 
-;deB-18-URA3-TRPl-adeB-1B obtained via intrachromosomal information--transfer, 
allow us~generate fifteen unique hybrids that carry two, three or four adeB 
alleles per diploid. Among these, ten contain dissimilar homologous 
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chromosomes. Data pertaining tq five situations is given in Table 4. We 
examine first DKI0l, a diploid with the following genotype: ade8-18 URA3 TRPl __ 
adeB-IB/ ADE8. 

The meiotic behavior of this hybrid, containing two alleles and one 
allele on respective homologues, may be contrasted with BarnS. This isogenic 
control yielded data that is statistically homogeneous with our previous 
analysis of 15,4BO tetrads (16,17). Both samples display a slight but signi
ficant disparity relative to the strand on which intragenic recombinati~n _is 
i¥it.!ated..,. _This+ m~y be expressed by the dissymmetry coefficient of (6 : 2 + 
5 :3 )/(2 :6 + 3 :5 ) which is 1.36 in the 15,4BO tetrad sample and 1.5 in 
BarnS. In DKI0l the dissymmetry coefficient falls to 0.46 i.e., 11/24. How 
can these findings be rationalized in terms of a simple testable .molecular 
model? 

We may presume that the dissymmetry coefficients characterizing the con
trol data reflect a higher liklihood of conversional initiations involving 
the strand bearing the wild type allele as given in the Aviemore model (24). 
We may +no!e that+in_the total control data, there are 396 and 312 PMS events 
of the 5 : 3 and 3 : 5 varieties respectively. Taken at face value, these 
data indicate that. the disparity arises prior to the occurrence of correc
tional repair on the heteroduplex. It is only subsequent to this repair that 
gene conversion or restoration are established. Given the above, we emphasize 
that one strand in DKI0l bears two adeB-IB sequences while the homologue 
bears only a single ADEB sequence. Thus, the observed dissymmetry coeffi
cients can be accounted for as follows: Since DKI0l contains two mutant 
alleles on one strand and a wild type allele on the other, we may assign to 
these initiation likelihood values derived from the control data, i.e. 0.423 x 
2 and 0.527 respectively. Normalizing these to unity, we obtain 0.595 for the 
strand with two ade8-1B- alleles and 0.405 for the wild type strand. Thus, 
w~th~thes~ d~rived initiation values, we predict 0.405+x ~5 = ~4 ~vents of the 
6 :2 + 3:5 type and 0.595 x 35 = 21 events of the 2 :6 + 3:5 type. The 
actual, number of observed events corresponding to these classes are 11 and 
24--an acceptable fit between the observed data and hypothesis. In summary, 
each sequence retains its normal properties in such-non-tandem duplications. 

A similar analysis applies to TC140. Here, the two homologues contain 
ADEB-URA3-TRPI-adeB-18 and adeB-IB-URA3 TRPI-ade8-1B. If misalignment of 
homologous sequences did not occur, or occurred with a negligible frequency, 
this diploid should exhibit a dissymmetry coefficient equivalent to the stan
dard value 1.36. The observed value 0.43 (10/23) is significantly lower than 
the predicted value. Now, if we assume that misalignment at meiotic prophase 
may occur, we :visualize that three different synaptic configurations' might 
occur with equal probability or 0.33; these patterns are; 
ADE8 - URA3 - TRPI - ade8-18 
adeB-IB-URA3 - TRPI - adeB-IB 

ADEB - URA3 - TRPI - adeB-IB 
ade8-1B- URA3 - .TRPI - ade8-1B 

ADEB - URA3 - TRPI - adeB-IB 
adeB-IB - URA3 - TRPI - ade8-18 
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It may be noted that the first two configurations can readily yield gene 
conversions and postmeiotic segregations, while the last configuration can 
yield only a homoduplex at the paired adeB-IB sites. Alternatively, the 
unpaired ADE8 segment might behave as wild type sequence heterozygous for,a 
deletion. In the latter instance, no postmeiotic segregations would be gen
erated. Thus, overall we predict a reduction of the basic conversion fre
quency by a fraction of about 1/3 or to 6.7%-- a value in agreement with the 
observed 6.0%. Again, it may be noted that in this hybrid, containing a sin
gle heterozygous site within otherwise identical non-tandem duplications in 
each homologue, the respective adeB sequences retain their individual proper
ties. 

In the culture designated Bam32, with 642 total tetrads analyzed, we may 
observe a situation that is essentially the reverse of DKI0l. Here, an isose
quential non-tandem duplication for the wild type ADE8 sequences is heterozy
gous for a single copy of the mutant allele a"d"e8="IB, Le., ADEB gRA3 TRPI 
~EB/adeB-IB Several features of the data may be noted. First t~e _2 :6 +an~ 
3:5 categories are conspicuously absent. Moreover, the 6:2 and 5 :3 
classes occur with appr~xi~ately equal f+eq~ency. The wide ratio class con
tains a single ab 6:2 and one 7+:1_ or events taken to represent two 
independent heteroduplexes. In the ab 6 :2 ,+tw2 sectored ascosporal colonies 
accompany two wild type colonies; in the 7 :1 a single sectored ascosp~ra! 
colony accompanies three corresponding wild type colonies. Thus, the ab6 :2 
ascus may reflect two separate events that involve all four chromatids and 
where the heteroduplexes span a single adeB-IB site and th$se_ are passed 
uncorrected into the functional ascospores. Likewise, the 7:1 segregation 
mirrors two equivalent occurrences and presumably only one of the heter~du: 

plexe~ i~ repaired in the direction of wild type. Adding the respective 6+:2_ 
and 5 +3 _segregations generated by the wide ratio asci to the observed 6 :2 
and 5:3 clones, we obtain 34 and 27 events respectively or a %PMS/BCF of 
44.3%, a value roughly comparable to the+co!respon~ing ratio in our control 
sample--52%. The absence of apparent 2:6 and 3:5 segregation asci can be 
accounted for by simply assuming that homologous pairing and heteroduplex for
mation spanning the adeB-IB site, with or without correctional repair will be 
associated with an unaltered ADEB sequence in cis array. 

Accordingly, potential conversions or PMS segregations resulting from 
events initiating on the adeB-IB strand remain cryptic. Ma~ke~ by the ADE8 on 
the same strand, such events therefore appear as ordinary 4:4 segregations. 

We may proceed to calculate the expected number of cryptic events and 
subsequently compare this theoretical value with a value determined from an 
experimental procedure described below. Using the same rationale for normali
zation as in DKI0l (0.577+0.577+.423=1.577), we obtain 1.154/1.577=0.732 and 
0.423/1.577=0.268-- the respective initiation probabilities for the 
corresponding parental strands ADE8 URA3 TRPI ADE8 and ade8-18. Because 61 
events were observed and since these represent only 73.2% of the total, the 
actual number of events should be corrected to B3.3. Accordingly, 26.8% of 
the total events should have initiated from the mutant adeB-IB+ s~rand and 
yielded 22.3 cryptic events to be found among the 583 normal4:4 segrega
tions. 

Now, we may consider the exper~me~tal protocol for detecting cryptic 
events. A total of 167 normal 4 :4 meiotic segregations from Bam 32 were 
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tested as follows: the red segregant ascosporal clones were patched to YEP 
master plates. Individual white colonies from each patch were isolated, puri
fied and tested for tryptophane and uracil requirements as well as complemen
tation by crossing with an ade8-18 tester strain. The tested cultures might 
be ADES -URA3-TRPI-ADES , or normal. Alternatively, they might be ade8-1S 
URA3-TRPI-ADE8 Le-.-,-converslons, or ade8-18/ADE8-URA3-TRPI-ADE8 i.e. a PMS. 
In either case, the conversions and the PMS events will generate white 
colonies that are demonstrably ade8-18 genotypically. Such derivatives might 
arise as a consequence of intrachromosomal gene conversion with or without 
associated exchange. We examined 334 red ascosporal colonies from 167 cbm
plete asci. Twenty four colonies, each representing a single tetrad, yielded 
the expected white derivatives. However, in all but two instances, these were 
URA3 TRPI and ADE8. Hence, they mirror spontaneous mutantional alterations at 
unrelated loci that impose blocks in the de novo adenine biosynthetic pathway 
prior to ade2--another manifestation of the Roman Effect. The two remaining 
instances were ade8-18-ura3-trpl an~ hence reflect the cryptic gene conversion 
or PMS along with the excision of the original plasmid sequence either subse
quently or simultaneously. Finally, we may compare our observed number of two 
cryptic events with the number expected or 6.3 events (167/583 x 22). We may 
conclude that cryptic events do in fact occur and these arise in proportions 
similar to those given above. Hence, the basic conversion frequency of 9.3% 
has been underestimated by a failure to include twenty two cryptic events. 
The adjusted value is 12.9% BCF. 

The possibilities for the analysis of synaptic misalignments and there
fore unequal meiotic crossing-over is especially favored in the diploid TC 
136. Here, two different isosequential non-tandem duplications are combined 
as follows: ADE8-URA3-TRPI-ADE8/ade8-18-URA3-TRPl-ade8-18. 

One homologue carries two ADE8 arrays and th~ other carries two ade8-18 
arrays. Otherwise, the homologues are congenic, though each was derived by an 
intrachromosomal gene conversion of separate integration events. 

In all, 820 complete tetrads were an~ly~ed (Table 4). The apparent %BCF 
wfs _15.6% with 110 segrega~io~s of t~e ~:2 variety and 18 tetrads displayed 
5:3 patterns. However, 2:6 and 3:5 asci were absent. What rationale 
will account for the marked disparity observed in these data as well as the 
rather high %BCF value. ! priori, we might consider that each heterozyous 
site of the non-tandem duplication might behave independently of ~he_remaining 
site. Conversions of mutant to wild at either site would yield 6:2 tetrads 
and uncorrected+ h~teroduplexes formed by+inltiations on the wild type strand 
would generate 5:3 asci. In contrast, 2:6 tetrads would require simul
taneous conversions of wild to mutant at both sites and PMS events with ini
tiations on the ade8-l8 stand would remain cryptic. To the above we must add 
the contribution of recipr~ca! exchange between the duplicated sequences. 
Such events would appear as 6:2 segregations superficially, but crypticity 
tests w~ul~ reveal that two ascosporal clones were heterosequential. In con
trast 6:2 tetrads arising from informational transfer alone would contain a 
single heterosequential spore clone. Further speculation in the absence of 
adequate crypticity analysis is not warranted. Considered together, the fac
tors discussed above provide a basis for the observed disparity. 

A qualitative statement bearing on the question of misalignment during 
meiotic prophase may be obtained by considering the 174 unselected tetrads for 
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hybrid TC148. This diploid is homozygous for a heterosequential non-tandem 
duplicatio¥. _ As displayed i¥ T2ble 4, s*x 2berrant tetrads were identified; 
two were 6:2 and four were 7 :1. The 6:2 asci may have originated as 
intrachromosomal gene conversions of the wild to the mutant sequence; or they 
may re~le£t misalignments associated with a similar conversional direction. 
The 7:1 segregations are all taken to represent PMS events--i.e. misalign
ments accompanied by information transfer from the mutant sequence to the wild 
type sequence without correction. Thus, some of the meioses display evidence 
that is indicative of misalignments or intrachromsomal events. 

In conclusion, it is apparent that these studies must be regarded as only 
partial. Required for a total analysis is a more extensive study of crypti
city coupled with a rigorous molecular approach via DNA-DNA hybridization and 
sequence determinations of the various wild type and mutant alleles. 
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REGULATION OF·'TIIE a-SPECIFIC STE3 GENE* 

George F. Sprague, .:fr., David C. Hagen, and Ira Herskowitz t 
Institute of Molecular Biology and Department of Biology 

University of Oregon, Eugene, Oregon 97403 

The STE3 gene is required uniquely by a cells ~n order to mate: 
MATa ste3- cells do not'mate, whereas MATa ste3- mate efficientiy. Genetic 
and biochemical evidence that STE3 is regulated by the mating type locus is 
reviewed here. Genetic interactions between STE3 and MATa2 had suggested 
that STE3 was regulated by a second function of the a mating type locus, 
MATal:--The molecular cloning of STE3 DNA allowed regulation of this gene to 
be examined directly. It was found that STE3 RNA was present in a cells, but 
not a or a/a cells, and also that STE3 RNA was present in mata2 mutants but 
absent from matal mutants. Thus, MATal is required for STE3 expression. In 
addition, expression of STE3 was regulated during mating with a cells. 
Specifically, a-factor induced STE3 RNA to a level fourfold above the steady 
state level seen in a cells. 

INTRODUCTION 

The mating potential of yeast cells is determined by alleles of the 
mating type locus, MAT. MATa cells mate efficiently with MATa cells to form 
MATa/MATa diploid cells, which cannot mate but can be induced to undergo ' 
meiosis and sporulation (for review, see Herskowitz and Oshima, 1981). The 
mating process is complex and involves a number of interactions between a and 
a cells that lead ultimately to cell and nuclear fusion (for review, see
Thorner, 1981). Extracellular pheromones or mating factors produced by ~ and 
a cells - a-factor and a-factor, respectively - trigger mating by causing 
physiological changes in cells of the opposite type. These changes include 
induction of cell surface components, called agglutination factors, that 
increase cell-cell adhesion. Since yeast cells are non-motile, the aggluti-' 
nation factors presumably increase the likelihood of the two cell types 
adhering (and therefore mating) following a chance encounter in nature. ~ 
and a-factors also induce arrest of cell division in the Gl phase of the cell 
cycle prior to the initiation of DNA synthesis, thereby synchronizing the 
cell cycles of the mating partners. Thus, when cell and nuclear fusion 
occurs, a diploid cell is formed. 

The ma-ting type locus is believed to control the behaviors outlined 
above through the actj-on of positive and negative regulators encoded by the 

*Support was obtained from Public Health Service Research Career Development 
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MAT alleles. The targets of these regulators are unlinked genes that give 
the ~, a, and a/a cell types their unique properties. This view of the 
mating type locus was initially proposed on genetic grounds (MacKay and 
Manney, 1974b; Strathern, Hicks, and Herskowitz, 1981) and was based on the 
observation that genes required for mating (STErile genes) are located not 
only at the mating type locus, but also elsewhere in the genome (MacKay and 
Manney, 1974a,b; Manney and Woods, 1976; Hartwell, 1980; Sprague, Rine, and 
Herskowitz, 1981). Among the unlinked STE genes are those that are required 
for mating by both a and a ce11ls. Other STE genes, however, are necessary in 
only one cell type and are referred to as a-specific or a-specific STE genes. 
The role any of the STE genes play in determining the cell type-specific 
behaviors described above is not known. In any case, the STE genes are 
likely to be the targets of the MAT-encoded regulators. ---

Genetic analysis of mating type locus mutations has suggested a specific 
model for regulation of cell type by MATa and MAT a- (the al-a2 hypothesis, 
Strathern, Hicks and Herskowitz, 1981~ According to this model, MATa codes 
for two regulators, al and a2. al is a positive regulator that stimulates 
expression of unlinked a-specific genes such as a-specific STE genes. a2 is 
a negative regulator that inhibits expression of a-specific genes. MATa 
encodes one product function, aI, which in conjunction with the a2 product 
stimulates expression of genes-required for sporulation (Figure 1). 

Recent studies made possible by the molecular cloning of unlinked genes 
thought to be regulated by the MAT products- have confirmed several features 
of the model described above and have extended our understanding of the 
manner by which the MAT-encoded regulators function. Studies with the cloned 
genes have also provided insight into the mode of action of the pheromones. 
We will review genetic experiments that identified a particular gene, STE3, 
as one that was likely to be regulated by MATa. We will also review experi
ments using a cloned DNA fragment containing STE3. These experiments have 
demonstrated that RNA production from this locus is controlled by both 
MATa and by a-factor. 

RESULTS AND DISCUSSION 

Genetic Evidence that STE3 is Regulated by MATa 

According to the al-a2 hypothesis, mata2 mutants express both a-specific 
genes, because they contain MATal produc~and a-specific genes, because they 
lack the MATa2 product. The expression of a-specific and ~-specific genes in 
the same cell is thought to result in an antagonism between those gene 
products thereby causing the mating defect characteristic of mata2 mutants. 
For example, gene products that normally interact during mating may interact 
prematurely within mata2 mutant cells. This view leads to the prediction 
that mata2 mutants that-carry additional defects in a-specific genes could 
have the mating phenotype of a cells. This expectation has been fulfilled 
for two classes of double mutant strains. First, mata2 matal double mutants 
mate as a because inactivation of the MATal positive regulator prevents 
expression of all a-specific genes (Strathern, Hicks, and Herskowitz, 1981; 
Sprague, Rine, and Herskowitz, 1981). Second, mata2 ste3 double mutants mate 
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Figure 1. The al-a2 hypothesis for control of cell type. Expression of 
a-specific (asg), a-specific (asg) and sporulation-specific (ssg) is shown 
for a, a, and-;/a cells. A wavy line indicates gene expression; a line with 
an arrowhead indicates stimulation of expression of those genes; a line with 
a terminal bar indicates inhibition of expression of those genes. In an 
a cell expression asg is stimulated by al product and expression of asg is 
inhibited by a2 product. In an a cell asg are not expressed and asg are 
expressed due to the absence of. al and a2products. In an a/a cell, the com
bined action of a2 and al products inhibits expression of aT (Klar et al., 
1981; Nasmyth et al., 198i) and therefore asg are not expressed. a2 also 
inhibits expression of asg. The mechanism by which ssg is controlled is not 
clear. One possibility is that the RMEI gene product inhibits expression of 
ssg and that RMEI expression is inhibited by a2-al products in a/a cells 
(Rine, Sprague, and Herskowitz, 1981). The figure is reproduced from 
Sprague, Rine, and Herskowitz (1981). 
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as a. In this case a particular unlinked a-specific gene has been 
inactivated. The similarity of the mating properties of mata2 mutants 
defective in either the positive regulator or in a putative regulated 
function, suggests that STE3 is in fact regulated by the MATal product. 

Although the function of STE3 product in mating is not known, the 
genetic analysis suggests several possibilities. STE3 could be a positive 
regulator of other a-specific genes. Not all a-specific genes can be 
controlled by STE3, however, since ste3 mutants produce a-factor. Thus, 
MATal may control some a-specific genes directly and others indirectly via 
stimulation of STE3 expression. A second possibility is that STE3 may nega
tively regulate some a-specific genes and MATa2 others. When both negative 
regulators are inactivated, all a-specific genes are expressed and the cell 
mates as a. Finally, STE3 product may function directly in conjugation. In 
this case~ removal of the STE3 product by mutation relieves antagonism 
between that product and an important ~-specific function. 

MATal Controls RNA Production from STE3 

To determine whether STE3 is indeed controlled by MATal and the level at 
which control is exerted, we have cloned a DNA fragment containing the STE3 
gene and used the clone to assay for STE3 RNA in a, a, and a/a cells -
(Sprague, Jensen, and Herskowitz, submitted). The-STE3 gene-was isolated as 
a DNA fragment that complemented the mating defect of ste3 mutants. The 
fragment was shown subsequently to indeed contain STE3 because it allowed 
plasmids to integrate at the chromosome STE3 locus-.--

-
The STE3-containing fragment hybridizes to a single RNA species from 

a cells and this species is absent from a and a/a cells. Since only one RNA 
species hybridizes to the fragment which-is capable of complementing ste3 
mutations, it is likely that that RNA is the STE3 transcript. When RNA from 
matal and mata2 mutants was examined, STE3 RNA was present in mata~ but not 
in matal mutants. These results indicate that theMATal product stimulates 
RNA production from the STE3 gene. Whether al controls-synthesis or stabil
ity of STE3 RNA is not known. However, since STE3RNA has not been detected 

.in a cells, it seems more likely that al controls transcription rather than 
message stability. 

The experiments described above demonstrate that al is necessary for 
STE3 expression. Is al sufficient for expression? That is, would the 
presence of al product in a cells cause STE3 RNA productiqn or do other 
controls preclude stimulation by al? . To address this question, a plasmid 
containing the <Xl gene under control of yeast alcohol dehydrogenase promoter 
(constructed by G. Ammerer) was introduced into a cells and STE3 RNA assayed. 
These cells produced STE3 RNA (G. Ammerer and G.-Sprague, unpublished 
observations), indicating that al is sufficien't for STE3 expression in a 
cells. 

Induction of STE3 by a-factor 

As noted above, a-factor causes a variety of physiological changes in 
a cells that presumably trigger mating with a cells. The mechanism by which 
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these changes occur is unknown, but one possibility is that ~-factor alters 
expression of genes involved in mating and in progression through the cell 
cycle. Since expression of STE3 is limited to a cells, we have examined 
whether expression is affected by a-factor. When the levels of STE3 RNA were 
assayed after addition of a-factor-to a cells, a rapid increase in STE3 RNA 

( - --
to a level fourfold greater than found in untreated cells was observed . 
(D. Hagen and G. Sprague, manuscript in preparation). Inhibition of protein 
synthesis (by cycloheximide) did not prevent induction of STE3 RNA. Thus, it 
seems likely that a-factor acts by changing the activity o~pre-existing 
cellular component-that can affect·STE3 RNA production. Whether a-factor 
causes an increase in STE3 transcription or in STE3 RNA stability cannot be 
determined from these data. 

In summary, STE3 gene expresssion is controlled in two ways. First, the 
MATaI gene product is required for production of STE3 RNA. Second, during 
mating expression of STE3 is induced by the pheromone produced by a cells. 
It is likely that STE3 is representative of a class of genes that is regu-. 
lated in this manner:-
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Haploid cells of the a mating type of the yeast Saccharomyces cerevisiae 
secrete into the culture medium a linear, 13 amino acid-long oligopeptide, 
called a-factor. This molecule acts as a mating pheromone to prime haploid 
cells of the opposite mating type, a cells, for conjugation with a cell partners. 
The a pheromone is initially synthesized as a larger precursor protein, prepro-a
factor, which is processed by both endoproteolytic and exoproteolytic 
cleavages. The final maturation process required for the synthesis of native 
a-factor is the removal of additional N-terminal residues, which have the 
repeating structure -Glu-Ala- (or -Asp-Ala-). This step is accomplished through 
the action of a heat-stable membrane-bound dipeptidyl aminopeptidase. This 
enzyme is the product of the STE13 gene. --- A generally applicable method for 
identifyiilg and isolating genes whose transcription is differentially regulated 
under two different conditions was developed. This technique is based on the 
incorporation of the analog 4-thiouridine into nascent RNA. Vsing this procedure, 
cloned yeast DNA segments were found whose transcription in a cells in vivo is 
apparently modulated in a dramatic fashion wlthin 15 minutes-after exposure to 
a-factor. Three classes of such genes have been identified: genes expressed 
in vegetatively-growing cells which are no longer transcribed ("turn-off" genes); 
genes whose expression is increased 10- to 20-fold ("turn-up" genes); and genes 
expressed only after a-factor administration which are presumably specific to 
the conjugation process ("turri-on," genes). 

INTRODUCTION 

This laboratory is investigating the'molecular mechanisms that underlie 
developmental processes in eukaryotic cells that involve control by intercellular 
signalling. This work addresses three primary questions: (a) How are genes 
regulated, and what functions are required, such that a given cell type is the 
producer of a particular extracellular signalling molecule? (b) How are genes 
regulated, and what functions are necessary, for a cell to have the capacity to 
respond to the signal molecule released by another cell type? (c) By what bio
chemical steps does the presence of the signal molecule elicit in its target 
cell the changes in cell physiology and/or gene expression which constitute its 
characteristic pattern of response7 The system in which these problems are being 
studied is a unicellular eukaryotic microorganism, Saccharomyces cerevisiae 
(baker's yeast). Despite this deceptively simple lifestyle, this organism exists 

* Supported by NIH Research Grant Gt121841 to JT, by American Cancer Society 
Postdoctoral Fellowships 1777 to LB and 1882 to GS, by Damon Runyon-Walter. 
Winchell Cancer Fund Postdoctoral Fellowship 315 to AB, and by USPHS Predoctoral 
Traineeships GM07232 to DB, MC, DJ, and JL. 
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in three distinct cell types which possess markedly different developmental 
capabilities. There are two haploid cell types, designated ~ cells and a cells, 
which are able to fuse ("mate") with one another, to form a third cell type, 
a/a diploid cells. The ability of the haploids to mate can be considered a 
developmental option, because it is an alternative to their simple vegetative 
multiplication. The initial events in this conjugation process are triggered 
by the reciprocal exchange between the cells of extracellular oligopeptide 
pheromones. The a haploids secrete into their culture medium a linear, 13 
amino acid-long molecule, called a-factor, which acts only on the a cells. 
The a cells release a different linear, 11 amino acid-long molecule, called 
a-factor, which affects only the a cells. Diploid (a/a) cells neither 
produce nor respond to these pheromones. On the other hand, diploid cells can 
undergo meiosis and sporulation when starved for a nitrogen source, a develop
mental option which the haploid cells lack. Both genetic studies of the control 
of cell type in yeast (15,27) and biochemical studies of the mating process 
(32,33) have been summarized in recent extensive reviews, and references to 
the pertinent work and related surveys of the literature may be found therein. 

In this laboratory, the a-factor pheromone molecule has been purified, 
completely characterized, and even chemically synthesized (8,10). Further-
more, yeast cells are eukaryotic cells espectally amenable to other kinds of 
biochemical and genetic analyses, both of the traditional sort and of the kind 
involving recombinant DNA methodology, as is documented by the results being 
presented at this Workshop. For these reasons, yeast has proven to be a parti
ularly tractable system in which to examine the fundamental questions posed 
above. Specifically, how do a cells synthesize, process, and secrete a-factor? 
How do a cells recognize the presence of a-factor and transduce this information? 
What biochemical events occur in a cells following their exposure to a-factor 
to initiate their mating "program" (and to prevent continued mitotic cell cycles 
until the mating process is completed)? 

This paper describes recent work which examines the mechanism of bio
synthesis of a-factor by a cells and reports the discovery that exposure of 
a cells to a-factor alters their pattern of gene expression. 

MATERIALS AND METHODS 

Yeast Strains, Plasmids, and Growth Conditions 

XT1172-S245c (19) and A2S3b (an isogenic derivative carrying the ste13-l 
mutation [28]) were obtained from Dr. Jasper Rine. Derivatives of these-strains 
suitable for transformation with yeast plasmid vectors were prepared through 
appropriate crosses with AB35-l4A (MATd ura3-52 leu2-3,112) and AB35-13D 
(MATa ade2-l his4~580 leu2-3,112 ura3-52 trpl-289), which were constructed in 
this laboratory and which display-areproducibly high efficiency of t'ransformation. 
Strain XS3-6B (MATacry1 ural met2 lys2 his4-580 SUP4-3) was prepared by crossing 
381G and 382-31-rr3)~rovided by Dr:-LelJnd Hartwell. Tester strains for 
the detection of a-factor carrying the markers sstl-2 and sst2-4, which make 
a cells at least one- and two-orders of magnitude more sensitive, respectively, 
to the effects of the pheromone (6,7), were provided by Dr. Russell Chan. 
Vectors and plasmids were obtained from the following individuals: YEp13 (3) 
from Dr. James Hicks; A1059 (16) from Dr. Jonathan Karn; YEp24 (11) 
from Dr. David Botstein; p69A, isolated from a library of yeast DNA inserts 
in YEp13 constructed by Dr. Kim Nasmyth (21), from Drs. Janet Kurjan and Ira 
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Herskowitz; YEp13-l3-3 and YEp13-l3-4 from Dr. George Sprague, Jr. Strains 
were grown unselectively in a rich broth (YPD) or in a defined minimal medium 
(SD) supplemented with required nutrients. Plasmids were maintained in 
transformed yeast strains by growth in a selective (e.g. -Leu), but otherwise 
complete, minimal medium (SC). YPD, SD, and SC were prepared as described (26). 

Other Procedures 

Purification of a-factor and related peptides was performed by previously 
described methods (8,9,10). Analysis of a-factor-related antigens was accomplished 
by radioimmunoassay using anti-a-factor antibodies prepared in this laboratory 
and l25I-a-factor (Y. Jones-Brown and J. Thorner, data to be published). 
Amino acid composition and sequence analyses were performed by standard methods. 
Genetic crosses (26), transformations of yeast and bacterial cells with 
cloned genes (1), preparations of plasmid and phage ~NAs (25), transfer of 
phage plaques to nitrocellulose filter disks (2,34), preparation of yeast total 
and polyA+ RNA (29), blotting of DNA and RNA to nitrocellulose filter paper 
(35), nucleic acid hybridizations (25,35), restriction endonuclease digestions 
of DNA (25), purifications of DNA fragments from agarose gels (35), ligations 
(35), and other techniques for the construction of plasmids and recombinant phage 
were all performed by minor modifications of published procedures. 

RESULTS AND DISCUSSION 

Processing of a-Factor Pheromone Precursor Requires A Membrane-Bound Dipeptidyl 
Aminopeptidase 

Detection of a-factor-deficient mutants. In order to define the steps 
involved in the synthesis, processing, and secretion of a-factor, mutants were 
identified which are defective at various stages of the pathway leading to the 
production of the mature, biologically active pheromone. The method devised 
to screen for a-:-factor-deficient mutants utilizes a "halo assay". Patches 
or colonies of a-fact or-producing cells cause growth arrest of sensitive a 
cells in the Gl phase of the cell cycle (4). Hence, in ,a surrounding lawn 
of a .cells, a clear zOne will develop due to the lack of proliferation 
of the a cells in the area immediately around thea-factor-producing cells. 
The size of the halo is proportional ·,to the amount of a-factor released. In 
order to make the halo assay 'sufficiently sensitive, a tester strains are used 
which carry an sstl mutation (which makes a cells super-sensitive to the phero
mone because they are unable to proteolytically degrade it [6,7,8,9]) or an 
sst2 mutation (which makes a cells hypersensitive to a-factor for unknown 
reasons [6,7]). Wild-type a strains produce a readily detectable halo on 
both sstl and sst2 tester lawns, as expected. }~Ta strains carrying a kex2 
mutation, in contrast, do not produce a halo on either tester. Indeed,as 
judged by radioimmunoassay, the amount of a-factor cross-reacting material 
released by akex2 strains is undetectable(Y. Jones-Brown, D. Julius, L. 
Blair, and J. Thorner, data to be published). This finding was not unexpected 
since kex2 mutants are unable to relea~e another secreted protein, "killer" 
toxin (18), and have been reported to show perturbations in extracellular 
glycoproteins of the cell wall (23). Quite surprisingly, however, haploid 
cells of the a mating type of another yeast species, Saccharomyces kluyveri, 
were able to produce a large halo in the S.'cerevisiae a sst2 lawn, but gave 
no halo at all in the a sstl lawn. Although S. kluyveri a cells do not mate 
with S. cerevisiae a cells, they do produce an a-factor-related pheromone (20) 
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which differs from that of S. cerevisiae by only three amino acid substitutions 
within an otherwise completely homologous molecule (24). This result suggested 
that the sst2 mutation not only causes a cells to be much more sensitive to 
a-factor, but also causes a cells to relax the specificity of their response. 
It occurred to us, therefore, that a differential halo test (no halo on the a 
sstl lawn; but a pronounced halo on the ~ sst2 lawn) might be an indication -
that certain apparently a-factor-deficient ~. cerevisiae a cell mutants 
were actually releasing forms of a-factor related to, but chemically distinct 
from, normal intact a-factor. Such altered peptides could represent alterations 
in the a-factor structural gene itself, or incompletely or incorrectly 
processed molecules. 

That this supposition was, in fact, true was demonstrated by the observation 
that MATa strains bearing the a cell-specific stel3-1 mutation yielded no halo 
in lawns of wild-type a or a sstl cells, but gave a large halo in the a sst2 
tester lawn. Because a sst2 cells are at least an order of magnitude more 
sensitive to a-factor than a sstl cells, the possibility existed that that 
the failure of a stel3 mutantsto produce a halo in the a sstl lawn was merely 
due to a defect leading to decreased production of otherwise normal a-factor 
rather than due to a defect resulting in the production of an altered form of 
a-factor. However, analysis of the amount of ·a-factor-related peptides 
secreted by the a stel3 cells by radioimmunoassay demonstrated that they produced 
as much or more a-factor cross-reacting material than the isogenic parent 
strain. 

MATa stel3 mutants release improperly processed forms of a-factor. To 
prove that altered peptides were produced by a stel3 cells, these molecules 
were purified to homogeneity from the cell-free supernatant fluid of cultures 
of the mutant cells using modifications of the procedures devised in our 
laboratory for purifying normal a-factor (9,10). The behavior during purification 
of the altered a-factor molecules secreted from a stel3 cells, dubbed 
"a-factor.*", suggested that the peptides were a collection of molecules 
which all were larger and more hydrophilic than the normal pheromone. The 
different a-factor* molecules were separated by high pressure liquid chromato
graphy and completely characterized. -·Amino acid composition and sequence· 
analysis confirmed that the bulk of the a-factor* peptides differ from 
normal a-factor by the presence of four extra residues at the N-terminus 
and have the structures: 

H2N-GluAlaGluAlaTrpHisTrpLeuGlnLeuLysProGlyGlnProMetTyr-COOH 

H2N-AspAlaGluAlaTrpHisTrpLeuGlnLeuLysProGlyGlnProMetTyr-COOH 

The extra residues present in these a-factor* peptides are completely 
consistent with those predicted for the primary translation product, as deter
mined by nucleotide sequence analysis of the cloned a-factor structural 
gene (J. Kurjan and I. Herskowitz, personal communication). Hence, the 
isolation and characterization of the a-factor* peptides confirms that 
the a pheromone is produced by processing of a larger precursor polypeptide. 

STE13 is the structural gene for a heat-stable membrane-bound dipeptidyl 
aminopeptidase. The nature of the residues not removed from the collection 
of a-factor* peptides suggested that stel3 mutants might be defective in an 
enzymatic activity specific for the excision of a repeating -X-Ala- sequence. 
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Such enzymes, called dipeptidyl amlnopeptidases, have been described (30) and 
have specificity for cleaving on the carboxyl side of Ala (or Pro) in repeating 
sequences of this type. Furthermore, dipeptidyl aminopeptidases have 
been implicated, at least by in vitro experiments, in the processing of other 
secreted peptides, for example-the bee venom peptide mellitin (17). Because 
dipeptidyl aminopeptidase activities also hydrolyze efficiently -X-Pro-, we 
have utilized Ala-Pro-p-nitroanilide as a substrate for assaying this enyzme 
in various subcellular-fractions of yeast cells. This is a particularly useful 
synthetic substrate since there are no activities which we have been able to 
detect in yeast extracts which can hydrolyze just Pro-p-nitroanilide; therefore, 
hydrolysis of Ala-Pro-p-nitrolanilide must reflect exclusively the action of a 
dipeptidyl aminopeptidase, and not non-specific aminopeptidase or carboxypep
tidase digestion. Indeed, Ala-Pro is released as a unit from this substrate 
by activities in yeast extracts, as determined by thin layer chromatography 
of the product. 

Using the synthetic substrate, we have detected two dipeptidyl aminopep
tidase activities in normal yeast cells. Both of these enzymes have their 
highest specific activities in the particulate material, and preliminary sub
cellular fractionation indicates that the membranes with which these activites 
are associated are endoplasmic reticulum- or Golgi-derived (D. Julius, T. 
Etchevery, W. Hansen, and R. Schekman, unpublished results). One of these 
dipeptidyl aminopeptidase activities accounts for 30-50% of the total and 
is quite heat-stable, surviving a 600C treatment for 15 minutes. The other 
enzyme constitutes the remainder of the activity and is completely inactivated 
by such a heat treatment. 

In stel3 mutants, there is less total dipeptidyl aminopeptidase activity 
and all the activity that is present is inactivated by a 600C heat treatment. 
This result indicates that the heat-stable activity is missing in ste13 cells. 
In fact, the loss of activity in the stel3 mutant is strictly additive with 
the amount of activity remaining in heat-treated wild-type extracts. Further
more, a cloned fragment of yeast DNA which was selected to complement the ste13 
mutation causes normal a cells to overproduce a heat-stable dipeptidyl amino
peptidase activity three- to five-fold,.depending on the particular transformant 
and preparation examined. This particular cloned segment harbors the'STE13 
gene, as determined genetically, since it integrates at that locus and completely 
suppresses all the phenotypes of ste13 mutants when integrated, i.e. as a 
single copy (G. Sprague, personal communication; A. Brake and L. Blair, unpub
lished results). Another cloned fragment which only weakly suppresses the 
ste13 mutation was also isolated (G. Sprague, personal communication). Normal 
a cells carrying this second clone also overproduce dipeptidyl aminopeptidase 
activity nine- to fifteen-fold; however, all the activity detected is heat-labile. 
Thus, the-two cloned segments appear to code for the two different types of 
dipeptidyl aminopeptidase enzymes. .'~ 

We have been able to assay dipeptidyl aminopeptidase activity in whole 
cells permeabilized by treatment with the non-ionic detergent Brij 58 following 
one cycle of freeze-thaw. This has made it possible to analyze the segrega
tion of the heat-stable enzyme deficiency in tetrads. For this purpose, 
MATa/MATa ste13/STE13 rme/rme diploids were constructed and sporulated, 
so that all the meiotic products would be a cells in order to be able to 
score all the phenotypes of the ste13 defect. In 115 out of 122 tetrads exami
ned, the inability to produce a halo in an ~ sstl lawn segregated 2:2, and 
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co-segregated with an inability to mate with wild-type a cells, as expected. 
Five of these tetrads were chosen at random for enzyme assay. Small cultures 
of each spore were grown to late exponential-early stationary phase, 
permeabilized by the procedure just described, and the content of heat-stable 
dipeptidyl aminopeptidase examined. In all five tetrads, the lack of the 
heat-stable activity co-segregated with the other phenotypes of the ste13 mutation 
(sterility and a-factor-deficiency). Finally, the STEl3 gene almost certainly 
codes for a protein, since we have recently isolated a nonsense (ochre) mutation 
in this locus. Taken together, these results indicate that the STEl3 locus is 
probably the structural gene for the heat-stable membrane-bound dipeptidyl 
aminopeptidase. 

Because quantitative bioassays have shown that a-factor* has a specific 
biological activity about two orders of magnitude lower than that of wild-
type a-factor and because the mating-deficiency of a stel3 mutants can be 
completely overcome either by adding authentic a-factor, or by having normal 
a cells present, or by using supersensitive a cells as the mating partners 
(R. Chan, L. Melnick, L. Blair, and J. Thorner, data to be published), the 
"sterility" of a stel3 cells is due only to their failure to secrete a pheromone 
of sufficient biological potency. Thus, our results represent the first instance 
in which the biochemical basis for the mating defect of a ste mutation has 
been elucidated. A direct corollary of these findings is that a-factor is 
required for the mating process to occur at normal efficiency. 

Dipeptidyl aminopeptidase action is rate-limiting for the production 
of a-factor even in normal a cells. As another test of the conclusion that 
the stel3 lesion disrupts proper processing of a-factor precursor, a ste13 mutants 
were-rransformed with a multi-copy plasmid carrying the a-factor structural 
gene. Although the transformed mutants overproduced a-factor-related peptides 
about five-fold, as detected by the radioimmunoassay, the material produced 
was still only able to produce a halo on a sst2 tester cells, indicating 
that only a-factor* was being secreted (which was confirmed biochemically). 
Thus, as expected, the stel3 lesion was epistatic to having many intact copies 
of the normal pheromone-structural gene. As a control for this experiment, 
however, normal a cells were also transformed with the cloned a-factor gene. 
Although a somewhat larger halo was observed in lawns of a sstl testers 
and increased biological activity was detectable by quantitative bioassay 
as well, the level of increase was only a few fold, despite the fact that 
radioimmunoassay indicated that the transformed normal cells secreted 
20- to 30-times as much a-factor-related cross-reacting material as normal 
a cells transformed with just the vector (YEpI3). Remarkably, dramatic 
overproduction of biological activity by the transformants was only observed 
using an a sst2 tester lawn. These results indicated that transformed wild-type 
a cells were producing mainly a-factor*-like peptides. These observations 
suggest that when the a-factor precursor is made at high levels, processing 
of all the molecules by dipeptidyl aminopeptidase cannot keep pace with their 
production (which was also confirmed by biochemical analysis of the peptides). 

If the processing step carried out by dipeptidyl aminopeptidase is rate
limiting for a-factor maturation in normal cells, then it would be expected 
that normal a cells transformed with a composite plasmid carrying both the 
STEl3 gene and the a-factor structural gene would overproduce mature a-factor 
molecules, rather than a-factor*. Such a composite plasmid was constructed 
by inserting an Eco RI fragment carrying the entire a-factor gene into 
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YEp13-l3-3 that had been partially digested with Eco RI. Normal a cells 
transformed with the composite plasmid produce halos of equal size on both 
a sstl and a sst2 lawns. Moreover, these halos are distinctly larger than 
those produced by strains carryine the vector containing the a-factor gene 
alone. These results indicate that the bulk of the a-factor produced by 
the cell's transformed with the composite plasmid has been fully processed to 
its mature form. 

These observations, combined with/the phenotypes of the ste13 mutation 
and the characterization of the product of the STE13 gene, provide the first 
in vivo evidence that a dipeptidyl aminopeptidase has an essential role in 
the processing of the precursor form of a secreted hormone. 

Hormone-Responsive Genes in Yeast: a-Factor Changes the Pattern of Gene 
Expression in a Cells 

A general method for identifying transcripts that are differentially 
expressed under two separate conditions. In order to determine if exposure 
of ~ cells to a-factor changes their pattern of gene expression, it was 
essential to be able to isolate the newly-synthesized mRNA from pheromone
treated cells and from control cells. This was accomplished by "tagging" 
these RNA molecules by incorporating 4-thiouridine, in our case during a 30 
minute pulse of ~ cells in either the presence or absence of 50 units/ml-of 
a-factor. To enhance the efficiency of labelling, uracil auxotrophs were used. 
The 4-thiouridine in nascent RNA allows the purification of the newly-made 
polyA+ mRNA species by chromatography on oligo dT-cellulose followed by 
chromatography on Hg++-agarose. Because of tautomeric shift (shown below), 

" " 

Figure 1. Structure of 4-thiouridine. The sulfur atom bonded to the 
pyrimidine ring has a significant degree of sulfhydryl character, as 
judged by its ability to react with thiol-directed reagents (5). 

the sulfur atom in 4-thiouridine behaves like a sulfhydryl group and will react 
reversibly with mercuric ions. The necessity for obtaining such highly enriched 
and specific mRNA fractions was to be able to use them as templates for the 
synthesis of very selective cDNA probes of high specific radioactivity. Such 
cDNAs could then be used to screen libraries of yeast DNA segments cloned in 
bacteriophage A or plasmid vectors by differential plaque or 'colony hybri
dization. 

In theory, of course, incorporation of 4-thiouridine into nascent RNA 
could be accomplished under any conditi6ns imposed by an experimenter, for 
example shifts of temperature-sensitive mutants from one temperature to 
another, transfer of cells from one carbon source to another, or following 
heat shock. Hence, the method we have devised represents a generallyappli-
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cable procedure for identifying and isolating genes whose-transcription is 
differentially regulated under any two different conditions. The specific 
procedure which we followed to prepare cDNA probes for detecting transcripts 
modulated by a-factor administration is outlined in the diagram below. 

no a-factor 

total RNA 
v 

pulse-labelled 
(4-thioU-containing) 

P01Yl RNAv 

cDNA _ 
v 

c9 
MATa ural 

I 
minimal medium + uri dine 

+ a-factor 

(3H)uridine + 4-thiouridine 
30 min 

oligo dT-cellulose 

Hg++-agarose 

AMY reverse transcriptase 
random primers 

(a- 32P)dNTPs 

total RNA 

~ P 

P01YAi RNAp 

pulse-labelled
(4-thioU-containing) 

POl] RNAp 

cDNA 
p 

Figure 2. Preparation of cDNAprobes for the detection of a-factor
controlled transcription units. XS3-6B (a ural) was grown in minimal 
medium + uridine until mid-exponential phase:- The cells were collected 
by brief centrifugation, washed in minimal medium without uridine, and 
resuspended in minimal medium containing 0.15 mM 4-thiouridine and 
5 x 104 cpm/ml [6-3H]uridine (2 nM). After 10rninute pre-incubation to 
allow equilibration of the pyrimidine nucleotide pool, 50 units/ml of 
a-factor in 0.1 M Na-acetate (pH 6) were added to one half of the culture; 
the other half received an equivalent volume of 0.1 M Na-acetate. After 
30 more minutes of labelling, cells were rapidly chilled over crushed ice 
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and total cellular RNA was prepared by standard methods (phenol extraction). 
The total po1yA+ fraction was selected by chromatography on oligo dT
cellulose. The newly-synthesized (thiouridine-containing) po1yA+ RNA 
was then selected by its binding to Hg++-agarose and eluted with 2-
mercaptoethano1. Such purified RNAs were used as the substrates for 
preparing [32p]cDNA copies using [cx-32p]dNTPs, AMV reverse transcriptase, 
and random calf thymus DNA primers. 

As described in Figure 2, radioactive cDNAs, which were representative of 
the nascent mRNAs synthesized both in vegetatively-growing a cells and in a 
cells during the first 30 minutes after their exposure to a-factor, were -
prepared. These probes were used to screen replicate riitroce11u10se filters to 
which a library of yeast DNA segments had been transferred (2,34) in the form of 
plaques in the bacteriophage A vector, A1059. The library was constructed using 
large fragments of yeast DNA prepared by sucrose gradient sedimentation of yeast 
genomic DNA partially digested with the restriction endonuclease Sau3a. The 
average insert size of the library was 16.5 kb. Two types of differential 
plaque hybridizations (29) were performed using the phage 1i~raries. 

First, duplicate filters were hybridized either with the cDNA probe made 
from the nascent RNA of a-factor-treated cells (cDN~) or with the cDNA probe 
made from the nascent RNA of vegetatively-growing cells (cDNAv). Following 
hybridization and washing, autoradiograms of the two sets of filters were 
compared to each other. Putative plaques which displayed apparently clear-cut 
differences in their degree of labelling by the two different probes were 
picked for further testing. Due to the fact that the average insert size in 
the phages being screened was large enough to potentially code for several 
genes, an inherent problem with this method might be that the presence of a gene 
whose transcription is responsive to a-factor may be masked during the screening 
if it is surrounded by several genes which are transcriptionally active contin
uously. In an attempt to minimize this difficulty, a second set of differential 
plaque hybridizations was performed in which a 3,000-fold excess of unlabelled 
competitor po1yA+ RNA, isolated from vegetative a cells, was added along with 
the cDN~. Additional phages were obtained by this second screening procedure. 
All the candidate phages were plaque-purified and re-tested three times. Out 
of over 20,000 plaques screened, only 5 recombinant phage were found that 
reproducibly behaved as if they carried genes whose transcription was affected 
by the exposure of ~ ce1'ls to a-factor. These phages were grown up on a large 
scale and their DNAs were purified. 

In order to prove that each of these recombinant phage DNAs carried a 
yeast DNA sequence which was differentially transcribed in vegetative a cells 
and in a-factor-treated a cells, radioactive probes were prepared by nick
translation of each whole phage DNA. These radioactive probes were used 
to examine.the spectrum of complementary RNA molecules and the kinetics of 
their appearance in yeast cells in the following way. MATa sst1 cells were 
grown in minimal medium to mid-exponential phase. At time zero, a-factor was 
added at a final concentration of 10 units/m1 and a sample of the culture 
was immediately withdrawn and chilled on ice. At various times after addition 
of the pheromone, usually at intervals of 15 minutes, samples of the culture 
were also withdrawn. Po1yA+ mRNA was then prepared from the culture samples 
taken at each of the time points and subjected to agarose gel electrophoresis. 
The separated RNA molecules were transferred to nitrocellulose paper by the 
blotting procedure of Thomas (31). The radioactive recombinant phage DNAs 
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then were used as hybridization probes. 

This type of analysis confirmed that the 
the screening procedure we devised did indeed 
cription appears to be modulated by a-factor. 
response are represented in the collection of 

recombinant phage identified by 
carry DNA fragments whose trans

Three different patterns of 
sequences we have identified. 

At least one insert contains a sequence which does not seem to be tran
scribed after a cells are exposed to a-factor. After a-factor administration, 
this transcript decays with a half-life of about 30 minutes. We have called 
this class of sequences "turn-off" genes. Such genes probably represent 
functions specific to vegetatively-growing cells. Such a transcript might code 
for a product which is required in cell cycle initiation, for example. 

Each of at least two other inserts contains a sequence which is apparently 
transcribed at a low basal rate in vegetative ~ cells; yet, these transcripts 
are present in ten- to twenty-fold higher abundance after a cells are exposed 
to a-factor, as determined by densitometer scans of the.autoradiograms. We 
have termed this class of sequences "turn-up" genes. Such genes might code 
for functions which may need to be present at elevated levels in conjugating 
cells, like cell wall biosynthetic enzymes. 

At least one insert codes for three different transcripts which are 
undetectable in vegetative ~ cells, but which are present in ~ cells after 
exposure to a-factor. We have designated this class of sequences "turn-on" 
genes. This last class presumably represents genes coding for products 
uniquely involved in the mating process, like the cell surface agglutinin 
molecules required for the adhesion of a cells to a cells which is known 
to be an inducible function (12). 

The changes observed for all three of these classes of transcripts are 
detectable within 10-15 minutes after administration of a-factor. Nonetheless, 
additional experiments will have to be done to determine if these effects are 
truly specific responses to a-factor treatment·perse or are also elicited 
by other treatments or conditions which arrest yeas~cells in the G1 phase 
of the cell division cycle. In this regard, however, based on its length 
(-1500 nucleotides), the "turn-off" transcript identified in this work is 
not the transcript of either the histone H2A or H2B genes or the CDC28 gene, 
all of whose mRNAs are known to be present at greatly reduced levels in G1,... 
arrested cells (14,22; S. Reed, personal communication). 

In any event, it seems that a-factor treatment may alter the pattern of 
gene expression in a cells in a very specific fashion. The availability of 
the cloned genes should permit us to determine th~ functions coded for by 
these regions and their role in the mating process, as well as the mechanism 
by which transcription of these sequences is controlled by the pheromone. 
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SUMMARY 

Antisera with specificity for the product of a yeast cell division cycle 
(cdc) gene were prepared by~immunizing rabbits to a novel hybrid polypeptide. 
A segment of the yeast gene CDC28 was fused to the E. coli 1acZ gene, which 
encodes S-ga1actosidase, by. insertion of yeast sequences into the plasmid 
pBGF1. pBGF1 contains the lac promotor-operator and most of the lacZ gene. An 
EcoRI site 16 codons upstream from the carboxyt~rminus of the S-ga1actosidase 
coding region served as a convenient splicing site for the heterologous se
quences. To insure that an open read~ing frame be maintained between the two 
gene segments for some portion of the fusions, the CDC28-encoding segments were 
first subjected to limited digestion with nuclease BAL-31 to produce random 
junction points. A hybrid polypeptide encoded by such a continuous open read
ing frame was purified from E. coli by preparative SDS polyacrylamide gel 
electrophoresis and used to immunize rabbits. The resulting antisera were 
shown to have specificity for CDC28 gene product synthesized by cell free 
translation of yeast mRNA. 

INTRODUCTION 

Mutational analysis of a cellular process permits the identification of 
relevant genetic loci. Using genetic methods, investigators can then infer 
functions and patterns of interaction of the products of these loci, yet, most 
often, the molecular nature of these functions and interactions has remained 
elusive, particularly if the process under scrutiny is complex. Study of the 
yeast cell division cycle has followed such a pattern. Extensive mutational 
analyses have been performed in Saccharomyces on the progression through the 
cell division cycle and on its control (7,8,18,19). Subsequent physiological 
studies using cell division cycle (cdc) mutants (6,9) have established a fun
damental and unifying model (7~18) for the organization of the cell cycle. In 
addition, pseudoreversion studies have suggested interactions between the 
products of a number of genes (14; our unpublished results). Yet, the elucida
tion of cell division in molecular terms has been hampered by a lack of infor
mation concerning the physical and biochemical properties of the products of 
the cdc genes. Conventional genetic methods unfortunately offer no strategy 
for proceeding from mutational definition of genes to identification of the 
products they encode and determination of the precise physiological roles that 
these products perform. As a result, in yeast, only a handful of the cdc loci 
have been matched with protein products (18) of known physiological function. 

* Supported by US Public Health Service Grant 5 ROI GM28005-02. 
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Recombinant DNA methodologies allow the routine isolation of yeast genes 
on recombinant plasmids by complementation of mutants (1,3,10,15). While 
physical isolation of genes renders the analysis of gene structure and regu
lation accessible to investigation by biochemical methods, it also provides a 
direct approach to the biochemical analysis of encoded products. We have 
developed a method whereby a cloned gene can be used to prepare antisera which 
are specific for the product it encodes. The method entails the fusion of a 
segment of the gene to the lacZ gene of E. coli near the carboxy terminal end of 
its coding region. Gene fusions are screened-for the maintenance of a con
tinuous reading frame on the basis of their ability to produce a hybrid poly
peptide of the predicted size. Such polypeptides are then isolated and used to 
prepare antisera which are expected to have some specificity for the product 
encoded by the native undisrupted gene. We have successfully employed this 
strategy for the yeast cell division cycle gene CDC28 (8,15,19,20) and have 
prepared antisera which can precipitate CDC28 pro4uct synthesized from yeast 
mRNA by cell-free translation. 

MATERIALS AND METHODS 

OrganiSms, DNAs, Enzymes, Plasmid Preparations, Transformations 

The following strains were used: yeast, JF2l0-92 (MATa, trpl, leu2) 
containing the plasmid YRp7(CDC28.4)HCN (12); Escherichia coli, SF8(C600, 
hsdM; hsdR, recBC, lopll). Plasmid pBR322 has been described elsewhere (2). 
PlasmidpBGFl was constructed by transferring a (5.7 kpb) HindIII-EcoRI frag
ment from the plasmid pBGP120 (17) into pBR322 from which the original 
HindIII-EcoRI segment had been removed. pBGFl contains the lac promotor
operator and the.portion of the lacZ gene extending to the EcoRI site l6codons 
upstream from the carboxy terminus of the S-galactosidase ~oding region. 
Plasmid pRCl(CDC28.5) was constructed by removing from pRCl(CDC28.2), a plasmid 
described previously (4), aSalI-PvuII fragment containing the CDC28 coding 
region and the 3' intragenic spacer region (20) and inserting it into pRCl (4) 
which had been cleaved with SaIl and SmaI. By this construction, the Pvull 
terminus of the fragment and the SmaI terminus of the vector are fused by a 
blunt-end ligation into a novel hybrid junction (see Fig. 2). Plasmid prep
arations from E. coli as well as transformation·were performed as described 
previously (4)~ Small scale plasmid preparations from E. coli (minilysates) 
were by the method of Holmes and Quigley (11). All restriction enzymes, T4 DNA 
ligase, and nuclease-free bovine serum albumin were purchased from New England 
Biolabs, Bethesda Research Laboratories, or purified as part of the under
graduate biochemistry laboratory course at the University of California, Santa 
Barbara by published procedures and were used under conditions suggested by the 
manufacturers. All yeast and bacterial culture media have been described (4). 

BAL-3l Deletions 

Deletions were prepared by digesting 2 micrograms of purified fragment DNA 
with 1.6 units of BAL-3l (Bethesda Research Laboratories). Reaction con
ditions were 12 roM CaC12, 12 roM MgC1 2 , 20 roM Tris HCl; pH 8.0,. 1 roM EDTA in 100 
milliliters. 30 microliter aliquots were removed at 3.0, 3.5 and 4.0 minutes 
and digestion was stopped by extraction with PCI [phenol: chloroform: isoamyl 
alcohol (50: 50: 1)]. Aqueous phases from the three time points were pooled, 
ethanol precipitated and the pellet dissolved in 11 microliters of water. 
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Addition of EcoRl Linker Sequences and Cloning into pBR322 

The redissolved mixture of deleted fragments was adjusted to the following 
conditions in 50 microliters: 66 roM Tris Hel, pH 7.6, 6.6 roM MgC12, 10 roM 
dithiothreitol, 0.2 roM ATP, 100 microgram/milliliter bovine serum albumin, 0.1 
unit of phosphorylated EcoRl linker (Collaborative Research) and 4 units of T4 
DNA ligase (Bethesda Research Laboratories). The reaction was allowed to 
proceed for 16 hours at 14°C. After extraction with PCl and ethanol prec~p~
tat ion, the fragment preparation was cleaved with an excess of EcoRl (10 New 
England Biolab units/microgram of fragment). Samples were extracted once more 
with PCl, ethanol precipitated and added to 4 micrograms of EcoRI-cleaved 
pBR322 DNA which had been subsequently digested with bacterial alkaline phos
phatase (Bethesda Research Laboratories). Phosphatase treatment was done at a 
ratio of 100 units/microgram of pBR322 DNA for 5 hours at 40°C in 10 roM NaCl, 
10 roM Tris HCl, pH 8.0 and 1 roM EDTA followed by extraction with PCl and 
ethanol precipitation. . 

Fragments with attached EcoRl termini and EcoRI-cleaved pBR322 DNA were 
reacted in 40 microliters with 1 unit of T4 DNA ligase for 16 hours at 23°C. 
The reaction was then extracted with PCl, ethanol precipitated and redissolved 
in 100 microliters of 10 roM Tris HCl, pH 8.0, 1 roM EDTA. 25 microliters was 
used to transform~. coli cells and colonies containing recombinant plasmids 
were detected by colony hybridization. 

Colony Hybridizations 

Colonies containing recombinant plasmids were detected by·a modification 
of the method of Grunstein and Hogness (57). Plates containing from 50 to 200 
transformant colonies were replica-plated in duplicate. A disc of Whatman 3MM 
paper was carefully layered on one of each duplicate pair after incubation for 
5 hours at 37°C. After 3 additional hours at 37° the disc was removed and 
placed colony-side-down on an LB plate containing 250 micrograms per milliliter 
chloramphenicol for 12 to 16 hours. Filters were removed and prepared for 
hybridization by incubation for 7 minutes in 0.5 M NaOH followed by two five
minute incubations in 1 M Tris HCl, pH 7.2, and a final incubation in 0.5 M 
Tris HCl, pH 7.2, 1.5 M NaCl for five minutes. Filters were then rinsed 
several times with 95% ethanol and dried under a heat lamp for 10 minutes. 
They were then stacked in a 100 mm plastic petri dish and 3 m1 of buffer con
taining 0.5 M NaCl, 0.1 M sodium phosphate, pH 7.0, 6 roM EDTA and 1% sodium 
lauryl sulfate (SDS) and 200,000 cpm of nick-translated probe (2.8 kbp fragment 
in Fig. 2; 2-5 x 107 cpm/microgram) were added per filter. Nick translations 
were performed as has been described previously (21). The hybridization re
action was sealed by laying a sheet of Saran Wrap (Dow Chemical) on the solu
tion and crimping it down by replacing the lid of the petri dish. The reaction 
was allowed to proceed for 12-16 hours in a 65° incubator. Filters were then 
washed three times for 15 minutes in 5 X SSC, 0.2% SDS at 65°C and twice in 
2 X SSC at 23° (SSC = 0.15 M sodium chloride, 0.015 sodium citrate). They were 
then dried for 15 minutes under a heat lamp and .exposed to Kodak XAR-5 film in 
the presence of a. Cronex Lightening Plus intensifying screen for 8-20 hours 
at -75°C. Colonies which gave a hybridization signal were then located on the 
duplicate replica-plate for further analysis. 
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Restriction Analysis of pBR322 Clones and Construction of S-galactosidase 
Fusions 

Approximate endpoints of deleted fragments were determined by digestion of 
recombinant plasmids, prepared as mini-lysates with EcoRI and SacI followed by 
electrophoresis on 1% agarose gels. The deleted fragments chosen for further 
study are pictured schematically in Figure 2. These were purified by digesting 
100 micrograms of purified plasmid with EcoRI, followed by separation on a 4.5% 
polyacrylamide gel. Fragments were removed from the gel matrix as described by 
Maxam and Gilbert (13) and quantitated by agarose gel electrophoresis against 
known DNA-fragment standards. Purified fragments were then mixed with EcoRI
cleaved pBGFl DNA at an equimolar ratio and a final DNA concentration of 200 
micrograms per milliliter and incubated with T4 DNA ligase according to manu
facturer's specifications. DNA was then transformed to E. coli, colonies 
containing recombinant plasmids detected by colony hybridization and orienta
tion of fragments determined by restriction analysis of mini-lysates. 

Screening for Fusion Polypeptides 

Transformants containing gene fusions were inoculated into M9 medium 
supplemented with casamino acids, tryptophan, thymine, 0.2% glycerol and 20 
micrograms per milliliter ampicillin (Bristol Laboratories) and grown overnight 
to stationary phase at 34°C. One milliliter of this culture was then inocu
lated into nine milliliters of the same medium without ampicillin and incubated 
at 34°C for 100 minutes. At that time, the culture was made 50 micrograms per 
milliliter in isopropyl thiogalactoside.After 20 additional minutes of incu
bation, the cultures were made 10 mM in sodium azide and rapidly cooled to O°C, 
on ice. Cells were harvested by centrifugation in a clinical centrifuge at 0° 
and pellets resuspended in 100 microliters of SDS polyacrylamide gel sample 
buffer (22). After transfer to a 1. 5 milliliter Eppendorf type tube , samples 
were subjected to sonic disruption using a needle probe of a Braunsonic 1510 
sonic disruption device for two 10-second bursts with care taken to avoid 
foaming. Samples were then placed in a boiling water bath for two minutes and 
centrifuged in an Eppendorf microfuge for 5 minutes to remove debris. 10 
microliter aliquots were then analyzed by electrophoresis on 7.5% SDS poly
acrylamide gels (22). Protein bands were detected by staining with Coomassie 
Brilliant Blue R. 

Immunization of Rabbits 

Bacterial lysate was prepared as described above except that the procedure 
was scaled up by a factor of 100. Considerably more extensive sonic disruption 
was required to break cells and fragment nucleic acid due to the increased 
volume of the cell suspension (5-10 20-second bursts). 400 microliters were 
loaded per 1. 3 mm thick preparative 7.5% SDS slab gel. Samples were stacked at 
2.5 milliamp per gel and then run at 7.5 milliamp until twice the timeiequired 
for the tracking dye (bromphenol blue) to migrate to the end of the gel had 
elapsed. The gel was stained in Coomassie Blue [0.25% in ethanol: acetic acid: 
water (45: 10: 45)] for 30 minutes and then destained in water with several 
changes until bands could be observed with the aid of a light box. Bands were 
excised and prepared for immunization of rabbits as described by Tjian et al. 
(24), except that boosts were performed without adjuvant. 
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Detection of Anti-P28 Activity 

CDC28 mRNA was purified and translated using a rabbit reticulocyte lysate 
as has been described previously (20). For immunoprecipitation, 25-microliter 
translation reactions were diluted with 40 microliters of 20 mil1igram'per 
milliliter bovine serum albumin (Sigma, Fraction V) and 6.5 microliters of 10% 
SDS. Samples were ,then boiled for 2 minutes followed by cooling to 0° on ice. 
Four 16-microliter aliquots were then transferred to separate tubes and each 
was brought to 1% Triton X-IOO, 50 mM NaCl, 20 mM Tris HCl, pH 7.5 in a final 
volume of 64 microliters. 15 microliters of either pre-immune or immune serum 
were then added and incubated on ice for 16 to 20 hours. 25 microliters of 
Staphylococcus aureus (Staph A) cells prepared according to Kessler (12) and 
resuspended in 1% TritonX-lOO, 50 mM NaCl; 20 mM Tris HCl, pH 7.5, 2 mg per' 
milliliter bovine serum albumin were added and incubated for an additional 30 
minutes on ice. Three washes in the s~me buffer were carried out at 4° by 
centrifugation in an Eppendorf microfuge followed by a final wash in 10 mM Tris 
HCl, pH 7.5. Staph! pellets were then resuspended in SDS polyacrylamide gel 
sample buffer (24) (25 microliters), boiled for 2 minutes and recentrifuged to 
remove insoluble material. Supernatants were electrophoresed and 35S-labelled 
proteins autofluorographed as has been described previously (20). 

RESULTS 

Strategy 

The strategy employed for the preparation of gene product-specific -anti
sera is outlined in Figure 1. 8-galactosidase from E. coli is used as a 
vehicle for presentation of the CDC28 polypeptide as-an antigen. The hybrid 
polypeptide is produced in vivo as the result of a gene fusion constructed in 
vitro. Fragments deletedrandomlY into the 5' region of the CDC28 gene pro=
duced by reaction with the double strand nuclease BAL-31'serve as potential 
donors of CDC28 product antigenic determinants [Fig. 1 (a)]. These gene seg
ments are linked to the carboxy terminal region of lacZ via synthetic EcoRI 
linkers [Fig. 1 (b,c)]. The site of gene fusions is a naturally occurring 
EcoRI site sixteen codons upstream from the carboxy terminus of the 8-galac
tosidase coding region in plasmid pBGFl (Fig. 1). Fusions which maintain the 
reading frame of lacZ through the CDC28 segment are detected by the appearance 
of a predicted fusion polypeptide upon electrophoresis of bacterial lysates 
[Fig. 1 (d)]. The hybrid polypeptide is then partially purified by SDS poly
acrylamide gel electrophoresis and used to immunize rabbits [Fig. 1 (e,f)]. 
Serum is finally tested for specificity by demanding that it precipitate CDC28 
product translated from yeast mRNA using a rabbit reticulocyte cell free lysate 
[Fig. 1 (g)]. 

Production of 5' Deleted CDC28 Gene Segments 

Deletions extending into the 5' coding region of CDC28 were produced by 
treatment of a 2.8 kbp DNA fragment containing the entire gene with the exo
nucleaseBAL-31 (Fig. 2). Since the 5' end of the coding region was estimated 
to be approximately 400 base pairs away from one end of the fragment, the 
reaction conditions were calibrated to remove about 1000 base pairs or 500 base 
pairs from each end, as determined by agarose gel electrophoresis (data not 
shown). EcORI linker sequences were attached to the digested fragment DNA, 
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Figure 1 

3' 5' 
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(a) * BAL-31 
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Strategy for production of product.,-specific antisera. The transcriptional 
orientation of the CDC28 gene was determined using T4 DNA polymerase according 
to the method of O'Farrell (16). A 2.8 kbp fragment containing the CDC28 
coding region, a small S' flanking segment and the entire intergenic spacer 
region on the 3' side, as well as some vector sequences on both sides, served 
as the initial substrate for gene fusion. This fragment was digested with a 
pre-calibrated amount of the doubie-strand' exonuclease BAL-3l (a) to give 
deletions into the S' end of the CDC28 coding region. EcoRI linker sequences 
were added to the blunt ends of the digested fragments (b) allowing insertion 
into plasmid pBGFl (c). pBGFl contains the, lac promotor-operator as well as 
the lacZ gene encoding S-galactosidase exceptfor the 16 carboxy terminal 
codons downstream from the EcoRI site (designated E). Plasmids containing 
CDC28 sequences were detected by colony hybridization and gene fusions were 
screened by restriction analysis. Of these, fusions which maintained a 
continuous open reading frame were detected by analysis of E. coli transformant 
protein extracts by SDS polyacrylamide gel electrophoresis (d):--In-frame 
fusions are expected to produce a stainable band of lower mobility than that 
of S-galactosidase (d). Preparative quantities of the fusion polypeptide 
were then prepared (e) by scaling up the electrophoresis procedure. Rabbits 
were immunized (f) using the material excised from polyacrylamide gels. 
Finally, antisera were screened for ability to precipitate CDC28 product 
(P28) synthesized from yeast mRNA by cell-free translation (g). 
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BAL-3l deletions into the CDC28 coding region. A 2.8 kbp restriction 
fragment obtained by digestion of pRCl(CDC28.5) with SalT and Pvull was sub
jected to limited treatment with the double strand nuclease BAL-3l. Deleted 
fragments were cloned into pBR322 using synthetic EcoRl linkers and. deletion 
endpoints were localized by digestion of recombinant plasmids with EcoRl 
and Sacl. Based on this analysis, six deletions designated Bl, B4, B 7, B17, 
and B24, were chosen to construct gene fusions. The approximate distance 
from the Sacl site within the CDC28 coding region to the deletion endpoint 
near the ~end of the coding region is given for each. The location of the 
Sacl site is indicated by an arrow. ( ), CDC28 mRNA coding sequence, 
-(-- ) yeast genomic non-coding sequence, ( ~)' vector sequence. 
(~ ), indicates orientation of CDC28 transcript. 
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permitting insertion at the EcoRI site of pBR322. Recombinant plasmids were 
detected by colony hybridization and insert endpoints mapped by digestion with 
EcoRI and SacI. The shorter EcoRI-SacI fragment was assumed to define the 5' 
endpoint of the deleted gene.Using this assumption, the structures of six 
deleted CDC28 genes obtained are shown in Figure 2. These six, of 24 origin
ally chosen for analysis, constitute the 5'-deleted segments retaining the 
largest portions of the CDC28 coding region. 

Construction of LacZ Fusions 

Fragments containing deleted CDC28 genes were isolated by cleaving the 
six pBR322 recombinants described above with EcoRI followed by electrophoresis 
in 4.5% polyacrylamide gels and purification. The purified fragments were then 
inserted into the EcoRI site of plasmid pBGFl which defines a potential fusion 
point 16 codons upstream from the carboxy terminal end of the coding sequence of 
S-galactosidase. The orientation of each of the fragments with respect to the 
vector was determined by cleavage with SacI, since a SacI site is situated 
asymmetrically within each of the cloned segments. There are two additional 
SacI sites in the vector, pBGFl. 

Detection of Continuous Open Reading Frames 

Assuming that the CDC28 deletion endpoints were truly random, one in three 
of the gene fusions should have maintained the proper reading frame at the 
junction between the lacZ and CDC28 moieties. Such fusions, then should result 
in the production in E. coli of a novel polypeptide containing constituents 
encoded by both gene segments. The presence of a ~ontinuous open reading frame 
was determined by assaying for an additional major polypeptide in the trans
formant strains. E. coli strains harboring S-galactosidase fusions with the 
six deleted fragme~ts shown in Fig. 2 were induced for S-galactosidase using 
IPTG (isopropyl thiogalactoside), harvested and lysed by sonic disruption 
directly in SDS polyacrylamide gel electrophoresis sample buffer. Proteins, 
separated by electrophoresis on a 7.5% SDS polyacrylamide gel, extracted from 
these strains as well as from a strain harboring the vector, pBGFl, are shown 
in Figure 3. Although the steady state level of S-galactosidase varies. from 
strain to strain, only one produces an additional polypeptide of the size 
anticipated. The fusion pBGFl(B24) directs synthesis of a novel polypeptide of 
approximately 158,000 daltons. The expected contribution of 133,000 daltons of 
S-galactosidase and 25,000 daltons of CDC28 product is consistent with this 
apparent size. Although the low steady state level observed (Fig. 3) implies 
that the polypeptide is unstable in an E. coli cell, the abundance is adequate 
and the size optimal for electrophoretic purification. 

Electrophoretic Purification of Fusion Polypeptide and Immunization of Rabbits 

Preparative SDS polyacrylamide gels were used to obtain partially purified 
fusion polypeptide. As there are few polypeptides encoded by ~. coli of mo
lecular weight greater than 150,000 daltons of sufficient abundance to be 
detected by staining with the Coomassie Blue, a high degree of purification can 
be achieved in a single electrophoretic step. In order to maximize separation 
in the high molecular weight region, electrophoresis was performed until most 
of the proteins (less than 100,000 daltons in molecular weight) were run off of 
the gel. Under these conditions, the fusion polypeptide could be excised with 
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Electrophoretic s creening for fusion polypeptides . Small scale lysates 
were prepared from E. coli transformant cultures and separated on 7 . 5% 
polyacrylamide gels- in the presence of SDS . Protein bands were detected by 
staining with Coomassie Brilliant Blue R. Lanes a through g correspond re
spectively to lysates from E. coli SF8 harboring the vector, pBGFl, and 
fusions with the six deleted fragments: Bl, B4, B5, B7, B17 and B24. The 
band corresponding to S-galactosidase (135,000 daltons) is indicated as well 
as the fusion polypeptide encoded by pBGFI(B24) (lane g) . 

314 



minimal to moderate contamination from the band immediately below and occa
sional contamination from the band above (see Figure 3), depending on the run. 

Excised bands were prepared essentially .according to Tjian et al. (24). 
Polypeptide-containing polyacrylamide slices were lyopholized and then ground 
to a powder using a mortar and pestle. The powder was then resuspended in 0.1% 
SDS and injected after emulsification with Freund's complete adjuvant. Boosts 
were performed at 25 and 35 days subsequent to the initial immunization using 
the powder resuspended in 0.1% SDS without adjuvant. The amount of polypeptide 
per initial immunization was estimated at 10-20 micrograms with a similar 
amount used for each of two boosts. Blood samples for preparation of serum 
were taken 1 week prior to the initial immunization and 12 days subsequent to 
the second boost. 

Detection of Anti-CDC28 Product (P28) Immunological Activity 

Serum collected from two rabbits subjected to the immunization regime 
described above was initially tested for anti-S-galactosidase activity using an 
Ouchterlony diffusion assay and found to be positive (data not shown). To 
determine whether the sera also contained anti...,CDC28 product (P28) activity, 
hybrid release translation was performed on yeast mRNA. CDG28 mRNA partially 
purified by hybrid formation with CDC28-containing plasmid bounft to DBM paper 
was translated using a rabbit reticulocyte lysate (20). The translation 
products directed by partially purified CDC28 RNA and the equivalent amount of 
CDC28-depleted RNA (unbound fraction from the hybrid selection procedure) are 
shown in lanes a and b, respectively, of Fig. 4. P28 is seen as a prominent 
band at 27,000 daltons. Lanes c and d contain immunoprecipitates from a cell
free translation reaction equivalent to lane a where pre-immune serum (lane c) 
is compared to post-immune serum (lane d). Under the conditions employed, 
immunopr~cipitation of the CDC28 product is highly specific. Conditions of 
high stringency were required (see Materials and Methods), however, to prevent 
non-specific precipitation of the CDC28 polypeptide, only a fraction of which 
was then precipitated. It is not known whether this inefficiency is due to the 
inavailability of some of the antigen molecules, the high ionic detergent 
concentrations that were necessary for specificity, or a low antibody titer. 
We are presently attempting to resolve this question so that the efficiency of 
P28 immunoprecipitation may be improved. 

DISCUSSION 

We present here a practical method for the preparation of antisera with 
specificity for the product of, in principle, any cloned gene. The procedure 
utilizes the construction of a hybrid gene consisting of the lac operator
promotor region, most of the adjacent lacZ gene of !. coli and as much as 
possible of the coding region of the gene of interest. The junction occurs 
near the carboxy terminus of the S-galactosidase coding region and near the 
aminoterminus of the component to be spliced. This arrangement has several 
important advantages. Firstly, expression of the encoded hybrid polypeptide 
can be efficiently regulated in E.' coli since the lac operator--promotorcan be 
maintained either in the repressed ~in the presence of inducers, derepressed 
mode to give a high level of transcriptional activity. Both the potential for 
high levels of expression and the ability to maintain repression, should the 
fusion product be deleterious to the host, are significant advantages. We, in 
fact, have observed that induction of the gene fusion which produced a hybrid 
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Detection of immunological specificity for the CDC28 product. CDC28 
mRNA was partially purified by hybridiza t ion to plasmid pBR322(CDC28~ 
bo und covalently t o DBM paper and translated using a rabbit reticulocyte 
lysate as has been described (20) . Incorporation of 35 S- methionine followed 
by autofluorography allows visualization of proteins synthesized . Lane a 
corresponds to translation products directed by the partially purified CDC28 
mRNA whereas lane b corresponds to products directed by an equivalent amount 
of the unbound fraction removed during the post-hybridization washing pro 
cedure, presumably depleted for CDC28 mRNA. The CDC28 product (P28) is seen 
as a prominent band in land a and represents the only significant difference 
between lanes a and b . In vitro translation products equivalent to those 
displayed in lane a were allowed to react with pre- immune and post-immune 
serum from the same rabbit and immune complexes precipitated using Staph ~ 
as is described in Materials and ~[ethods . Pre-immune and post-immune pre
cipitable translation products-are seen in lanes c and d, respectively. P28 
is precipitated by post- but not pre- immune serum. 

316 



polypeptide, pBGFI(B24), for longer than a brief interval, ~esulted in con
siderable cell lysis~ It was thus important to be able to maintain cultures in 
the uninduced state except for a short time prior to harvest. 

The second advantage of the system concerns the use of S-galactosidase, a 
large polypeptide, fo'r presentation of the gene product: as an antigen.' The 
rationale, albeit unproven, is that the spliced'foreign polypeptide will -be 
protected from the potentially hostile milieu 6f the: bacterial cell by the 
large carrier polypeptide. We have constructed a continuous reading frame 
fusion using the same CDC28 segment, B24, and a considerably smaller segment of 
the lacZ gene and were unable to detect a hybrid polypeptide at ,significant 
steady state levels (unpublished results),supporting this premise~ Further
more, the large size of the fusion polypeptide anticipated using pBGFl allows 
for easy purification. There are few proteins of abundance in E. coli of 
molecuiar weight greater than that of S-galactosidase '(135,000 daltons) so that 
fusion proteins are easy to detect in whole cell lysates separated by SDS poly
acrylamide gel electrophoresis and easy to recover in reasonably pure form by 
the same method. This simple strategy would be impractical if the, fusion 
protein were significantly smaller. 

Immunizations were carried out, with relatively small amounts of protein 
still enmeshed in polyacrylamide matrix. It is not known how much of the 
polypeptide became available to the rabbits' immune systems. It is suspected, 
however, base4 on low titers against S-galactosidase (unpublished observations) 
that the titers against P28 were also 'low. In fact the serum from one of two 
rabbits was only barely capable of a specific: immunoprecipitation 'response 
above background (data not shown) and the other, although well above background, 
could only precipitate a fraction of the P28 present in the: lysate, possibly, 
as has been mentioned, due to a low antibody titer. Antisera of higher titer 
could probably be prepared by using larger amounts of antigen in the immuniza
tion procedure. As antigen is easy to purify, such a modification is feasible. 

Stringent detergent conditions were required to prevent non-specific 
precipitation of P28 from cell-free lysates. It was not established whether 
P28 is insoluble or has a high affinity for Staph!=. cells or both. Initial 
boiling of samples in 1% SDS and performance of precipitations in 0.2% SDS, 1% 
Triton X-lOO allowed specific precipitation ofP28 by iminune sera as can be 
seen in Fig. 4. It is not known whether these conditions eliminate a subset or 
majority of potential antibody-antigen interactions resulting in reduced effi
ciencies of immunoprecipitation. This, ho'wever, is not expected to be a 
problem of general concern for gene products of normal solubility. 

In organisms where'intensive genetic studies have yielded collections of 
mutants defective in cellular processes and where genes defined by mutants have 
been physically isolated using recombinant DNA techniques, methods such as the 
one reported here should permit extension of studies to the characterization of 
the structures and,ultimately, of the molecular functions of the encoded gene 
products. The inability to identify' and characterize the products of inter
esting genes has been a seriotls impediment to the elucidation, in molecular 
terms, of important cellular and organismal processes where sophistic'ated , 
genetic analysis has been possible. Our method also permits the preparation of 
antisera specific for products of genes expressed at extremely'low levels, 
since expression of antigen is now linked to the lac operator-promotor of E. 
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coli. In principle, then, this method might find application even where the 
gene product is known but difficult to obtain due to low abundance or intract
ability to purification. 

An alternative method for producing antibodies specific for the products 
of cloned genes has been described (23,25). It involves the extrapolation of 
amino acid sequence from the DNA sequence, the selection of likely antigenic 
runs of amino acids from the sequence and the synthesis of a synthetic peptide 
for immunization. The disadvantages of this approach are that it involves 
having sequenced the gene, some knowledge of antigenic amino acid combinations, 
the ability to construct synthetic peptides, and the limitation of the immuni
zation to a relatively small set of antigenic determinants. Our method re
quires only prior cloning of the gene, localization and determination of the 
orientation of the coding sequence and some simple biochemical and microbio
logical manipulations and, as such, should be of more general application. 

I would like to thank Dr. John Sninsky for plasmid pBGP120, Drs. David 
Asai and Randy Sheckman for invaluable advice concerning immunological tech
niques, and Ms. Debbie Mustard for typing the manuscript. 
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Mike Esposito told me that 'one of the purposes of this volume is to 
provide a record of the state of the field. .Rather than restate the contents 
of the talks from my laboratory by Janet Kurjan (on a-factor) and by Rob 
Jensen (on control of HO), I thought that I would take this. opportunity to 
review several different aspects of mating physiology, cell type determin
ation, and mating type interconversion from a novel perspective. The full 
stories on a-factor and on HO are soon to be published (19, 12), and it is 
more than I can bear to reproduce these schticks in full for this volume. 
Relevant information on a-factor and HO will, however, be described in the 
course of this epic. --

To provide a record of our thinking about mating physiology, mating type 
determination, and mating type interconversion, I have chosen to describe much 
of what we know about the a2 gene of the a mating type locus and the logic 
that has led to our present positioh. Equally interestingly (I hope), I shall 
describe some speculations on the a2 product and its potential role in the 
switching pattern of homotha}.lic strains. 

As will become readily apparent, we are in that marvelous position with 
respect to a2 of having only a limited amount of concrete biochemical informa
tion. Thus, much of what we know and speculate abollt a2 is based on physio
logical and genetic observations and consequent deductions. 

In our laboratory, we have pursued studies on cell type differentiation 
and on mating type interconversion in parallel. It has proved to be the case 
that each of these "different" areas has provided much information that is 
relevant to the other. Because many of our assays involve the complex pro
cesses of mating, pheromone response, and mating type switching, we have 
inevitably been drawn into several aspects of mating physiology and its 
genetic control. 

THE al-a2 HYPOTHESIS 

Discovery of the MATa2 gene. The story of theMATa2 gene of course 
begins with the identification of mutants defective in that gene (20). One of 
the mutants derived from an a strain with a defect in mating (strain VC73) 
carried a mutation (ste73) with properties that made it difficult to study 
genetically. Rare diploids formed between VC73 and MATa strains were unable 
to sporulate; hence it was not possible at that time ~determine whether the 
ste73 mutation was located at the mating type locus. MacKay and Manney 
however noted that the diploid formed between VC73 and aMATa strain, when 
mated to a MATa/MATa strain, yielded a tetraploid strain that sporulated. The 
only simple explanation for these results was that the ste73 mutation was a 
mutation inMATa that is recessive to wildtype ex mating type locus and that 
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the wildtype gene is required in ~/a cells for sporulation., All of these 
deductions have proved to be correct. 

Confirmation that ste73 was a mutation of MATa came from mapping anal
yses, performed in two ways. First, Jim Hicks constructed sporulation
proficient tetraploids similar to those of MacKay and Manney and analyzed the 
diploid spores produced upon sporulation. This analysis showed that the ste73 
mutation was closely linked to the CRYl locus, which is closely linked to the 
mating type locus (5, 35). Tetrad analysis of diploids (which is considerably 
easier to understand!) was performed soon afterwards by Jeff Strathern and 
yielded similar results (32, 35). The fact that ste73/MATa diploids ordin
arily do not sporulate was circumvented by utilizing strains that carry a 
second mutation, unlinked to the mating type locus, which allowed sporulation. 
Hopper and Hall (11) identified a mutation (CSP1, at that time thought to be 
dominant) that allows ~a and a/a strains toSporulate. Strathern thus 
convinced ste73 strains to sporulate by mating them to a MATa strain carrying 
CSPl. The tetrads then showed a simple 2 a:2 non-mater segregation, confirm
ing that ste73 mapped to the mating type locus. (We now know that CSPl is a 
recessive mutation and is presumably identical to the rme mutation (13). 
Fortunately the parent of the ste73 mutant and thus VC73 also carried this 
mutation.) These two analyses confirmed that the ste73 mutation mapped to the 
a mating type locus. Furthermore, analysis of the segregants showed that a 
single mutation, ste73, was responsible for the two phenotypes of the original 
isolate (VC73), inability to mate and inability to sporulate when mated to an 
a strain. In addition, diploid segregants derived from tetraploids carrying 
ste73 were produced and could be tested for their phenotype: ste73/MATa 
strains behaved as a; ste73/MATa strains, as noted above, did not sporulate. 
[ste73/MATa cells exhibit the same mating properties as ste73 strains (see 
below) and thus differ from MATa/MATa cells in this respect as well.] 

a2 is a negative regulator. Although VC73 was isolated as a "sterile", 
that is as a mating-defective derivative of an a strain, a close look at its 
mating behavior showed that it does mate a bit: but it mates as an a (with an 
efficiency approximately 0.1 to 1% of that by a true a cell) (5,- 35, 28). 
This phenotype of VC73 was the first clue to another function of what we now 
call the a2 gene. The second clue was Jim Hicks's observation that VC73 also 
behaved as if it were an a cell in that it degrades a-factor (6). This a 
cell-specific function, which we termed "Bar", is exhibited by a cells and-by 
VC73 but not by ~/a cells or by various other ste mutants derived from a 
cells. Because the ste73 mutation is recessive, we argued that this mutation 
inactivates a gene (MATal) whose product inhibits expression of functions 
ordinarily expressed only in ~ cells. In other words, we proposed that a2 is 
a negative regulator of a-specific genes (ssg). It has subsequently been 
found that strains defective in the a2 gene exhibit several other phenotypes 
of a cells: response to a-factor (39), production of a-factor (2), and 
production of the.a cell agglutination substance (40). -The gene defined by 
the ste73 mutation 1thus has two roles--inhibition of a-specific functions in a 
cells and promotion of sporulation in ~/a cells. -

One other mutant isolated by MacKay and Manney, strain VP1, also behaved 
in some respects like VC73. In particular, VPl also exhibited the Bar pheno
type (6) and mated a bit as a (28). One notable difference between VC73 and 
VPl was that VPl did not seem to exhibit the sporulation defect of VC73: 
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diploids formed between VPl and MATa strains sporulated. Later, George 
Sprague made us feel a bit more "comfortable" by finding that sporulation by 
such strains was less efficient than by MATex strains (30). VPl thus appears 
to carry a leakier mutation than VC73. 

There were at the time two other ste mutations that were isolated in ex 
strains and that mapped to MATex (20), what we now call stel-2 and stel-S. -- ---- ---
These mutants were quite different from VC73 and VPl: strains carrying stel-! 
or stel-S did not exhibit any phenotypes of a cells, neither mating as a nor 
exhibiting Bar activity. Furthermore, stel-2/MATa and stel-S/MATa sporulated 
as well as did MATex/MATa strains. The phenotypes of mutations atMATex thus 
fell into two categories, those like ste73 and those like stel-5. It was 
satisfying when Jeff Strathern observed, as described next, that MATex contains 
two complementation groups, exl and ex2, that correspond to stel- and ste73-type 
mutations, respectively (32, 35). ----

Genetic analysis of mutants that are defective in mating is fraught with 
potential complications because isolating diploids requires selecting for 
prototrophs from a mixture of parents. To form such diploids, we count on the 
mutation being leaky to allow some mating, and watch out for reversion of the 
mutation or isolation of suppressor mutations (which as we shall see has 
proved immensely informative). Fortunately, it is easy to determine whether 
the diploids obtained by selection have been formed due to leakiness or due to 
a genetic change: one simply sees whether the original mutation segregates 
appropriately after sporulation of the diploid. Strathern formed diploids by 
pairwise rare matings among VC73, VPl, and the stel mutants and observed that 
some diploids exhibited a non-mating phenotype, whereas others mated as ex. 
The latter type were formed by matings between VC73 or VPl with stel-! or 
stel-i strains and thus indicated the existence of two complementation groups. 
Critical to this conclusion was the observation that these diploids sporulated 
(again by virtue of carrying CSPl) to yield the parental ste mutations. We 
have renamed the mutations in VC73 and VPl matex2-l and matex!-~, respectively. 

Behavior of exl-ex2- double mutants. Dissecting asci has some similarities 
to constructing phage recombinants by toothpick tests--it is a repetitive 
manual activity during which the practitioner has the opportunity to meditate 
over the plates or the agar slab. There is thus time to ponder about what 
might be wrong with the cross, about whether the desired recombinant will be 
viable or whether it will have some unusual~properties. Perhaps it was in the 

course of dissecting the asci from an exl-/ex2- (matexl-i/matex2-l) diploid that 
Jeff Strathern realized something quite striking about one of the segregants 

+ from this cross. Of course wildtype recombinants (MATex ) should be formed. 
What would be the phenotype of the reciprocal recombinant, defective in both 

MATexl and MATex2? Our limited analysis of the parent exl- or ex2 singlemutants 
led to the view that exl was a positive regulator of ex functions and that ex2 
was a negative regulator of a functions. Thematexl matex2 double mutant thus 
would not express the ex behaviors (because it lacked exl)-butwQuld exhibit ~ 

behaviors (because it lacked ex2). In other words, the exl-/ex2- diploid should 
produce segregants that mate as a. Indeed, such segregants were obtained at a 
rather high frequency, approximatelyl% (35).MATex recombinants were found at 
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a comparable frequency. It was immediately apparent that the segregants that 
mated efficiently as ~ were not switches to MATa because when they were mated 
to an a strain, the resultant diploid did not have the properties of a 
MATa/MATa cell. Rather the diploids mated as a and did not sporulate. 
Furthermore, it was possible to cross the putative matal mata2 double mutants 
to MATa and identify recombinant segregants that contained the original matal 
and mata2 mutations. Finding thatmatalmata2 mutants have the mating pheno
type of a cells was very exciting in that it indicated that our views of al 
and a2 had predictive value. Likewise, the analysis showed that the a mating 
type locus need not code for analogues to al and a2: a-specific functions are. 
simply constitutive in a cells. These results furthermore explained why no . 
one had isolated mutations atMATa that were defective in mating: the only 
mutation of MAT a that was knoW:-calleda* (now matal), mates fine as an a but 
(like the matal matal double mutant) does not forna-sporulating diploid upon 

mating with a cells '(13). Finally, the mating of al-a2- cells as a provided a 
way of understanding a set of observations concerning rare matings-between ho 
cells 'of like mating type (35). When MATa ho cells carrying complementary -
auxotrophic mutations are mixed, prototrophS-are obtained at a frequency of 

ca. 10-7 (24). These prototrophs areMATa/MATa diploids formed as result of 
one parent switching from MATa toMATa by genetic rearrangement. Matings 
between a strains yield a different result: althoughMATa/MATa prototrophs 

-7 occur at a frequency of ca. 10 , the predominant class (approximately 10 
times more frequent) is not MATa/MATa. These prototrophs mate as a and do not 
sporulate. Subsequent analysis indicates that these prototrophs are formed by 
matings between MATa cells that mate as a and MATa cells that transiently have 

a Matal Mata2- phenotype or that have lost MATa and thus that mate as a. 

The role of a2 in determining properties of a/a cells. We have seen 
above that a2 is important in determining the properties of haploid a and a 
cells. In a cells, it turns off a-specific functions. In a cells, its 
absence allows these functions to be expressed. How does a2- promote the 
properties of ~/adiploids, in particular, inhibition of mating and activation 
of sporulation? Mating: a2 inhibits mating in ~/a cells in at least two 
ways: First·, a2 is inferred to act as in haploid a cells to inhibit expres
sion of a-specific genes (28, 35). Secondly, a2 acts in conjunction with al 
to turn -Off synthesis of al product (18, 22). Consequently, a-specific genes 
necessary for mating whose expression requires the al product (such as the 
STE3 gene; 31, 29) remain unexpressed. Sporulation: We attribute the induc
tion of sporulation in a/a cells also to result from a2 and al acting as a 
negative regulator (26)~ (Another negative regulatory action-ofa2 and ,aI, on 
HO gene expression, is described below.) Sporulation can occur in a/a and a/a 
cells (as well as in Iilatal/MATa and in MATa/Iilata2 cells, as noted-earlier) 
when the product of the RME gene is absent (13,-26). The RME gene product 
thus can be viewed as a negative regulator of sporulation, which is expressed 
in a and in a cells but which is not expressed in a/a cells due to repression 
by a2 and al. 
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WHAT .MATal HAS TOLD US ABOUT THE STRUCTURE OF MAT AND ABOUT MATING TYPE 
INTERCONVERSION. 

Mutations in MATal have acted as an experimental foil to ~al mutations 
in genetic studies of the structure of the mating type locus, in our studies 
of unlinked suppressors of mat mutations, and in mating type interconversion. 
More often than not, we were somewhat surprised by the results that were 
obtained. 

Structure of MAT. In thinking about the structure of MAT, we originally 
considered two general types of structures: in one, the information for both 
a and a is present and differentially expressed in a or a cells; in the other, 
the~ and a alleles are non-homologous blocks of DNA, analogous to the imm434 
substitution of lambdoid phages (8, 30). According to the latter view, it 
should not be possible to rescue the wildtype allele of matal mutations by 
recombination in matal/MATa diploids. This prediction was confirmed for both 
matal-2 and matal-5 (30). Surprisingly, the wildtype alleles of both mata2-l 
and mata2-4 were- rescued from MATa. Thus, the MAT alleles share regions of 
homology and non-homology. Parallel physical analysis of MAT a andMATa 
confirmed these views and allowed us to explain our results in a specific 
manner. MATa and MATa contain nonhomologous sequences (termed Ya and Ya) of 
747 and 642 base pairs respectively (10, 21, 36, 1). MATa produces two 
divergent transcripts that begin within the Ya region but which extend into 
flanking homologous regions, into the X region to the left and into the Z 
region to the right (18, 22). These two transcript~ contain coding r~gions 
which were shown to correspond to a2 and al by complementation tests between 
the "classical" al and a2 mutations of our analysis and mutations produced in 
vitro (38). The nucleotide sequence of MATa shows that al product should be 
175 amino acids in length, 78% of which is coded withinYa. In contrast, a2 
is 210 amino acids in length and is coded primarily (88%) within the X region 
(1). Our genetic results are thus explained by proposing that matal-2 and 
matal-i are located within the Ya region, whereas the matal mutations are 
within the X region. 

A suppressor of mata mutations. In selecting for mating between matal-i 
and MATa strains, Jim Hicks found that some diploids segregated an unlinked 
suppressor of the lilatal-5 mutation (5).. At this point, we did not know 
whether this suppressor,~ssp5l5, was an informational suppressor (for example, 
affecting translation) or a physiological suppressor (for example, a function 
that is negatively regulated by al). Soon thereafter, Jeff Strathern showed 

. that ssp5l5 also suppressed matal-l and thus was not allele specific (32). 
More remarkably, he found thatssp5l5 was also able to suppress matal muta
tions.· Thus, ssp5l5 suppressed mutations in two very different functions of 
MATa. Our understanding of'ssp5l5 was precipitated by Jasper Rine, who. found 
that ssp5l5 also suppressed the sporulation defects of a/a and a/~. diploids 
(25, 27). Thus,ssp5l5 could suppress mutations of bothMATa andMATa. Our 
analysis of mating type interconversion had led us to propose the existence of 
silent mating type locus information in the yeast genome, at loci termed HMa 
(now called HMLa) and lIMa (now called HMRa) (8, 7). Using Occam's Razor ,We 
had argued that the silent information was not expressed because it was not 
adjacent to an active promoter (or other essential controlling site) and that 
the mating type locus contained such a playback site and thus expressed the 
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cassette located at this position.. Rine proposed that the situation was a bit 
different, namely that the cassettes at HML and HMR were kept silent by the 
action of a negative regulator (now called Sir) (4, 27). ssp5l5 (sirl-l of 
ref. 27) thus allows expression of both an a cassette at HMLa and an a cas
sette at HMRa to provide aI, a2 and al products. 

Other mutations like ssp5l5 were subsequently found (marl, 15; cmt,3); a 
systematic analysis of sir mutations reveals four SIR genes (25). 

Mating type interconversion. a2 has played a significant role in de
veloping our understanding of mating type interconversion. After Jim Hicks 
found that mata! mutations could be healed by mating type interconversion (7), 
it was of interest to know whether mata2 mutations could likewise be healed. 
Performing this analysis not only revealed that mata2 mutations were healable 
but also revealed important information of how mating type interconversion is 
controlled. To appreciate the matal healing studies, it is necessary to 
digress a bit. Mating type ,interconversion occurs efficiently iIi ~ and a 
haploids but not in a/a diploids. The absence of switching in a/a cells does 
not result from diploidy per ~, becauseMATa/MATa and MATa/MATa diploids 
exhibit mating type interconversion (9, 14, 37). The inhibition of mating 
type interconversion in a/a cells does not require al product~-matal/MATa ' 
cells that' carry HO do not undergo mating type interconversio;-(7): It is 
therefore possible-to produce HO matal strains by sporulation of a matal/MATa 
ho/HO diploid formed by matingbetween ho mata! and HO MATa strainS:- The HO 
matal segregants can then be analyzed and were observed to switch, first to 
MATa-and then to MATa. Mating betweenMATa HO and mata2 ho strains, in 
COntrast, does not yield stable mata2/MATa diploidS:- such strains switch 
mating types until stableMATa/MATa diploids are formed (32, 34). These 
studies show (i) that the a2 product is necessary to inhibit mating type 
interconversion and (ii) that mata2 mutations can be healed in this process. 
The latter observation also provides information on the transposition event 
itself. Because mating type interconversion results in a substitution of one 
nonhomologous block of information for another (Ya to Ya and the reverse), the 
Y region must be transposed from HML or HMR to the mating type locus. Because 
the cassettes at HML and HMR are flanked by sequences that are also found at 
MAT (X and Z), one question that arises is, whether any of the X and Z regions 
are also transposed to MAT. As discussed above, mutations mata2-l and mata2-4 
are inferred to be located in the X region (30). Hence mating type inter-=-
conversion can result in movement of at least the part of the X region that 
contains the wildtype alleles of these mutations. Because our healing studies 
of matal mutations relied on the production of MATa/MATa diploids, we cannot 
answer the more refined question of whether all cassette transpositions result 
in movement of ,the same part of the X region in each switching event. The 
productio~ of ochre mutations in MATal (23) should allow this question to 'be 
answered. 

Why does mating type interconversion not occur iIi a/a cells? Studies of 
switching in matal/MATa cells show that the al product Is required in addition 
to the a2 product to block mating type interconversion (34, 16). One simple 
way for such inhibition to occur would be if synthesis of the HO gene product 
were blocked in a/a cells. To test this idea, Rob Jensen and George Sprague 
cloned the HO gene and assayed production of its RNA in ~/a cells. The simple 

325 



result was obtained: HO RNA is not produced (12). Furthermore, inhibition of 
synthesis requires both ~l and a2. These studies thus show a negative feed
back control of mating type interconversion by the mating type locus: in ~ or 
a cells, the HO gene is expressed, which results in mating type switching. 
Mating between siblings of opposite mating type yields the final product of 
mating type interconversion, a stable a/a cell, which is stable because al and 
a2 turn off synthesis of HO gene product. Speculations on how al and a2-exert 
this negative cont~ol are discussed below. 

a2 product may also provide an explanation for another aspect of mating 
type interconversion. Cells carrying HO can exhibit mating type interconver
sion only after they have become "experienced", that is, budded once (33). 
These experienced cells then exhibit "directionality" of switching in that 
they switch preferentially to the opposite mating type. Thus experienced a 
cells do not choose to transpose a cassette from HML or HMR at random. 
Rather, HO MATa cells that are HMLa HMRa transpose the a cassette in more then 
75% of cell divisions. Recent work indicates that a ~ells preferentially 
mobilize the cassette at HMR and that a cells mobilize the cassette at HML 
(17). How is directionality brought about? A reasonable explanation is that 
a product of MAT directs, this process. We know that al is not involved, 
because matal mutants exhibit-normal directionality. A plausible explanation 
is that a2 product is responsible, for example, by binding to HML to prevent 
mobilization of the cassette at this locus or by binding to HMR to stimulate 
mobilization of the cassette at this position. Similar arguments can be made 
for directionality in ~ cells being mediated by ~l. 

Functional antagonism in mata2 mutants. As described above, we have 
proposed that a2 1s a negative regulator of a-specific genes (35). The 
various defects of matal mutants are thus attributed to such cells expressing 
both a-specific genes (due to Fhe presence of al) as well as a-specific genes 
(due to the absence of a2). To ascertain whether this view is correct and to 
provide some insights into cellular physiological processes, we have examined 
two types of defects of a2 mutants: defects in a-factor secretion and in 
mating. 

Neither a2 nor al mutants secrete a-factor (20, 28). In the case of al 
mutants, we anticipate that this defect results from lack of a-factor produc
tion itself: al may be necessary to activate expression of the a-factor gene 
(MAFa) itself or to activate expression of genes necessary for a-factor syn
thesis or secretion. In contrast, we explain the inability of a2 mutants to 
secrete a-factor to result from production of the a-factor degradation func
tion (Bar). Thus, a2 mutants produce a-factor but they simultaneously degrade 
it. This hypothesis has been confirmed by isolating derivatives of a2 mutants 
that now secrete a-factor (28). These mutants are defective in the BARI gene. 
This finding has several implications. First, it confirms that a2mutants do 
indeed produce a-factor and that the only function of MAT a necessary for 
a-factor synthesis is al. Secondly, they identify a gene, BARl, which is a 
candidate for negative regulation by the a2 product. It will now be possible 
to clone the BARI gene by complementation and to determine by Northern anal
ysis whether BARI is controlled in this manner. Finally, the behavior of a2 
mutants provided a way for us to clone the a-factor gene. 
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Lacking mutants defective in the a-factor structural gene itself, we were 
not able to clone the gene by complementation. We argued, however, that a 
high copy number plasmid carryingMAFa might allow an a2 mutant to produce 
more a-factor than could be degraded by Bar. Janet Kurjan screened for such a 
plasmid and by nucleotide sequencing showed that it codes for a-factor (19). 
Remarkably, theMAFa gene carried on this plasmid appears to encode an a
factor precursor~165 amino acids that contains four tandem copies of mature 
a-factor. The first half is hypothesized to contain information for tar
getting a-factor to the secretion pathway and processing locales; the second 
half contains the four, a-factor segments, each preceded by a six or eight 
amino acid "spacer" segment (variations of the sequence Lys-Arg-G1u-A1a-Asp
A1a-G1u-A1a) that contains proteolytic processing sites. 

Functional antagonism in a2 mutants is manifested also in defective 
mating. We noted earlier that a1- a2- mutants mate efficiently as a. Thus 
the inability of a2 mutants to mate as a results from expression of a1 product 
itself or from expression of some functIon(s) under its control. To test the 
latter possibility, we have determined what mutations will allow a2 mutants to 
mate as a. We find that inactivation of the a-specific gene STE3 allows a2 
mutants to mate as ~ (31, 35). These results are of course consistent with a1 
being a positive regulator of the STE3 gene. This contention has been con
firmed (29). 

By analogous reasoning, we have attempted to determine whether we can 
relieve functional antagonism in a2 mutants to allow efficient mating as a 
(31). Our efforts so far are negative: a2 mutants defective in two a
specific genes (STE2 and STE6) are still unable to mate as a. Additional 
mutations may be necessary to turn the trick. 

Molecular mechanism of a2' action in a and in a/a cells. We have seen 
above that MATa2 is a regulatory gene with two roles in determining yeast cell 
type. In both a and a/a cells, we believe that it acts as a negative regu
lator to control expression of genes such aSBAR1 and certain a-specific genes 
as well. In a/a cells a2 has an additional role exerted in conjunction with 
the a1 product of MATa. 

a2 and a1 are necessary for a wide variety· of·· actions--inhibition of 
mating and mating type interconversion. Why are both a1 anda2 required? One 
possibility is that a1 and a2 products associate to form a regulatory protein 
with distinctive specificity, for example, binding to, target sites on genes 
such as a1 and HO that it regulates. Another possibility is that a1 and a2 
interact cooperatively at the target site. For example, a1 might bind near 
the HO gene to allow binding of a2, which thereby blocks expression of the HO 
gene. 

It should be apparent that studies of the a2 gene have provided informa
tion on and inroads into many different aspects of cell type determination, 
mating physiology, and mating typeinterconversion. It is hoped that future 
studies of a2 will shed light on the molecular mechanisms of action of regu
latory proteins. 
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Homothallic switching of yeast mating type (MAT' genes can best be under
stood as a highly directional form of intrachrom~somal mitotic gene conversion. 
We have addressed two aspects of this problem: 1) how switching is initiated, 
and 2) how the extent of pairing of homologous sequences shared by MAT and the 
donor loci, HML and HMR, affect switching. Switching is apparently initiated 
by a double-strand c~in MAT at or near a site defined by a series of dele""" 
tions and point mutations. Two MAT-inc mutations were shown to be single base 
pair changes in the sequence CGCAAC that lies in the Z region of homology imme
diately adjacent to_.8-- or a-specific (y) sequences. The double-strand 
break is envisioned as promoting the conversion of MAT by a DNA repair mechan
ism, in which an 'intact , homologous sequence is used as a template to repair 
(switch) MAT. When HML and HMR are also "activated" in haploid HO strains 
carrying the cmt mutation'";" most' switching events appear to be lethal; -however, 
the transiently-viable products of switching can be rescued by mating with 
a Cmt+ strain. A high'proportion of the resc~ed HO cmt cells have lost all of 
chromosome III or ~~ntain deletions joining MAT with HML or HMR. 

We have also found' similar directionality in gene conversions of the 1ys2 
locus, where y-raYE! were used to create double strand breaks in one parental 
chromosome before' zygote _ formation. 

Finally, we have explored how the alteration of homologous sequences at 
MAT an<i the two donors affects switching .Plasmids containing MAT or HML se
quences have been integr.ilted at different sites. Tandem duplications Of MAT 
switch efficiently, a usually replacing the duplication by a single MAT locus 
of opposite mating type. The presence of an inc mutation in the right MAT 
region of the duplication prevents such replacements, while the same inc muta
t ion in the left MAT site does not. The extent of pairing of HMLa with the 
duplication can be increased by constructing MAT/HML sequences at MAT. 

INTRODUCTION 

Under the control of the homothallism gene, RO, yeast mating type genes 
can switch from MATa to MATa or vice versa as often as every cell division 
(11).. MAT switching involves the transpos1t10n of a- or a-specific se--- . 
quences from one of two unexpressed copies of mating type information, HMLa or 
HMRa (12,13,24). HML, HMR, and MAT all share extensive regions of homology 

*Support was obtained from National Institutes of Health grant GM20056. 

+ NIEHS, Research Triangle Park, NC 
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(segments W,X, and Z), flanking completely non-homologous a and a sequences 
(Ya and Ya) 0,22,27). A variety of experiments have suggested that trans
position of mating type genes appears to involve a highly site-specific mitotic 
recombination event. Several observations suggest that switching requires 
direct physical pairing of homologous sequences shared by the MAT locus with 
either HML or HMR. For example, Klar et al. (15) have presented evidence that 
a heteroduplex "Structure is formed between the donor and MAT sequences during 
switching. In addition, although MAT switching is normally not reciprocal 
(that is, MAT is converted without affecting HML or HMR), reciprocal recombina
tion event~ joining MAT to HML or to HMR, occur in 1 - 2% of all switching 
events (9). Furthermore, the efficiency ()f switching was greatly impaired when 
the donor locus was translocat,ed to another chromosome (0) so that pairing of 
MATa and HMLa would be inter- instead of intra- chromosomal. In contrast, 
the efficiency of switching is only slightly impaired then a MAT locus was 
inserted in either orientation at another locus, leu2, on the opposite side of 
the centromere of the same chromosome III where MAT is located (Davidow and 
Haber, unpublished)., Other experiments have suggested a similarity between MAT 
switching and other intrachromsosomal mitotic gene conversion events (14, l~ 
For example, MAT conversions are prevented by the rad52 mutation 09,29), as 
are intrachromosomal gene converS10ns between duplications of his4 hetero
alleles (14). A more extensive review can be found by Haber (4). 

Recently we have been carrying out a wide variety of experiments to sub
stanti,ate how MAT switching occurs. The experiments summarized below address 
several questions: 1) how is MAT switching initiated; 2) what other predic
tions of a gene conversion modelCan be tested experimentally; 3) how similar 
is MAT switching to other mitotic gene conversion events? Our data show that 
it may be useful to consider mating, type switching as a highly specialized 
mitotic gene conversion event dependent on the site-specific activation of the 
MAT locus. 

RESULTS AND DISCUSSION 

Cis-acting Deletions and Point Mutations that Prevent Switching. 

Both MAT a and MAT a cells carrying rad52 die when they attempt to 
switch mating type 09,29). Lethality occurs because of the formation of a 
double-strand chromosome break apparently within the MAT locus that cannot be 
repaired in rad52 strains (29). Lethality is prevented by mutations that pre
vent efficient MAT switching. The fact that HO' rad52 cells die provides a 
strong selection for mutations that prevent mating type conversions and there-' 
fore allow cells to survive . Such mutations arise at very,high frequency in HO 
rad52 MATa' strains where the efficiency of switching is reduced by the swil 
mutatio-;-(29) . All of these mutations proved also to be "sterile" matal muta
tions. We have now analyzed 9 of these mutations by restriction endon~clease 
mapping and found that all of them were deletions ranging in size from 50 to 
800 bp (Figure 1). The deletions all removed a HhaI site that lies just at the 
Ya/Z border. The largest of the deletions we have isolated was not "sterile", 
but a-like in its mating behavior and proved to have lost not only part of 
the MATal cistron but part of the MATa2 cistron as well. 
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Figure 1. A. Southern blot of HindIII-digested DNA showing deletions in the 
MAT region in non-switching, matal derivatives of an HO rad52 swil }!ATa strain. 
The DNA was hybridized with a labelled probe containing the HindIII MATa frag
ment, which also hybridizes to HMLa and HMRa. The largest of the deletions 
(BWdl) was also mutant in the mata2 cistron. 
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Figure 1. B. Restriction site analysis of the d,eletions within MATa.. In 
addi.tion to HindlII and HhaI sites, MspI (M) and HaeIII (H) sites were also 
mapped. Restriction digests were probed with both plasmids pJH4and pCSH414, 
which contain the MATa. sequences, as shown. All of the deletions eliminated 
the HhaI site at the Y/Zbord~r; . 

Ya CTTCGICGCAACAGTA Z Ya ' CTTTCICGCAACAGTA Z 
GAAGC GCGTTGTCAT ,GAAAG GCGTTGTCAT 

'" 
c • , . t-

A MATa-" inc (3-7) T MATa-inc (4-28) -- -'- -- --
T~ A 

Figure 2. Single base pair .substitutions in two inc mutations that reduce the 
efficiency of swithing by at 100 fold. Shown is the region spanning the Y/Z 
border. The nucleotide sequences of the two'mutant strains were compared with 
the wild type sequences of MATa and MATa (1). More than 1 kb of additional 
sequences were also determined for t~MATa (4-28) mutation without finding 

, any other base changes (Weiffenbach, Rogers, Haber, Zoller, Russell, and Smith, 
manuscript submitted). 
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In conjunction with Mark Zoller, David Russell and Michael Smith, at the 
University of British Columbia, we have also cloned and sequenced two "inc" 
mutations that reduce the efficency of switching by at least lOO-fold. Both 
MAT<l-inc (3-7) and MATa-inc (4-28) originally isolated by Oshima and Takano 
(25) have proven to""""b'e single base pair changes within 7 bp of the Y/Z border 
(Figure 2). We are now in the process of cloning and analyzing a number of 
other inc mutations. Our preliminary character-ization of both MAT<l-inc (5-22) 
and of the MAT<l-inc variant from S,. diastaticus (28) show that both have lost 
the HhaI si~at~e Y/Z border. -On the other hand, a base pair variant 11 bp 
from the Y/Z border in a MATa strain is not significantly altered in the 
efficiency of MAT switching. 

These results argue that the there is a specific sequence near the Y/Z 
border that is essential for the initiation of MAT conversion, probably by the 
formation of a double-strand break. The position of the two ~nc mutations we 
have sequenced argues that this sequence includes CGCAAC. 

A Gene Conversion Model for Mating Type Switching. 

As we have indicated, a large body of data argues in favor of an intra
chromosomal mitotic gene conversion model for MAT switching. A version of a 
gene conversion model is illustrated in Figure 3. Switching requires pairing 
of MAT - and either HML or HMR in two different homologous regions flanking 
unique a or <l sequences inilie Y region. The switching event is initiated 
by a site-specific DNA cleavage near the Y/Z border of MAT (A). Strand 
invasion of the broken DNA into the intact, homologous Z region then promotes 
DNA replication, which in turn begins to displace an intact strand (containing 
a non-homologous Y region) to form a heteroduplex with MAT DNA (B). Further 
DNA replication allows strand displacement to continue until. a stable 
heteroduplex 1.S formed in X (C). Finally this recombination structure ~s 
resolved, in essentially the manner described by Meselson and Radding (21). 
This generally occurs without isomerization of the DNA, so that conversion of 
MAT is not accompanied by reciprocal recombination of flanking sequences (D); 
however, reciprocal recombinations, leading to the deletion of sequences 
between MAT and the donor could also occur (E). 

The model is quite similar to Resnick's (26) model for double-strand break 
repair by recombination of homologous sequences and to that of Orr-Weaver et 
al. (23) for the homologous integration of plasmids containing double-strand 
breaks. Tn essence, this model argues that MAT switching occurs by a DNA re
pair event not fundamentally different from what might occur at another locus. 
What would make MAT switching special would be the highly efficient, genetic
ally directed, site-specific cleavage of DNA to initiate this event. There 
might also be genetically controlled facilitation of homologous pairing of MAT 
and HML or HMR. This model requires no special replication of the donor se--
quences before transposition; consequently, it can also account for "illegal 
transpositions" (7) where MAT sequences are used to replace HML or HMR. 
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Figure 3. A gene conversion model for the switching of yeast mating type 
genes. Switching of MAT requires homologous pairing between the W,X, and Z 
regions shared by MAT and the donor locus (HML or HMR). , The a and a-speci
fic sequences (Ya Or Ya) are completely non-homologous. MAT switching ~s 
initiated by a site-specific double-strand DNA cut in the zregion (A). A 
single strand from the MAT Z region then. may invade and displace a strand of 
the donor locus (B). The initiation of DNA replication of the invading MAT 
strand, using the donor locus as a template will continue to diplace the strand 
of donor DNA, allowing it to form a stable heteoduplex with both the Z and W 
homologous regions (C). Preferential mis-match repair, favoring the incoming 
strand would result in the conversion of MAT without affecting the donor locus 
(D). The heteroduplex structure shown in (C) contains a cross-over structure 
that may isomerize during the switching event. Tn that case, switching would 
be accompanied by a reciprocal recombination event joining MAT with HML or HMR. 
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Role of Double-Strand Breaks 1n Other Mitotic Gene Conversions. 

We have asked whether double-strand breaks might also cause directionality 
in the gene conversion of other loci in y~a·st:. As a first step in studying 
this question, we have examined the gene conversion of heteroalleles of the 
lys2 locus, using y-rays to create double-strand breaks at or near one of the 
two alleles. Two heterothallic haploid s~rains of opposite mating type and 
carrying different lys2 alleles were grown to stationary phase. One or the 
other parent was then irradiated with 5 krad y-rays and allowed to stand in 
H20 for 30 min to allow single-strand breaks to be repaired. The irradiated 
and unirradiated parents were then mated and zygotes were plated on 'medium 
lacking lysine to select for Lys+ colonies. To determine what kind of recom
bination event had produced the Lys+ allele, we then analyzed each diploid to 
determine the genotype of the unconverted recessive lys2 allele remaining in 
the diploid. We recovered the recessive allele by- selecting Lys- mitotic 
recombinants homozygous for the remaining allele, using the a-amino adipic acid 
selection described by Chattoo and Sherman (2) . Irradiation of one parent in
creased the frequency of Lys+ colonies 20-50 fold. When neither parent was 
irradiated, the frequency of converting lys2-l (34/59) was nearly equal to the 
frequency of converting lys2-2 (25/59). ----rn -contrast ,when the lys2-2 parent 
was irradiated, approximately £5% (97/114) of the Lys+ diploids still contained 
lys2-l (that is, had converted lys2-2). Conversely, about 80% (73/89) of the 
Lys+ diploids arising after irradiating the lys2"';'1 parent had converted the 
lys2-.!.. allele. Similar results have been obtained "7Ising a third lys2 allele. 

These results suggest that the directionality of switching seen at the MAT 
locus is not strikingly different from mitotic gene conversion at other loci 
that are initiated by a double-strand break. It should,be pointed out that the 
breaks initiated by y-irradiation are in no way site specific as the break 
initiated at MAT appears to be; nor is it certain that all of the increase in 
recombination stimulated by y-rays results from double-strand break repair. 
Nevertheless, it is clear that y-rays do not simply stimulate recombination in 
a general way, but promote recombination on the damaged chromosome. Again, 
these data are consistent with the model for recombination associated with 
double-strand break repairpr.oposedby Re,snick (26). These data are supported 
by independent experiments of Linda Frieqman (personal communication) who has 
studied the effects of x-rays on mitotic gene conversions at the hisl locus and 
reached the same conclusions: about 80% of the conversions are in the direction 
of the irradiated chromosome. 

Changes 1n Switching When HML and HMR Are Expressed. 

The normal directionality of MAT switching apparently depends on the fact 
that the MAT locus is expressed while HML and HMR are not. Klar et al. (16) 
have shown that when the normally silent donorlOci are "turned on" by muta
tions such as marl, both HML and' HMR can also be efficiently converted. We 
have been carrying out similar experiments with the cmt mutation (6), which is 
allelic to mar2. We obtained meiotic segregants ()f genotype HO cmt hmla 
MATa hmra (that is, where both hmla and hmra carried-recessive 
mutations in the al cistron). Thus, even though both donor loci are tran
scribed in these strains, the cells were initially a-mating. In equivalent 
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Cmt+ derivatives, homothallic switching was very efficient and MATa was re
placed by mata. In cmt strains, however, switching was apparently much 
less efficient, as the~ells had an (a > a) phenotype. This phenotype 
could either reflect an actual decrease in the efficieny of converting MATa or 
could indicate that either hmla or hmra were switching to HMLa orHMRa. 
When these (a > a) strains were subc loned we discovered th~ there were 
surprisingly few a-mating colonies. Of 15 differentHO cmt hmla MATa 
hmra colonies that we have analyzed, fewer than 1% of the subc lones had the 
genotype hmla mata hmra. Nearly all of the remaining subclones 
were again Ta > --aT. From analogous experiments with other phenotypically 
slow-switching strains (3,5) we would have expected at least 10 - 20 % of the 
subclones to be a-mating. In addition, when we observed the growth of 
individual cells under the microscope, we found more than 50 % of the cells 
failed to grow into colonies. This raised the possiblity that a large fraction 
of the a-mating cells 1n these colonies were not haploid-viable, 1n much 
the same way that the a-mating cells 1n an HO rad52 swil MATa strain were 
not viable (29). 

To show that switching of HO cmt hmla MAT a hmra strains led to 
transient ly viable a-mating cells ,-we~avecarried out several types of 
experiments. First, we have rescued these a-maters by crossing them with a 
Cmt+ HMLa MATa-inc HMRa strain carrying the recessive markers his4 and 
thr4, on the~ft and right arms of chromosome III, respectively. Approximate
ly 10 % of the zygotes formed were His- Thr- and appeared to be instances where 
the entire chromosome III from the HO cmt strain had been lost. Another 30% of 
the matings yielded His+ Thr- diploids which, when sporulated and dissect
ed, yielded only 2 viable spores per tetrad. These properties are character
istic of diploids carrying partial deletions of one homologue of chromosome 

. III. Such partial deletions have been observed previously; for example, in the 
conversions of mata/MATa-inc diploids, about 1 - 2% of the diploids became 
His+ Thr- by deletions joining MAT with either HML or HMR (8). We have 
confirmed that similar events can account for thepartialdeletion strains 
rescued from the HO cmt (a > a) colonies. Three such independent' colonies 
have so far been analyzed by Southern blots; all three proved to contain 
HindIII restriction fragments characteristic of a MAT/HMLa fusion. The 
diploids also did not have either an HMLa or a MATa--rragment. Thus, 
all three diploids apparently carried a deficiency circular chromosome III 
joining MAT and HML. It should also be pointed out that the MAT/HML structures 
we have recover~ on the "repaired" chromosome had switchedtoa functional 
a allele derived by postzygotic transposition from HMRa on the other 
homologue. 

The remaining 60 % of the matings yielded His+ Thr+ diploids that Southern 
blot analysis confirmed had two intact chromosome III homologues wher a
specific sequences were found at HML, MAT, and HMR. These seem to be cases 
where an intact chromosome III was recovered by mating. These results are 
again quite similar to those obtained with the HO rad52 swil MATa strains, 
where transiently viable a-maters could be rescued and repaired to an in
tact chromosome III by mating with a Rad+ MATa-inc strain (29, see also 20). 
These results suggest that a very large fraction of the a-mating cells in 
the HO cmt strains are transiently viable and may contain lesions , (chromosome 
breaks?Y1that can be repaired in Cmt+ diploids. 
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In addition to the fact that most a-mating progeny were not viable, we 
also found-that th~ a sequences did not readily transpose. In 8 out of the 9 
(a > a) colonies whose DNA we have analyzed on Southern blots, using both 
a- and a- specific probes, the colonies showed predominantly the same posi
tion of a and a sequences expected from the genotype of the initial EO cmt 
hmla MATa hmra spore. An a-specific probe hybridized to HML and 
HMR restriction fragments and the a-specific probe hybridized to the MAT frag
ment. There. was a lower, but detectable, amount of hybridization ~the a
specific probe to MAT, as well, but virtually no hybridization of the a
specific probe to HML or HMR. These observations suggested that MATa sequences 
did not frequently transpose to HML or .HMR (at least not forming viable cells). 
The ninth (a > a) strain proved to-"1lave the genotype HO cmt HMLa mata 
hmra. This strain was derived from a spore that initiallYhad-an hmla 
MATa hmra genotype. It, too,v gave rise to transiently-viable a-mating 
cells and did not readily transpose a sequences back to MAT or HMR. 

These observations suggest that most attempts to switch mating type in an 
HO cmt strain are lethal. This may be explained by the possibl ity that, in a 
cmt strain, double stra~d chromosome breaks are generated at HML, MAT, and HMR, 
and that it is not possible to "repair" these breaks by switching events at-all 
three loci within one cell divison. This would generate' transiently-viable, 
a-mating strains containing a broken chromosome III and which could be res
cued by mating with a Cmt+ strain. Alternatively, lethality may arise by the 
formation of reciprocal recombination events joining MAT with· HML or HMR. 
These structures may, however, only form after matingwitha Cmt+ stra~n. 
Although it is possible that growth of these cells exerts a strong selection 
for mutations that have lost the ability to switch efficiently, our results do 
not support this idea. For example, by mating (a > a) colonies with an HO 
Cmt+ hmla mata hmra strain. we have shown both that MATa is effi
ciently replaced by mata and that HMLa acts as an efficient donor-:-- Thus, 
~s more likely that the effects of cmt that we observe reflect the failure to 
restore an undeleted, intact chromosome III after switching is initiated. 

Switching of Tandem Duplications of MAT Genes. 

We have been able to test several aspects of the gene conversion model by 
examining the switching of tandem duplications of MAT genes. Such tandem du
plications are readily constructed by the integration of recombinant DNA plas
mids containing MAT genes by homologous recombination. For example, we have 
constructed a pBR322 plasmid containing the 3. ') kb EcoRl - HindIII frag ment 
containing MATa as well as the 1.1 kb HindIII URA3 fragment. . We have 
obtained transformants of strain DBY745 (MATa. HMLa HMRa ura3 leu2) with 
plasmids integrated at all four sites homologous to"the plasmid-:-- of2f trans"" 
formants analyzed, 16 were at MAT, 1 was at HML, 3 were at HMR, and 1 was at 
U R A 3. The transformants at MAT were of four types. Seven had the structure: 
MATa-URA3-pBR322-MATa (abbreviated [a-URA3-a]) and 7 had [a-URA3-
aT:'"" Ml of these-were non-mating haplo:ldSthat expressed both MATa and 
MATa. The remaining two integrants had become homozygous for MATa or MATa; 
one was [a-URA3-a]; and the last was [a-URA3-a]. Thus, two of th--e-16 
integration events between MATa on. chromosomerII and MATa on the plasmid 
apparently involved a gene conversion event similar to MAT switching. The 
Southern blots confirming some of these structures have already been published 
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(8). The tandem duplications were quite stable, reverting to Ura- at fre-
quencies of less than 10-3 . 

We have examined the homothallic switching of both [a-URA3-a] and 
[a-URA3-a] dupl ications. For example, the heterothall ic transf~t DR2l0 
carry1ng the [a-URA3-a] duplication was crossed with a homothallic ura3 
MATa-inc strain and the resulting diploids were then sporulated. All of the 
homothallic segregants carrying the [a-URA3-a] duplication switched 
efficiently to form non-mating Ura+ diploids. When these diploids were sporu
lated and dissected, we found that more than 90% of the tetrads contained two 
Ura+ and two Ura- segregants, all of which were non-mating and sporulated well. 
The remaining tetrads gave four Ura+ spores. It appeared that during the 
switching of tandem duplications of MAT, the duplication (and therefore- URA3) 
was frequently lost, yielding diploids formed by mating an [a-URA3-a] 
cell with its Ura- MATa offspring. We substantiated this conclusion in several 
ways. First, from the diploids that segregated 2+:2- for URA3, sporulated colo
nies were mated with heterothallic ura3 strains of both II).ating types. The 
matings were carried out so that the germinating spores did not grow for many 
generations before mating. The complementation tests showed strong linkage 
between URA3 and a-mating spores. Thus, switching of [MATa-URA3-pBR322 
-MATa] yielded Ura- MATa cells. We confirmed this conclusion bySouthern 
blot analysis of DNA both from the Ura+ diploids and from subsequent hetero
thallic derivatives. 

When similar spore mating tests were carried out on diploids that yielded 
4 Ura+ spores, the spore mating test showed nearly equal linkage of URA3 with 
both a- and a-mating spores. These appeared to be cases wher~MATa
URA3-pBR322-MATa] switched to [MATa-URA3-pBR322-MATa]. Again, we confirmed 
this conclusion by Southern blot and further genetic analysis. 

It was striking that almost none of these switching events yielded Ura+ 
non-mating haploid derivatives. As we had previously constructed both [a
URA3-a] and [a-URA3-a] dupl ications, we knew that these would be non-ma
ting, but unable~sporulate. Either the switching process never resulted in 
the conversion of one half of the duplication, or else the formation of these 
duplications did not turn off the homothallic switching process before subse
quent switching events had occurred. 

Only rarely will all the cells of a colony be derived from a single 
switching event,' because neither switching nor mating are 100 % efficient. 
To look for less frequent outcomes of switching the tandem duplications and to 
estimate the frequency of the different types, we subc loned the non-mating, 
homothallic Ura+ segregants and repeated spore mating tests on at least 20 
subclones per colony. The results of these analyses are summarized in Table lA 
(for the switching of [a-URA3-a] cells) and in Table lB (for the 
switching of [a-URA3-a] cells)-.--These results showed that in most colonies 
there were more thap one outcome. The predominant switching event in nearly 
every colony was the -simultaneous excision of the duplication and its replace
ment by a single MAT locus of opposite mating type. About 20% of the time, 
switching did not lead to the excision of the duplication; rather, both copies 
switched to the opposite mating type. There was a small proportion of Ura-

-MATa/MATa diploids that may have arisen by subsequent switching of a Ura
cell that did not mate with a Ura+ cell of the original genotype. 
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Table 1. Genotypes of Subc10nes from Colonies ar1s1ng from Homotha11ic 
Switching of Different Tandem Duplications of Mating Type Genes 

Duplication Number of subc10nes having genotype indicateda 

A. 
MATa-URA3-pBR322-MATa [a-URA3-a] 

a 

13 colonies subc10ned 187 

B. 
MATa-URA3-pBR322-MATa [ cx-URA3-a] 

a 

10,co10nies subc10ned 178 

c. 
MAT/HMLa-:URA3-pBR322-HML/MATa [cx-URA3-a] 

a 

8 colonies subc10ned 145 

D. 
MAT/HMLa-URA3-pBR322-HML/MATa [a-URA3-a] 

a 

11 colonies subc10ned 153 

E. 

[a-URA3-a] 
[ a-URA3-a] 

66 

[a-URA3-a] 
[a"";URA3-a] 

16 

[ a-URA3-a] 
[a-URA3-a] 

46 

[a-URA3-a] 
[ a-URA3-a] 

103 

[a-URA3-a] 
or 

[a-URA3-a] 

1 

[a-URA3-a] 
or 

[a-URA3-a] 

0 

[a-URA3-a] 
or 

[a-URA3-a] 

39 

[a-URA3-a] 
or 

[a-URA3-a] 

241 

a 
a 

2 

a 
a 

5 

a 
a 

11 

a 
a 

6 

MATa-URA3-pBR322-(mata-inc) [(a-inc)-URA3-(a-inc)] [a-URA3-(a-inc)] a-1nc 
[ a-URA3- ( a-inc) ] 

10 colonies subc10ned 

F. 
(mata-inc)-URA3-pBR322-MATa 

10 colonies subc10ned 

338 9 2 

[(a-inc )-URA3-(a-inc)] [(a-inc)-URA3-a] a-1nc 
[(a-inc)-URA3-a)] 

283 27 31 

[ (a-inc)-URA3-a] 
a 

20 

a HO strains carrying the duplication also carried HMLa and HMRa. Sub
clones were analyzed bysproulation and spore matingtests (see text) to 
determine the types of diploid or haploid cell types that had arisen. 
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These results argued that the switching of a tandem duplication of MAT 
genes is an efficient process, resulting primarily in the loss of the tandem 
duplication and its replacement with a single MAT locus of opposite mating 
type. These experiments did not show whether the loss of the duplication 
occurred simultaneously with switching to the opposite mating type, or whether 
the tandem duplication first "looped out" to form a single MAT locus of the 
original mating type which was subsequently switched. The fac~hat there were 
so few Ura- diploids argued against this possibility, but a more direct 
demonstration was needed. By following cell pedigrees as first described by 
Hicks and Herskowitz (ll) we could show that, in fac t, the loss of URA3 
occurred during the same cell division as switching to the opposite mating 
type. Homothallic diploids of genotype [a-URA3-a]/a were dissected on agar 
plates adjacent to a source of a-factor. Germinating a-factor-resistant cells 
(presumably [a-URA3-a] cells were followed and cell lineages separated until 
the four-cell stage. Tn 1l/l8 lineages, two of the four cells became sensitive 
to a-·factor and stopped dividing. As in other pedigree studies, it was always 
the original spore cell and its second daughter that switched mating type. At 
this stage all four cells were micromanipulated away from a-factor and allowed 
to grow into colonies. Tn every case, the two cells that remained a-factor 
resistant gave rise to Ura+ colonies. In 8 of the II cases, the two a-factor 
sensitive cells gave rise to Ura+ non-mating colonies. Tn the other 3 cases, 
the pairs of sensitive cells grew into Ura+ colonies in which URA3 could be 
shown (by subsequent spore mating tests) to be linked to a-mating spores. 
Thus, in 8 of II cases, the tandem dupl ication was lost at the same cell 
division as the switch in cell mating type. Had the duplication been lost in 
the cell division prior to that in which switching occurred, both the a-factor
sensitive and the a-factor-resistant cells should have been Ura-. Tn 3/ll 
cases, switching occurred without loss of the tandem duplication. 

A Test of the Gene Conversion Model Using Tandem Duplications. 

Switching of a tandem duplication of MAT genes generally leads to the loss 
of the tandem duplication and its replacment by a single MAT gene of opposite 
mating type. One interpretation of such a switching event is that a single 
donor locus (HMLa or HMRa) must pair with the tandem duplication, and that 
pairing with the outside homologous segments (Wand X of the left MAT and Z of 
the right MAT) is somehow favored over pairing with only one or the other MAT 
gene (Figure 4). This could be because there are sequences to the left of W or 
to the right of Z that were not contained within the cloned EcoRI - HindlII 
restriction fragment used to construct the MAT duplication. --:rn thatcase, 
these sequences would only be found flanking the entire duplication. Another 
possibility is that the simultaneous activation of both MAT loci might lead to 
the actual excision of the sequences between the two sites of double-strand 
cleavage at the Y/Z borders. Thus, essentially only a single MAT locus (with a 
cut at the Y/Z) boundary would be left to pair with the donor locus). 

To try to distinguish between these and other possible interpretations, we 
have extended these studies to examine the effect of including inc mutations at 
one or the other MAT gene in the duplication. We have constructed a matal
inc locus that carries the inc (4-28) mutation that we have shown is a single 
base pair change in Z, six bp from the Ya/Z border. This locus can neither 
switch nor provide functional a information. By transformation we have 
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constructed two tandem duplications: [MATa-URA3-pBR322-(matal-inc)] and 
[(matal-inc)-URA3-pBR322-MATa]. In heterothallic strains ~th-COnstruc
tions have an a-mating, Ura+ phenotype. By subsequent crosses with homothal
lic strains we have obtained homothallic segregants of these duplications. The 
analysis of the switching of these duplications was complicated by an unexpect
ed resul t. Al though these a-mat ing spores should would be expec ted to use 
HMRa as the donor on, most of the switching events resulted in the forma
t10n of [(matal-inc)-URA3-pBR322-(matal-inc)] duplications, where 
(matal-inc) acted as ~e donor to swit~MATa.-- Nevertheless, by examining 
subclones- from these a-mating, Ura+ colonies, we found non-mating sub
clones that showed how the pos1t1on of the matal-inc mutation within the 
tandem duplication affected switching (Table 1, E and ~). 

In the case of the [a-URA3-(al-inc)] strains, all of these non-mating 
segregants proved to be diploids where URA3 was linked to both a- and -'a
mating spores (that is, diploids of genotype [a-URA3-(al-inc)] / [a
URA3-(al-inc)] (Table lE). In contrast, about half the non'-mating deriva
tives of~he [(al-inc)-URA3-a] duplication proved to be ones where the 
tandem duplication- had switched to a single MATa (Table IF). Thus, al
though the analysis of switching 1S complicat~by unfavorable competition 
between HMRa and matal-inc as donors, it seems clear that the 
[(mata-inc)-URA3-a] duplication can efficiently excise the tandem duplica
tion, whilethe reverse orientation [a-URA3-(al-inc)] cannot. These 
results argue that the two MAT sequences in the tandem duplication are not 
treated identically. A "cartoon" of how this might be explained is shown in 
Figure 4. If HMRa tends to pair with the outermost homologous sequences of 
the tandem duplication, an inc mutation in the left MAT region would be part of 
a substitution loop to be replaced by gene conversion. In this location, the 
mutation might be largely "invisible". When the 1nc mutation is in the right 

MATa URA3 MATa 

==~~~~~~L:)=O==== 

~ 
=====.CJ-O~===== 

MAT_ 

Figure 4. Switching of a tandem duplication of MAT sequences. A tandem 
duplication, constructed by integrating a MATa-URA3-pBR322 plasmid at 
MATa, switches to a single MATa sequence more than ~% of the time. The 
presence of an inc mutation in the short Z region of· homology shared by the 
right-hand MAT andHML prevents excision of the duplication, while the presence 
of the same inc mutation in the left MAT sequence (where it might not directly 
pair with thed6nor) does not preventthe replacement of the duplication by a 
single MAT. 
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MAT locus, the initiation of. a switching event that would remove the tandem 
duplication would be prevented, though the other MAT region would still be able 
to switch. These results are not compatible with the notion that both Z 
regions must be cut in order to switch the tandem duplication to a single MAT 
locus . 

. Effect of the Extent of Homology between Donor and Recipient on Switching. 

We have also constructed other tandem duplications that have allowed us to 
examine more directly the effect of homologous pairing on MAT switching. For 
these studies we have integrated an HMLa-containing URA3-pBR322 plasmid at MAT. 
The integration created a [(MAT/HMLa)-URA3-pBR322-(HML/MATa)] structure which 
we found switched efficiently in homothallic strai~togive non-mating Ura+ 
colonies. An analysis of subclones from 8 such colonies showed that the types 
of switching events, using HMRa as the donor, were essentially identical to 
those obtained for the [MATa-URA3-pBR322-MATa] duplicat ion: most of the switch
ing events resulted in ilie loss of theduplication and conversion to MATa 
(Table Ie). 

i 
It should be pointed out that the HMLa-URA3-pBR322 plasmid contains an ars 

sequence that allows it to replicate autonomously. It was therefore signifi
cant that we did not recover cases where switching led to the reformation of 
the plasmid. Even when spores were germinated and grown of medium lacking 
uracil, there were no cases where URA3 behaved as if it were on a plasmid. 

We have also recovered [(MAT/HMLa)-URA3-pBR322-(HML/MATa)] dupli-
cations. In this case we presume that the duplication willSwitch using HMLa 
as the donor. Instead of sharing 1400 bp and 320 bp of homology with- MAT a , 
as is normally found, HMLa shares much more extensive regions of homology with 
both the MAT/HMLa and HML/MATa hybrid loci of the tandem duplication. 
The "z" region shared between HMLa and MAT/HMLa is 2300 bp, while the "Wand X" 
region shared by HMLa and HML/MATa -rs 1600 bp. When these dupl icat ions 
underwent homothallic switching we found a distinct different pattern of 
switching (Table ID). Although switching was efficient, leading to non-mating 
colonies ,the majority of the switching events led to Ura+ non-mating haploid 
cells in which only one or other hybrid MAT locus had switched. These results 
would be expected if pairing with only one half of the duplication was now a 
favored state. We are also investigating the possiblity that some switching 
events have led to the formation of haploid-inviable circular chromosomes, 
resulting from reciprocal rec·ombination joining HML and the MAT/HML locus. 
Thus the extent of pairing between MAT and a donor locus---cafiSignificantly 
affect the type of transposition event. We have drawn similar conclusions 
about the affect of longer regions of homology affecting switching from our 

. studies of transpositions of a tandem duplication of MAT sequences integrated 
at HMR to replace a single MAT sequence (8). 
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Chairperson: Gerald Fink 

Participants: Jim Broach 

Friday, May 21, 1982 

Helen Greer 
Ron Hitzeman 
.Dan Maloney 
Calvin McLaughlin 

9:00 AM RECOMBINATION AND REPAIR 

*Chairperson: Seymour Fogel, ' 

Participants: Carlo Bruschi 
Breck Byers 
Isabel Calderon 
Michael Esposito 

12:00 - 1:00 PM Lunch 

Carol Newlon 
Tom Petes 
Jack Szostak 

Rodney Rothstein 
Randy Schekman 
Fred Sherman 
JoAnne Wise 

Gerald Fink 
Louise Prakash 
David Schild 
Jack Szostak 

1:15 PM MATING TYPE: CELL TYPE CONTROL AND MATING PHYSIOLOGY 

*Co-Chairpersons: Ira Herskowitz and Jeremy Thorner 

Participants: Buff Blair 
Robert Jensen 
Janet Kurjan 
Steve Reed 

Saturday, May 22, 1982 

Fred Sherman 
George Sprague 
Gary Stetler 

8:30 AM MATING TYPE: CONTROL OF SILENT CASSETTES AND MATING TYPE INTERCONVERSION 

*Co-Chairpersons: James Hicks and James Haber 

Participants: Ira Herskowitz 
Amar Klar 

10:30 AM Other topics and open discussion 

12:00 - 1:00 PM Lunch 

* Chairpersons are participants of their own session. 
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Jasper Rine 
Jeffrey Strathern 
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