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ABSTRACT
We determined the DNA sequence of seventeen sigma elements and flanking

regions in order to investigate the extent of the association between the yeast repetitive
element, sigma, and tRNA genes. Fifteen of seventeen sigma elements analyzed begin at
position -19 to -16 with respect to the 5' end of a tRNA-coding sequence. This region is
close to the initiation point of tRNA gene transcription and contains a sequence which is
modestly conserved for a number of tRNA genes. Two pairs of identical sigma elements
occur as the long terminal repeats of a sequence which, together with flanking sigma
elements, has the structural properties of a retrotransposon; this element has been
named Ty3 (manuscript submitted). Hybridization analysis of yeast chromosomal DNA
separated by orthogonal field alternation gel electrophoresis (OFAGE) showed that Ty3
and isolated sigma elements are distributed over many chromosomes in the yeast
genome.

INTRODUCTION

The yeast genome contains three repeated elements--delta (1-3), tau (4), and

sigma (5, 6--which are several hundred basepairs (bp) in length. Delta, sigma, and tau

share approximately ten short (6-11 bp) regions of sequence homology and may be re-

lated (4). These elements are frequently found in genomic regions which also include

tRNA genes (4, 7-10). The most extensively studied of the three repeated elements is

delta. Delta sequences are 330-338 bp in length and occur both as isolated elements and

as the terminal direct repeats of the retrotransposons Tyl and Ty2 (1-3, 11-13). Indepen-
dent delta elements tend to exhibit some sequence heterogeneity and several clusters of
these elements have been described (1, 10). These characteristics have made it difficult
to estimate the total number of delta elements per typical haploid laboratory strain, but

it is probably over 100 (1). Reversion of certain classes of Tyl and Ty2 mutations results

from recombination between the delta direct repeats (14, 15). This class of revertants is

characterized by a single residual delta element. Thus, delta mobilization is apparently
contingent on transposition of Tyl and Ty2 elements, and isolated delta elements in the

genome are thought to result from recombination between repeated delta elements.

Sigma is a highly conserved 340 or 341 bp element (5, 6) which is repeated about
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30 times (16) in the haploid Saccharomyces cerevisiae genome. Although most sigma

elements in common laboratory strains occur as isolated elements, they have also been

found as the long terminal repeats of a longer retrovirus-like element, Ty3 (manuscript

submitted). By analogy with the relationship between delta and the Tyl and Ty2 ele-

ments, this finding suggests that the isolated sigma elements which have been charac-

terized may be derived from recombination events between the sigma termini of Ty3

elements. The most striking feature of the sigma elements characterized to date is their

very specific association with the 5' ends of tRNA genes (4-7, 9, 16-19). If sigma ele-

ments move(d) in Ty3-mediated transposition events, then the association between these

elements and tRNA genes would suggest a novel position specificity for Ty3 as well.

The looser association previously noted of tau, delta, Tyl and Ty2, with tRNA

genes, suggests that tRNA genes offer target features for transposable elements in

addition to Ty3(sigma). We undertook an extensive analysis of the sigma insertions in one

strain of yeast in order to better understand the nature and extent of this targeting

mechanism. Specifically, we examined seventeen sigma element loci from one strain of

yeast in order to: 1) investigate the extent of sigma sequence conservation; 2) compare

the sequences into which sigma has inserted; and 3) identify the tRNA genes with which

sigma is associated. We present here the results of this analysis which show that sigma

elements constitute a strictly conserved group of sequences which are closely associated

with tRNA genes. Sigma elements exhibit a high degree of position specificity; they

occur close to where tRNA gene transcription initiates, but not within a conserved

"target" sequence.

MATERIALS AND METHODS

Reagents
Restriction endonucleases, DNA polymerase I (large fragment), and calf alkaline

phosphatase were purchased from Boehringer Mannheim Biochemicals. T4 DNA ligase

was obtained from New England Biolabs. Polynucleotide kinase was obtained from P-L

Biochemicals. Radionucleotides, including [y-32P]ATP (5000 Ci per mmol),

[a-32P]dATP (3000 Ci per mmol), and [cz-32P]dGTP (3000 Ci per mmol), were obtained

from Amersham Corporation. The hexanucleotide primer mixture for randomly primed

synthesis of radioactive probes was obtained from P-L Biochemicals. The plasmid pIBI20

was purchased from International Biotechnologies, Inc.

Cells and Culture Conditions

Cloning of genomic fragments from yeast strain AB972 into a Charon 30/lambda

1059 vector and identification of clones containing sigma elements was described pre-

viously (16). DNA was prepared from recombinant lambda phage grown in E. coli strain

C600 (F- thi-1 thr-1 leuB6 lacYl tonA2 supE44). M13mp8 phage and pIBI20 plasmids
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were cultured in JM109, (recAl endAl gyrA96 thi hsdR17 supE44 relAl A [lac-proAB])
[F' traD36 proAB lacIqZM 15) or JM103 (thi strA sbcB15 hsdR4 supE44 A [lac-proAB
[F' traD36 proAB lacIqZ&M15]) (20). Bacterial culture conditions were as described by
Miller (21).

Yeast strains from which DNA was extracted (22) for Southern blot analysis (23)
are AB972 (16) and YP148. YP148 has the genotype MATa ura3-52 s ade his7 trpl-
(personal communication, P. Hieter, Johns Hopkins University, Baltimore, Maryland).
These strains were cultured by standard procedures (24).
Cloning Procedtres and Sequenee Analys

Lambda clones 3, 7, 21, 23, 25, 26, 55, 84, 89, 148, and 161 were digested with
Sau3A and were subeloned into the BamHI site of M13mp8. Phage containing each half
of these sigma elements were identified by hybridization and their sequence determined
by the dideoxynucleotide-chain termination method (25). The HindIH-EcoRI fragments
from lambda clones 112 and 125, which contain sigma elements, were subeloned into the

polylinker of the plasmid vector pIBI20, and the sequences of portions of these fragments
were determined by the chemical modification method of Maxam and Gilbert (26). The
strategy for sequence analysis of the 112 clone, which contains Ty3, is presented else-
where (manuscript submitted). The sequence of the sigma-containing fragment from
lambda clone 125 was determined from the XhoI site in the sigma element in both direc-
tions and from the Smal site in the tRNA gene in both directions. The sigma element in
clone 43 was subeloned into M13mp8 on a Sau3A fragment in each orientation and ana-

lyzed by the method of Sanger. The sigma element in lambda clone 55 was analyzed by a

combination of methods. The tRNA gene-proximal portion of the sigma was subeloned
into M13mp8 on a Sau3A fragment and the sequence was determined by the Sanger
method. The 4.2 kbp HindlI-EcoRI fragment containing the entire sigma element and
tRNA gene was subeloned into pIBI20. The sequence of this cloned fragment was deter-
mined from the XhoI site in both directions using the chemical-modification method. A
HaeIII site occurs in the tRNA gene-proximal end of this sigma element. The sequence
was determined from this site in both directions by the chemical-modification method,
and this sequence overlapped sequence determined from the XhoI site. The sequence of
the tRNA gene-proximal portion of the clone 134 sigma element was determined from a

Sau3A fragment by the dideoxynucleotide-chain-termination method. The 0.85 kbp
HindIlI restriction fragment containing the sigma element plus the tRNA gene was also

subeloned into the plasmid vector pIBI20. The sequence of the sigma element and the

associated tRNA gene was determined by the chemical-modification method starting at

the Sau3A site in the sigma element. The XhoI and Sau3A sites in sigma which were used
in sequence analyses are indicated in Figures 1 and 2 in order to further clarify the
strategy. All DNA sequence was compiled, compared, and edited using the DNA se-
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quence analysis programs of Drs. A. Goldin (California Institute of Teclhology, Pasadena,
California) and G. Gutman (University of California, Irvine, California).
Southern Blot Analyss of Chromosomal DNA

High molecular weight DNA was prepared from yeast strains AB972 and YP148
and fractionated in a 1.5% agarose gel by a modified OFAGE technique (22, 27,28, unpub-
lished results). In the apparatus used, nearly homogeneous electric fields intersect at an

angle of 115°. Electrophoresis was performed in 0.5 X TBE (1X = 0.09 M borate, 0.09 M

Tris base, and 0.002 M Na2H2 EDTA [ethylene diamine tetracetic acid]) at 5 V/cm, with
an 85 sec switching interval, for 40 h, at a temperature of 130C. The separated chromo-
somal DNA was transferred to nitrocellulose by the method of Southern.

Hybridization conditions were as described (16). Hybridization probes consisted of
gel-purified restriction fragments labeled by the random-primer method (29). The sigma
probe was the XhoI-TaI fragment from pPM55, a 339 bp fragment from 16 bp inside one

end of sigma through 12 bp outside the other terminus. The Ty3 probe was a 1600 bp
AccI fragment which is located between the two repeated sigma elements in lambda
clone 112.

RESULTS
Comparison of the Sequenees of Different Sigma Elements

Seventeen sigma element insertions were chosen for sequence analysis from a set

of lambda clones containing inserts from the yeast strain AB972 (16). Ten sigma ele-

ments, for which the complete DNA sequence was determined, were compared in order

to determine the extent of sequence conservation among the sigma elements of a single
yeast strain (Fig. 1). Pairwise comparisons of these elements revealed no more than a 9-

bp difference, or 2.6% sequence divergence, between any two elements. Six of the sigma
elements, including the elements at both ends of the two Ty3 sequences, are identical.
Figure 1 displays the five different sequences of the ten elements. Eight of the ten

elements are 340 bp in length, although comparisons of the DNA sequences showed that

some of these include single-bp deletions and compensating single-bp insertions. The

DNA sequences of the sigma elements are ordered by degree of apparent divergence
from the most common sequence. The apparent relatedness among elements, however,
does not correlate with other common denominators, such as orientation, insertion target

sequence, distance from the tRNA gene, or similarity of isoacceptors encoded by the

tRNA gene.

Identification of tRNA Genes Associated with Different Sigma Elements
The sigma elements are located at a relatively fixed distance from the 5' ends of

many different tRNA genes (Fig. 2). The tRNA genes associated with sigma elements in

strain AB972 represent a broad spectrum of isoacceptor species, including two each for
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XhoI

112 TGTTGTATTACGGGCTCGAGTAATACCGGAGTGTCTTGACAATCCTAATATAAACAGTCTTAGGGAAGTA
26
3 -----------------------------_---_----------------------G--------------

125 ----------------------------------T-----------------------------------
7 --------------------------------------------C-G---------------_--_

112 ACCAGTTGTCAAAACAGTTTATCAGATTAATTCACGGAATGTTACTTATCTTATATATTATATAAAATAT

3 -------------------------------------------------___________________
125.T.

112 GAATCATACTAAGTGGTGGAAGCGCGGAATCTCGGATCTAAACTAATTGTTCAGGCATTTATACTTTGG
26 -------------------------------------------------------------------T-G
3 --------T----------------------------------------------------------T--

125 -------------------------------------------------------------------T-G
7 -------------------------------------------------------------------T-G

112 GTAGTTCAACTAGGGTGGAGTCGGGTTTTGTCTCATGTTGTTCGTTTTGTTATAAGGTTGTTTCATATTGTG
26 ------------A------A-----------------------C--------------------------
3 -------------------A---------A----------------------------- ------------

125 -------------------A--------------------------------------------------
7 -------------------A--------------------------------------------------

112
26
3

1 25
7

TTTTATGAACGTTCAGGGTGACGTATTGTCATACTGACATATCTCATTTTGAGATACAACA
-----------------A-------------------------------------------
-------------T---A-------------------------------------------
-------------T---A--------------------G----------------------
-------------T---A--------------------G----------------------

Figure 1. Comnprison of Sigma Sequenees from Yeast Strain AB972. Complete sequence
is shown for ten sigma elements from yeast strain AB972. These sigma elements are
present in members of a charon 30/lambda 1059 yeast library in phages numbered 3, 7,
23, 26, 84, 112, 125, and 148. Two elements are contained in clone 112 and in clone
148. Sigma elements from clones 23, 84, 112, and 148 have the sequence shown on the
line labeled 112. The sequences of sigma elements from clones 26, 3, 125, and 7 are
shown in order of increasing divergence from that sequence. Gaps are introduced where
necessary, in order to maintain alignment of homologous sequences. Positions at which
the same base occurs as in the 112 sequence are indicated with a dash. The XhoI and
Sau3A sites used in sequence analysis are labeled. The eight-bp terminal inverted re-
peats are indicated with arrows over the sequence. The strand shown is complementary
to the transcript. The positions of transcription initiation in MATa cells treated with a-
factor are indicated with asterisks. These are the same as described by Van Arsdell,
Stetler and Thorner (19). Short interspersed regions of sequence which are conserved
between sigma and delta elements (4) are shown in boldface type.

genes encoding isoacceptors for tRNAHis, tRNAAla, tRNAArg, and tRNAfle and one

each for tRNALys, tRNAGlu, tRNASer, tRNACYS, tRNATyr, tRNAAsP, and tRNAVal.
The assignment of tRNA gene identities is discussed in the legend of Figure 3. The DNA
which encodes the anticodons of these tRNA species is indicated in Figure 2 (right
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BE3. ....... GTG
P

23 *¢ . --- ..~~~~~~~~~~~........... C TT
P23CT

1,6
A 26 ... ....... . TGC

F, Ss .ua TTC

184 AGA

E 89 GTC

V 112 GCA

1,6
K 125 .-GTA

F2 134 j;M .w...... . ....TCT

0 61 AAT

S X 1S
R 7 .... ALA AGC

D 21 E2EJ4 . TCT

C 25 GTG

T 43 * YA AAC

X 148 AAT

Figure 2. Asseiation of Sigma olements and tRNA Genes in Yeast Strain AB972. The
positions and orientations of 15 sigma elements and associated tRNA genes are shown.
Elements are grouped by sigma orientation and arranged according to increasing lambda
clone number. Left column, the family designation of the overlapping lambda clones
(16); second column, the number of the lambda clone which was subcloned for sequence
analysis; central column, the configuration of the sigma elements and the associated
tRNA genes; and right column, the anticodon region of the tRNA gene. Repetitive ele-
ments sigma, delta, and tau, are indicated by lightly stippled, densely stippled, and
hatched boxes, respectively. The restriction sites for XhoI (X) and Sau3A (S) within the
sigma sequence are indicated for the topmost sigma element in each orientation. Sigma
elements in the most common orientation are shown in the same orientation as the
sequence presented in Figure 1. The tRNA genes are shown as open boxes. Cognate
amino acids for the tRNAs are indicated, and in cases where the tRNA gene potentially
encodes an identified tRNA isoacceptor species, that is also specified. See the legend of
Figure 3 for a discussion of tRNA gene sequences. The number of basepairs between the
terminal basepair of the sigma element and the initial basepair of the tRNA gene se-
quence is shown.

column). With the exception of the tRNAAla gene, these genes encode tRNAs which

recognize frequently used codons in yeast (41, 42).
Position and Orientation-of Sigma Element Insertiom Relative to the Aswsiated tRNA
Gene

The previously observed bias in the insertion orientation of the sigma elements,
relative to tRNA genes (16) is further supported by sequence analysis of these sigma
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-50 -45 -40 -35 -30 -25 -20 -15 -10 -5 1 5 10 15 20 25 30 35

GLU3 (A55) TTTTC AGTTAATTTGTTTCCGATATAGTGTAAC GGCT ATCACATCACGCTTTCA
ASP (A89) ATATC ACATCTAATATTCCGTGATAGTTTAAT GGTC AGAATGGGCGCTTGTCG
ARG3A (A134) CTTCC AACAAACAGTAGCTCGCGTGGCGTAAT GGC AACGCGTCTGACTTCTA
ILE (4161) TCTTT AACAATATAATGGTCTCTTGGCCCAGTTGGTT AAGGCACCGTGCTAATA
LYS2 (pFD17)* CGCTC CGAAGAACTCATCCTTGTTAGCTCAGTTGGT AGACCGTTCGGCTTTTA
LEU3 (pYLT20)* ATTTC AACAAATAAGTGGTTGTTTGGCCGAGC GGTCTAAGGCGCCTGATTCAAG
GLU3 (pY20)* CATAC GTGTATTGTAATCCGATATAGTGTAAC GGCT ATCACATCACGCTTTCA
HIS (pYD2, A3)** AATAGAACAACACAACACAAAAATACTGAAGGTCA AAGTT CATAAAGAAATTAGCCATCTTAGTATACT CGTT AGTACACATCGTTGTGG
LYSI (A23) ATAGAGAATCTATTATCGATTTCTAACGGTCGTAT CAATC ACGTTTAAAAGCCTTGTTGGCGCAATCGGT AGCGCGTATGACTCTTA
ALA (A26) TTCCCACAAATGTATTTACCACTCATTAGAAATGA GTTTC AACAGTCATCAGGGCACATGGCGCAGTTGGT AGCGCGCTTCCCTTGCA
SER2 (A84) TTTTCTTATAATGGTTTACATATTTTATCACTGAA AATAA CATACAATTTTGGCAACTTGGCCGAGT GCTT AAGGCGAAAGATTAGAA
CYS (A112) GTCATATTCCCATAAATAGAGCATCCAAAATGGAA CTTTC AGAAAATCAAGCTCGTATGGCGCAGT GGT AGCCCAGCAGATTGCAA
TYR (4125)** AGTTTGATATTAATTATAAGAAACATATTTCAAGC CCTCG CAAGAAATCGACTCTCGGTAGCCAAGTTGGTTTAAGCCGCAAGACTGTAA
SUQ5 (pPM15)* TATTAATACCTTCCGTTTTCTAACA CTACC AGATTATTTTGGGCACTATGGCCGAGT GGTT AAGGCGACAGACTTGAA
SER2 (pY66)* TAAGATTCTGATATTAGTCTTAC ACTT ATATAATAAGTGGCAACTTGGCCCAGT CCTT AAGGCGAAAGATTAGAA

VAL (A43) TAATC AATAAGAATTTGGTTTCGTGGTCTAGTCCGTT ATGGCATCTGCTTAACA
ARG3A (A21) CAAGT GTAATTTCAATACCTCGCGTGGCGTAAT CCC AACGCGTCTGACTTCTA
ALA (A7) AACCTTATGGTATTCCTTATTTCTTTAATACCACT CATTC AACAAATATCAGGCCGTGTGGCGTACTCGGT AGCCCGCTCCCTTAGCA
ILE (A148) GTTTGTAGCACTGGTATACGTTTTTCCATATCATG GAACA TATGAAATATCTGCTCTCTTGGCCCACTTGGTT AAGCCACCGTGCTAATA
HIS (pYB12, A25)** ATTTACACAAAAGTACAAAATAAGGATACG GTTCT CCATTGAAAAGTCGCCATCTTAGTATACT GGTT AGTACACATCGTTGTGG

* Sequenice determined in another study
** Snme locus analyzed in another study and in this study

B
°/cG

.~~~~~~~~1
O/aA d
%T

nbc

POSITION

Figure 3. Sequences of Sigma Inertion Sites: the 5'-F1 ng Regiw of tRNA Genes.
A. Reconstructed sigma insertion sites. The sequences flanking sigma insertions, minus
one copy of the 5-bp direct repeat, are shown here for twenty elements. Sequences are
ordered by increasing lambda clone number and grouped by extent of known 5'-flanking
sequence. The fifteen sequences flanking elements in the more common orientation are
grouped on the top; the five sequences flanking elements in the reverse orientation are
grouped on the bottom. The sequences in the 5' flanking region of tRNAGlu, tRNAAsP,
tRNAArg tRNAfle, tRNAHis, tRNALys tRNAAla, tRNASer, tRNACys, tRNATy , and
tRNAVal genes from strain AB972 were determined in this study. The S tRNASer
gene sequence was reported earlier (6,31). Flanking sequences shown for tRNAH1S,

1505
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tRNALyS (5,30), tRNALeU (18), and tRNAA(-IU (17) genes were previously reported by
other workers. The plasmids or phage clones containing the sequences shown are indi-
cated in parentheses. Positions in the 5'-flanking region of the tRNA-gene sequence are
aligned and numbered, starting with -1. A space is introduced on either side of the 5-bp
repeat. Conserved bases within the tRNA-coding region are shown in boldface type and
nucleotides are numbered within the tRNA-coding region according to the yeast
tRNAPhe convention. Sequence is shown through the anticodon region.
tRNA Gene Asagoments. The tRNA encoded by lambda clone 55 is homologous to
tRNAuLu(32). Except for a mismatch in position -8, the gene appears to be allelic to the
pY106 tRNAGlu described by Eigel and Feldmann (7). The sequence determined from
lambda clone 89 contains 48 bp which are homologous to the first 48 bp of tRNAA5P
determined by Gangloff et al. (33), but is not allelic to the tRNAASP genes analyzed by
Schmidt et al. (34) and Gafner et al. (8). Lambda clones 134 and 21 contain sequence
homology with the tRNAArAg sequence as determined by Kuntzel et al. (35). Sixteen bp
of the 5'-flanking sequence are also identical to the tRNA 3A gene in plasmid pJB18U
that Schmidt et al. (34) described, but the 3'-flanking sequences are not identical (134:
CTTTTTTTGAATAAGCGTTGA; pJB18U: CTTTGTTTCTTCCGTG). Lambda clones 161
and 148 contain sequences which have perfect homology to the tRNA sequence deter-
mined by Pixa et al. (36) for tRNAne. The two sequences determined in our study show
A at positions encoding inosine in the tRNA. Lambda clones 3 and 25 contain the
tRNAHis genes reported by del Rey et al. (5,30) in plasmids pYD2 and pYB12, respec-
tively. Only the sequence of the tRNA gene-proximal portion of the sigma element in
lambda clone 25 was determined, along with the tRNA gene in our study. Lambda clone
23 contains a tRNA gene with complete homology to the tRNALSsequence determined
by Smith et al. (37). Differences in 5'-flanking and coding regions indicate that this gene
is distinct from the tRNALys gene described by del Rey et al. (5), which is flanked by a
sigma element. Lambda clone 7 has homology to the tRNAAla sequence reported by
Penswick et al. (38) at all 73 positions. Lambda clone 26 is homologous to this sequence
at 58 positions. The anticodons differ in the two genes: encoded by TGC in the case of
lambda 26 and AGC in the case of lambda 7. Most of the differences between the two
genes involve changes in unpaired regions or paired changes which preserve the stem
configurations. One exceptional difference occurs at position 5 of the tRNA-coding
sequence, which is G in lambda 7, and A (creating an AC pair in the amino acyl stem) in
lambda 26. Analyses of the effects of mismatch in this region of the amino acyl stem
suggest that this gene may not produce active, mature tRNA (39,40). The most common
codon for ALA in six yeast genes surveyed by Bennetzen and Hall (41) and Ikemura (42) is
GCU (68%), which is complementary to the anticodon of the tRNA encoded by lambda
clone 7. The tRNASergene in lambda clone 84 is completely homologous to the tRNASer
sequence reported by Zachau et al. (43), but the flanking sequences did not show signifi-
cant homology with tRNAS2ergenes which have been previously analyzed (44,45). The
tRNA ys gene associated with the Ty3 in lambda clone 112 is homologous to the
tRNACYS sequence reported by Holness et al. (46), but is apparently not allelic to the
tRNACYS $ene associated with the tau element characterized by Genbauffe et al. (4).
The tRNA yr gene, SUP2, described here is allelic to the gene associated with a sigma
sequence which was previously analyzed (6). The sigma element in lambda 43 is adjacent
to sequence which is homologous, at least as far as the T loop, to the tRNAValsequence
reported from yeast by Bonnet et al. (47). This gene is not allelic to the tRNAVl gene
described by Baker et al. (44).
B. Comparison of the 5'-flanking sequence of tRNA genes with and without sigma ele-
ments. DNA sequences from the 5'-flanking regions of twenty-six tRNA genes which do
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not have sigma insertions were compared with DNA sequences from the 5'-flanking
regions of twenty tRNA genes which do have sigma insertions. The positions are
displayed from left to right, -16 to -1, relative to the mature tRNA-coding sequence.
Solid bars are derived from sequences upstream of tRNA genes with sigma insertions;
hatched bars are derived from sequences upstream of tRNA genes without sigma inser-
tions. %G, A, T, or C in a particular position is shown in the panel indicated; the scale is
from 0 to 80%. Sequences from the 5'-flanking region of genes for the following_tRNAs
were used in this analysis: tRNASer (SUP-RL1;31); tRNA5er (B, G, J;45); tRNASer
(SUP19 17, 16;48); tRNAMet (pYMT-5;49) tRNAMet (I and II;50) tRNAGYu(pY5.51);
tRNA3(pY106;7); tRNAGln (pY66;9); tRNAPhe (pYPT2 and pYPT5;52); tRNA eu;
(SUP53;53); tRNALeu(54);. tRNAArg(pY41;44) tRNAArg(pjB-18U and PJB-19F;34);
tRNA' sp (H13;8); tRNA ls (pYG2;30) and tRNA (SUPP4, 11, and 8;55).

insertions. Ten of the fifteen elements are in the same orientation, relative to the asso-

ciated tRNA gene. Although the sigma direct repeats of the two Ty3 elements are in the

same orientation relative to the internal domain, the two Ty3 elements in AB972 are in

opposite orientations, relative to the associated tRNA gene. Orientation of sigma ele-

ments does not appear to correlate with a particular position of insertion. It is, nonethe-

less, a parameter which may have implications for the mechanism of insertion, and for
the effect of the insertion on tRNA gene expression. Because the direction of transcrip-

tion of the sigma element is distal to proximal, relative to the XhoI site (manuscript
submitted; 19), transcription of elements, in the more common orientation, is away from
the associated tRNA gene and, in the less common orientation, toward the tRNA gene.

In the case of the Ty3-terminal sigma elements, transcription is from the left sigma
element toward the internal domain (manuscript submitted).

Fifteen of the seventeen sigma elements analyzed in this study were closely

associated with tRNA genes. Eight of the fifteen elements are at position -17, relative
to the 5' end of the tRNA coding sequence; three occur at position -18; two occur at

position -16; and two occur at position -19 with respect to the 5' end of mature tRNA-

coding sequence. The remaining two elements are the tRNA gene-distal long terminal

repeats of two Ty3 elements, and so are approximately 5.1 kilobase pairs (kbp) from the

tRNA gene sequence. Figure 2 shows a summary of the positions and orientations of the

fifteen sigma elements, relative to the associated tRNA genes. The DNA sequences in

the regions flanking the sigma elements are displayed in Figure 3A.
A comparison of the sequences of the insertion sites of seventeen sigma elements

determined in this study and the insertion sites of several sigma elements which were

previously described was carried out in order to determine whether similarities exist near

the site of insertion (Fig. 3). Thirteen of these twenty insertions begin at position -17,
relative to the 5' end of the tRNA coding sequence. Insertion at the position of stag-
gered cleavage is inferred from the presence of the 5-bp direct repeats which flank
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Figur 4. Ctromosomal Distribution of Sigma and Ty3 Elements. A and C, ethidium
bromide-stained chromosomal DNA from yeast strains AB972 and YP148, respectively,
separated by OFAGE. B and D, the chromosomal DNA shown in A and C, transferred and
hybridized to a radiolabeled sigma-specific probe (side 1) or Ty3 internal domain-specific
probe (side 2). Chromosome assignments are shown between panels. These assignments
were based on position of migration and hybridization to chromosome-specific probes (57;
unpublished observations).

sigma insertions. In nine out of the twenty sigma element insertion sites compared, the
tRNA gene-proximal nick would have occurred within the sequence ST A' and at seven3'AGT5'
additional insertion sites, this nick would have occurred before, after, or within the
dinucleotide bp 51CAg: or 51Q3 (Fig. 3A).

3_ ...31AG5
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In order to determine whether this limited homology distinguishes the 5'-flanking
region of tRNA genes which have sigma insertions from those which do not, these se-

quences were compared with the sequences of the 5'-flanking regions of 26 tRNA genes
which are not associated with sigma elements. The result of this comparison is shown in

Figure 3B. Eighteen of these 26 tRNA gene-flanking sequences had the trinucleotide bp

3AGCTA5 between positions -10 and -15. The sequence TTTCAACAAATAAGT, which
includes the TCA motif, was previously observed in the 5'-flanking regions of fifteen
tRNA genes (56). Thus, this sequence apparently does not distinguish tRNA genes which

have sigma insertions from those which do not.

Chromosomal Distribution of Sigma and Ty3 Elements

The chromosomal distribution of Ty3 elements and isolated sigma elements was

examined in two haploid yeast strains by separation of yeast chromosomes using OFAGE

analysis of the DNA on Southern blots with sigma-specific and Ty3 internal domain-

specific DNA probes (Fig. 4). The two strains examined are AB972, the strain from
which the analyzed sigma elements were cloned (Fig. 4, A and B) and YP148, a strain in
which fragmentation of chromosome VII allows resolution of chromosomes VII and XV and

a chromosome-length polymorphism allows separation of chromosomes V and VIII (Fig. 4,

C and D). The chromosomes were identified by hybridization to chromosome-specific
probes, as previously described by Carle and Olson (57, unpublished data). The sigma
probe did not hybridize to chromosome VI or XIII in either strain, nor did it hybridize to

chromosome fragment VIIA from strain YP148. Chromosomes VII + XV and V + VIII from
strain AB972 are electrophoretically indistinguishable, and each pair showed intense
hybridization to sigma sequences. Exposures of each autoradiograph were scanned in the

linear range with a laser densitometer (LKB UltroScan XL), and the area under each peak
was integrated. In each sample, chromosome I hybridized distinctly to the sigma probe,
but was among the most weakly hybridizing of the chromosomes. If chromosome I is

assumed to have one sigma element, and the number of sigma elements on the other

chromosomes is estimated by relative band intensity, then 34 and 31 are lower limits for
the number of elements in strains AB972 and YP148, respectively. This agrees well with
the estimate of about 30 sigma elements for the AB972 genome, which was based on

Southern blot analysis of EcoRI-HindIll digested genomic DNA (16).
In order to examine these strains for Ty3 insertion polymorphisms, a Ty3-specific

DNA probe was hybridized to intact chromosomal DNA from strain AB972 and from

strain YP148, separated by OFAGE. Under these conditions, the Ty3 intemal domain

does not cross hybridize with probes from Tyl or Ty2 epsilon sequences. In the sample
from AB972, the probe hybridized to DNA migrating in bands corresponding to chromo-
somes VII + XV, and IX. This agrees with Southern blot analyses of DNA digested with

restriction enzymes which argue that only two copies of Ty3 exist in AB972 (manuscript
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submitted). The same probe hybridized to chromosomes XII, VIIB, XI and IX from strain
YP148, which suggests that a minimum of four Ty3 elements exist in the genome of this
strain. Thus, Ty3 is present in different numbers and positions in the genomes of differ-
ent yeast strains.

DISCUSSION
Positions of Sigma InsertioM

The association observed between sigma and tRNA genes is extended by this se-
quence analysis of a set of sigma elements from one strain of yeast. This analysis showed
that sigma elements are typically &ssociated with genes for isoacceptors which decode
frequently used codons. Comparisons of these sigma element sequences also showed that
the element is highly conserved relative to another yeast repetitive element, delta. The
most striking feature of the association between sigma and tRNA genes, however, is the
positional specificity of the insertions. Out of the seventeen sigma elements analyzed,
fifteen are separated by 19 bp or less from the 5' end of mature tRNA-coding sequences;
the remaining two elements are the distal members of tRNA gene-associated sigma
composite elements.

Although the significance of the association between highly conserved sigma ele-
ments and genes for isoacceptors which decode frequently used codons is not clear, our

sequence analysis of these elements in one strain of yeast does suggest several possibili-
ties. In yeast, frequently used codons have been shown to be decoded, in general, by
major isoacceptor species (41, 42) and the available data supports the notion that major
isoacceptors are encoded by the more redundant gene families (58). Thus, the location of
sigma elements adjacent to these genes would be favored statistically. If insertion of
Ty3(sigma) is detrimental to tRNA gene activity, insertions neighboring members of
these larger gene families might also be more likely to be tolerated. Finally, if tRNAs
themselves are in some way responsible for the position specificity, this insertion pat-
tern, which mirrors the distribution of tRNA species in the cells, would be expected.
Conservation of the Sigma Sequence

The most simple explanation of the existence of isolated sigma elements is that,
like solo delta elements, they arise from recombination between the long terminal re-
peats of a parent transposable element. In contrast to delta, however, the conservation
of these sigma elements is quite striking. Conservation of repetitive sequences can be
explained by recent proliferation, strong functional selection, and/or sufficient gene
conversion to suppress evolutionary divergence. Although the first possibility would
seem to be favored by the existence of relatively few Ty3 and sigma sequences compared
to Tyl and Ty2 and delta sequences, we recorded three instances of sigma elements

interrupted by delta or tau termini. This observation, while not ruling out recent spread
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of the sigma element as the basis for the observed sequence conservation, is not particu-

larly supportive. Another explanation of sigma sequence conservation is that it confers

some as yet unidentified selective advantage on the cell. Alternatively, if isolated sigma

elements can transpose, then sigma sequence conservation could reflect the proliferation

of a transpositionally active version of the element. This conservation could be the

result of gene conversion. Local regions having high frequencies of gene conversion have

been reported in the organisms where it has been possible to measure gene conversion

accurately (59, 60). Of particular interest with respect to our analyses, are the previous

observations of Amstutz et al. (61) that at least some tRNASer genes in Saccharomyces

ptombe undergo gene conversion at a rate of at least 10-4 per meiosis. If gene conversion

were generally elevated in the vicinity of tRNA genes, it might contribute to the main-

tenance of sequence uniformity among sigma elements.

Ty3 (Sigma) Insertion Speeifieity
One of the most intriguing puzzles posed by the close association between sigma

elements and tRNA genes is the mechanism of target-site recognition by the element.

Ty3 has a retrovirus-like organization of its coding sequences and encodes proteins with

retrovirus homologues (Haywood, Chalker, and Sandmeyer, unpublished data). Ty3, like

other retrotransposons and retroviruses (retroid elements) is flanked by short, direct

repeats generated during integration. Because the length of the short, direct repeat

flanking these insertions is characteristic of the retrovirus, rather than the host species

(62), the endonuclease encoded by the retrovirus, rather than a host nuclease, is inferred

to cleave the target sequence. Nevertheless, no data address this point directly.

Positions of retroviral insertion have, in some cases, been correlated with DNase hyper-

sensitive sites (63, 64), but not with any specific sequence. Similarly, inspection of

reconstructed target sequences in our study did not reveal a sequence at the immediate

target site which might be required for insertion. The sequence 5'TCA3' was observed in

the tRNA-like strand upstream of almost half of the tRNA genes associated with sigma,

but this sequence also occurs at a similar frequency upstream of tRNA genes not associ-

ated with the element. Therefore, its presence apparently does not increase the proba-

bility of a Ty3(sigma) insertion. The most simple interpretation of our data is that the

position specificity of the sigma element is not solely based on the presence of a specific

DNA sequence at the primary target (integration) site. Rather, we conclude that recog-

nition must be based on: 1) some characteristic pattern or structure implicit in the

tDNA sequence, 2) interactions between the integration apparatus and proteins com-

plexed to the tRNA gene, or 3) some combination of these. We discuss below some

features of tRNA genes which may bear on this unusual specificity.

The first proposed explanation of Ty3(sigma) insertion specificity--that the target

is implicit in the DNA sequence-implies an integration apparatus which recognizes a

1511



Nucleic Acids Research

conserved sequence pattern (65) or a characteristic conformation of tDNA and cleaves

upstream in the DNA. This idea is appealing because of its inherent simplicity, and also
because polymerase III transcription of different tRNA genes must require similar gene-

family recognition. It must be noted, however, that while the sigma elements are closely
associated with the tRNA gene, the position of the insertion relative to beginning of

tRNA-coding sequence or conserved sequences within the gene, is not absolutely con-

stant. Thus, a DNA model would entail precise spacing of the insertion from some

secondary or tertiary pattern not obvious in the prin.ary sequence or must allow for some

small variation in the distance of the insertion site from a conserved target in the tDNA.

The second proposed explanation of Ty3(sigma) insertion specificity involves tRNA

gene-associated proteins in targeting. Two types of proteins could be related to tRNA

gene targeting by sigma. First, as mentioned above, tRNA genes in yeast have been

shown to undergo gene conversion at high frequencies, suggesting that they are predis-
posed to local recombination events. Proteins involved in these reactions could also

make the DNA more vulnerable to nonhomologous recombination events, such as Ty3
insertion. Second, it is known that tRNA transcription must initiate very close to the

site of sigma insertion. In fact, transcription initiation occurs in the sequence

PyPyCAACAA, at the second A, for several tRNA genes (66; D. Engelke, University of
Michigan, Ann Arbor, Michigan, personal communication), and Raymond et al. (56) ob-

served a related sequence which affected the level of transcription of a tRNALeu gene

and occurs in the 5'-flanking sequence of a number of tRNA genes. At least one tran-

scription factor has been shown to interact with this region; tau, a polymerase III tran-

scription factor required for tRNA gene transcription was shown to protect the flanking
sequence of a tRNAGlu gene up to position -11 from weak DNase digestion (67). (In our

study, tRNA gene-proximal cleavage would have occurred most frequently between

positions -11 and -12.) Finally, electron microscopic observation of a tRNA gene suggests

that the active gene may have a distinctive structure. Stillman et al. (68) found that

tRNA genes bound to a transcription factor appeared bent, possibly due to contact of the
factor with a bipartite internal promoter. Proteins which allow the DNA to be tran-

scribed, then, are known to act on the DNA in this region and might mark it in some way

as a target for transposition.
If the polymerase III transcription complex is central to Ty3(sigma) target recogni-

tion, then the 5S rRNA genes which are also transcribed by polym erase III might also be

targets for insertion of this element. Yeast chromosome XII contains more than 100
tandem repeats of the rRNA genes, including those for 5S rRNA (69). According to the

intensity of the band on the autoradiograph (Fig.4) corresponding to chromosome XII,

however, this chromosome contains only two or three copies of sigma and none of Ty3.

The distribution of these elements, then, does not reflect the distribution of all genes
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transcribed by polymerase III, and this study provides no evidence that the repeated 5S
genes are a hotspot for Ty3 insertion, as might be predicted if any polym erase III tran-

scription complex constitutes a target. This observation is consistent with the target

involving some tRNA gene-specific features. Nevertheless, this description of insertions

cannot completely rule out a general association between Ty3(sigma) and polymerase III-

transcribed genes. It is possible that Ty3(sigma) elements inserted near 5S rRNA genes

are eliminated by unequal crossing-over among the tandemly repeated rRNA genes.

The suggestion of an association between transcription and recombination is not

new. Polymerase I transcription activity is required for HOT1 activation of recombina-

tion in yeast (70). In addition, polym erase II activity is required for gene conversion of
the MAT locus of S. cerevisiae (71) and recombination of a mouse immunoglobulin vari-

able region has been shown to be enhanced by transcription (72). Although no other

retroid element is known to have specificity of the type displayed by Ty3, genes

transcribed by polymerase III are associated with other types of retroid elements. In

yeast, Tyl and Ty2 occur frequently within several hundred bp of the 5' ends of tRNA
genes (7-10), and in animal cells, Alu sequences are both targets and donors in retro-

transposition (73).
In conclusion, the extreme position specificity of the Ty3(sigma) insertion pattern

is an intriguing natural curiosity. Further studies of Ty3(sigma) transposition will provide
a potentially useful paradigm for understanding the mechanism of genomic integration of
retroid elements.
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