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ABSTRACT

The O2 protein regulates the expression of genes involved in mating type

determination in the yeast Saccharomyces cerevisiae by binding upstream of these genes

and repressing their transcription. Point mutations in the amino terminus of O2

compromise repression but not DNA binding and create mutants which are dominant

negative when overexpressed. The dominance of two such mutants can be suppressed by

overexpression of Tup1, a protein that contains seven WD repeats and that is required for

the repression of many sets of genes in yeast. The Tup1 WD repeats will bind to O2 but

not to a repression-defective O2 mutant, suggesting that O2 represses by recruiting Tup1

via a direct interaction.

The interaction between O2 and Tup1 was further characterized by isolating

mutations in the Tup1 WD repeats that debilitate Tup1’s ability to bind O2 but do not affect

interaction with the presumptive downstream repression machinery. The positions of these

mutations together with the structure of the WD repeat protein G8 suggest that Tup1 folds
into a GB-like propeller whose flat top surface is bound by O2.
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Foreward

Sex is one of the three best things in life (7); so it is only fair that yeast, a

fountainhead of pleasure, should enjoy the thrill of mating. Many years ago, human

voyeurs recognized that there are two yeast mating types, a and O, which meet, woo, and

make exchange of vow. Yet despite all the protuberating and fusing that accompanies

fungal mating rituals, the yeast cell has a sex life that would make the pope think that God

is in His Heaven and all is right in the world: yeast chooses a single partner; it mates but

once; it veers from heterosexuality only under bizarre circumstances (reviewed in (32, 34,

90)).

This straight and narrow lifestyle comes about in large part from the yeast cell's

strong sense of gender which is genetically determined by the MAT locus (57,91). In O.

cells, the MATO. locus encodes 0.1, an activator of genes required for O-mating behavior

(o-specific genes), and O2, a repressor of genes required for a-mating behavior (a-specific

genes) (1, 3, 41,92, 108). In a cells, MATa encodes a 1, a protein which has no apparent

function on its own (1,92). Sex is said to be ruined by marriage, and in yeast, the rumors

are true: once a and O. have consummated their passion, the al and O2 proteins conspire to

shut down the haploid-specific genes, including those required for mating (24, 38, 48,62).

Yeast erotica spiraled further downward with the realization that the proteins

encoded by the MAT loci are regulators of transcription (reviewed in (33, 39,68)). In

particular, the carboxy terminus of the O2 protein contains a known DNA-binding motif,

the homeodomain, which was shown to bind sequences found upstream of a-specific

genes and to be required for repression in vivo (28,80). Because small deletions in the

amino terminus of O2 that do not affect DNA binding destroy O’’s ability to repress (28),

O2 was deemed an active repressor as opposed to one which represses simply by

occupying DNA sequences required for activator binding.

By the early 1990's, several examples of active repression had already been found

in higher eukaryotes. The Drosophila proteins Krüppel, engrailed, and even-skipped and



the mammalian thyroid receptor had all been shown to possess DNA-binding activity that

was necessary but not sufficient for repression (4, 13, 37, 54), and in the case of Krüppel,

a repression domain which could function when transferred to a bacterial DNA-binding

protein had been identified (54). However, the mechanism of active repression was still a

mystery, and O2 seemed like a quick route to the solution since the vaunted tools of yeast

molecular genetics could presumably be used to hasten the journey. And so it was that a

hunt for 0.2 mutants that bound DNA but did not repress was begun with the hope that

such mutants would serve as a foundation for suppressor hunts leading to proteins that

interact with O2.

What with one thing and another, four years passed.

In that time, three results were reported. First, mutations in SSN6 and TUP1 were

demonstrated to obliterate repression of many sets of genes (71, 94, 96, 113, 114),

including those regulated by O2 (31, 46, 60, 67). Second, a lexA-Ssnó fusion was shown

to repress transcription from a lexA operator in a Tup1-dependent fashion (46). Third, a

Lex A-Tup1 fusion was shown to repress transcription from a lexA operator in an SSnó

independent fashion (97). These results suggested that O2's role in repression was to

recruit Tup1 via Ssnó and that Tup1 was the protein which actually interfered with

transcription.

The additional finding that Tup1 bound to the supposed repression domain of O2

helped to confirm the suspicion that O2 had simply been taking credit for Tupl’s

handiwork, and attention drifted away from O2 and toward this odd gene that had been

lurking around in obscure journals (20, 56, 93, 112) ever since its initial identification in a

screen for mutants defective in thymidine uptake (75). By the time the O2 connection had

been firmly established, TUP1 had been cloned, sequenced, and found to encode a protein

containing seven WD repeats (107), or stretches of amino acids with the general sequence

X6-94-[GH-X23-44-WD) that tend to stutter their way through proteins in four- to ten-unit

arrays (reviewed in (69)). WD madness began in 1986 with the discovery of repeats in the



B subunit of the heterotrimeric G protein transducin (GB) (19) and continued into the

1990's, with repeats eventually being found in proteins involved in almost every eukaryotic

process from the trendy to the passé (reviewed in (15,69, 101)). Thus, the presence of

WD repeats in Tup1 would have been cause for champagne except that no one knew what

WD repeats actually did other than show up in homology searches.

Like the thunder that follows a lightning bolt, much of the speculation that came in

the wake of the WD repeat was nothing more than vacuum-produced noise. As far as

anyone could tell, WD repeats had no enzymatic activity, and the only property that

members of the WD family seemed to share was that several were subunits of large

multiprotein complexes (reviewed in (69)). Process of elimination and lack of imagination

led aficionados to assume that WD proteins had structural or regulatory function and that

the repeat somehow mediated protein-protein interaction.

Being one of the few examples of a WD protein in which the repeats themselves

were known to mediate an interaction, Tup1 presented a unique opportunity for examining

how WD repeats bind to other proteins. But there were a few problems. For instance,

although an isolated WD repeat from Tup1 would bind to O2 in vitro, it was unclear if this

interaction had any significance in vivo, especially since O2 mutants that did not bind to

full-length Tup1 would bind to the single repeat. So biochemistry was out for the time

being, and it seemed like the most logical approach to the problem was to look for

mutations in Tup1 that specifically eliminated binding to O2. Such mutations would

presumably be useful in at least three ways. First, the mutations would point out which

repeats bound to O2. Second, the mutations would highlight which part of each repeat

bound O2. And third, the mutations would give some clue as to the structure of Tup1,

since the mutations would presumably lie close together on the surface of the protein.

In short then, this thesis is the simple story of two proteins, O2 and Tup1, and the

mutations that keep them apart. Chapter One recounts the isolation of O2 mutants

proficient for operator binding but defective for repression and reveals that these mutants



have lost their affection for Tup1. Chapter Two describes the isolation of Tup1 mutants

unable to bind O2 but able to repress transcription when brought to the DNA by artificial

means and argues that Tup1 is structurally similar to G3.



CHAPTER ONE

The WD repeats of Tup1 interact with oz



This chapter is a reprint of the material as it appears in Genes and Development (1994),

volume 8, pages 2857-2867. The Introduction and Sections 5 and 6 of the Results were

written by Michael J. Redd who performed the experiments summarized in Figures 4 and

5. The remainder of the paper was written by Kelly Komachi, who performed the

experiments summarized in Figures 2, 3, and 6. Alexander Johnson directed and

supervised the research.

(7%. D., ( –
Alexander D. Johnson, thesis adviser



The WD repeats of Tup1 interact with the
homeo domain protein o.2
Kelly Komachi,” Michael J. Redd,” and Alexander D. Johnson**
'Department of Biochemistry and Biophysics, *Department of Microbiology and Immunology, University of California,
San Francisco, California 94143 USA

Tup1 and Ssnó transcriptionally repress a wide variety of genes in yeast but do not appear to bind DNA. We
provide genetic and biochemical evidence that the DNA-binding protein o.2, a regulator of cell-type-specific
genes, recruits the Tup1/Ssnó repressor by directly interacting with Tup1. This interaction is mediated by a
region of Tup1 containing seven copies of the WD repeat, a 40 amino acid motif of unknown function found
in many other proteins. We have found that a single WD repeat will interact with oz, indicating that the WD
repeat is a protein–protein interaction domain. Furthermore, a fragment of Tup1 containing primarily WD
repeats provides at least partial repression in the absence of Ssnó, suggesting that the repeats also mediate
interaction between Tup1 and other components of the repression machinery.

[Key Words: Homeo domain; WD repeat; transcriptional repression
Received September 15, 1994; revised version accepted October 18, 1994.

Cells have evolved a variety of mechanisms for turning
genes off when they are not needed. In the budding yeast
Saccharomyces cerevisiae one repression system is re
markable for its involvement in regulating a wide variety
of genes. Two proteins, Ssnó and Tupl. are required for
the repression of at least five independently regulated
sets of genes: the a cell-specific genes and the haploid
specific genes, the glucose-repressed genes, the hypoxic
genes, and the DNA damage-inducible genes (Mukai et
al. 1991; Keleher et al. 1992; Trumbly 1992, Zitomer and
Lowry 1992; Elledge et al. 1993).

Both Ssnó and Tupl are members of extended protein
families. Ssnó contains 10 copies of the tetratricopeptide
repeat or TPR (Schultz and Carlson 1987). Tupl also con
tains a repeated sequence that was first identified in
3-transducin, the WD repeat (Fong et al. 1986). Seven
WD repeats have been identified within Tupl (Williams
and Trumbly 1990; see also results of this work). This
motif is ~40 amino acids in length and contains a highly
conserved tryptophan-aspartate or WD sequence. Pro
teins with WD repeats are involved in a wide variety of
processes, including gene repression, signal transduc
tion, secretion, RNA splicing, and progression through
the cell cycle (for reviews, see Duronio et al. 1992, van
der Voorn and Ploegh 1992).

The function of WD repeats is not known, although it
has been suggested that they mediate protein–protein
interactions. The function of the WD repeats of Tupl
remains obscure. Deletion of a single repeat results in
the same phenotype as a complete deletion of the gene
(Williams and Trumbly 1990). However, expression of

*These authors contributed equally to this work.

the amino-terminal 200 amino acids of Tupl lacking all
of the WD repeats is able to function for glucose repres
sion as well as function partially for hypoxic gene repres
sion (Tzamarias and Struhl 1994).

How do Tupl and Ssnó regulate diverse sets of genes?
It has been proposed that Ssnó/Tupl is a general repres
sor in yeast, recruited to genes by specific DNA-binding
proteins (see Fig. 1). These DNA-binding proteins would
then be subject to regulation in response to the appro
priate signals (Keleher et al. 1992). Several lines of evi
dence support this model. First, Ssnó and Tupl are found
associated in a protein complex (Williams et al. 1991).
Second, both Lex A-Ssnó and LexA—Tupl fusion proteins
can repress transcription of a test promoter possessing a
LexA binding site (Keleher et al. 1992, Tzamarias and
Struhl 1994). Third, DNA-binding proteins that are re
quired for repression and that bind to sequences up
stream of the regulated genes have been identified for all
but one of the sets of genes known to be regulated by
Ssnó/Tupl; a 2 for a-specific genes and haploid-specific
genes, Migl for glucose-repressed genes, and Roxl for
hypoxic genes (Johnson and Herskowitz 1985; Nehlin
and Ronne 1990; Balasubramanian et al. 1993).

One of the best characterized of this group of DNA
binding proteins is the oz protein. Budding yeast exists
as three different cell types, a cells, a cells, and a■ o dip
loid cells. o.2 is expressed in a cells, where it is required
for the repression of a-specific genes, and in a/o diploid
cells, where it is required for the repression of both a-spe
cific genes and haploid-specific genes. The a-specific
genes are constitutively expressed in a cells because this
cell type does not contain the oz gene. In a cells oº binds
cooperatively with the Mcml protein to a DNA se
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Figure 1. Ssnó and Tupl are required for repression of many
different genes. Ssnó and Tupl mediate repression of the five
sets of genes listed at right. Repression of each particular set of
genes also requires specific upstream sequences and the DNA
binding protein or proteins indicated to the left of the each set
of genes.

quence called the a-specific gene operator located up
stream of each a-specific gene (for review, see Johnson
1992). Once bound to the operator a 2 directs the Ssnó/
Tupl.-dependent repression of the gene. Placing an ol
operator upstream of other yeast genes—CYC1, TRP1,
URA3 and GAL1—brings them under the control of a 2
directed repression, indicating that the repression is not
specific for particular activators (Johnson and Herskow
itz 1985; Roth et al. 1990, K. Komachi and M. Redd,
unpubl.). Occupancy of the operator by a2 is not suffi
cient to bring about repression. In vivo dimethyl sulfate
(DMS) footprinting of the a-specific gene STE6 demon
strated that oz is able to bind the STE6 operator in the
absence of Ssnó but is unable to bring about repression
(Keleher et al. 1992).

These results show that a 2 carries out two functions:
[1] It binds to operators upstream of specific genes; and
(2) it directs the Ssnó/Tupl dependent repression of
those genes. 0.2 possesses a homeo domain located at the
carboxyl terminus that is responsible for its DNA bind
ing. The portion of q2 involved in directing repression
has not been clearly identified, although the amino ter.
minus has been implicated (Hall and Johnson 1987). In

this paper we examine, both genetically and biochemi
cally, the link between a 2 and the Ssnó/Tupl repressor.
We show that oz binds to Tupl and that this interaction
is mediated by the WD repeats of Tupl.

Results

Isolation of a 2 mutants defective
in repression but not DNA binding

To better understand how oº directs repression after it
has bound to its operator, we isolated mutants of a 2
defective in repression but competent for DNA binding.
To facilitate the identification of such mutants, we ex
ploited the fact that oz binds cooperatively to its opera
tor with an activator, Mcml (Keleher et al. 1989), and
designed a screen in which repression-defective mutants
would activate transcription by helping Mcml bind
DNA. Our screen was based on the following observa
tions: (1) In the absence of a 2, Mcml binds to the center
of the wild-type operator and activates transcription
(Bender and Sprague 1987, Keleher et al. 1988, Passmore
et al. 1989); (2) a mutant operator in which the Mcm l
binding portion has been replaced by an unrelated se
quence the center-substituted operator] does not bind
Mcm 1 and does not activate transcription (Keleher et al.
1988); and (3) the cooperative interaction between a 2
and Mcm l allows formation of the ol/Mcml complex
on the center-substituted operator in the presence of
high levels of a 2 (C.A. Keleher and A.D. Johnson, pers.
comm.). In principle, overexpression of an a 2 mutant
defective only in repression should activate transcription
from the center-substituted operator by recruiting Mcm 1
to the DNA.

A plasmid that overexpresses a 2 was mutagenized and
transformed into a yeast strain carrying a lac2 reporter
in which the upstream activating sequences have been
replaced by the center-substituted operator. Transfor
mants (36,000) were screened for 3-galactosidase activ
ity, and 20 positives were picked. Of these 20, 12 yielded
plasmids that reproduced the original phenotype when
reintroduced into the reporter strain. The 12 plasmids
were sequenced and found to contain one of four point
mutations, as summarized in Figure 2A. Two of the plas
mids also contained silent mutations, and one of the
plasmids bearing the thrá mutation had an additional
Arg – Gly amino acid change at position 60. Plasmids
containing more than one mutation were not used in any
of the subsequent work.

To further test the idea that the mutants we have iso
lated are defective in a repression function other than
DNA-binding, we expressed each of the mutant proteins
in bacteria. Using the gel-mobility shift assay, we found
that the mutant proteins bind to the a2 operator both
alone and cooperatively with Mcm l in a manner indis
tinguishable from that of wild-type a2 (data not shown).

The 32 mutants are defective in repressing
authentic a-specific genes

To show that the inability of the oº mutants to repress is
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not peculiar to transcription of the reporter used in our
screen, we replaced the wild-type copy of o2 at the MAT
locus with each of the mutant copies in a strain carrying
an mfa2:lac2 reporter and examined the ability of the
mutants to direct repression of this a-specific gene fu
sion. MFA2 encodes the mating pheromone, a-factor and
is normally repressed in a cells. As shown in Figure 2C,
the mfa2:lac2 reporter is expressed in a cells, repressed
in a cells, and derepressed to various levels in mutant a
cells. In addition, the mutant strains produce extracellu
lar a-factor and barrier activity as determined by bioassay
(Sprague 1991; data not shown) and hence must also ex
press the a-specific genes STE6 and BAR1, which encode
a pheromone export protein and the barrier protease, re
spectively (MacKay et al. 1988, McGrath and Var
shavsky 1989).

The a2 mutations are dominant negative

If the mutant proteins are defective in repression but not
in binding to the operator with Mcm l, we expect these
alleles to be dominant when the mutant proteins are
overexpressed because they should bind to the operator
and block access to wild-type oz. To test this prediction,
we transformed high-copy plasmids containing the mu
tant a 2 genes into a wild-type o strain carrying the
mfa-2:lacz reporter and assayed the transformants for
3-galactosidase activity. Results are summarized in Fig
ure 2D. Each of the four mutant proteins caused dere
pression of the reporter, showing that all of the muta
tions are dominant negative for c.2-mediated repression.

In summary, we believe we have isolated mutant ver
sions of a 2 that occupy the operator but fail to repress
transcription of the a-specific genes. We refer to these
mutant proteins as repression-defective mutants.

The dominance of some of the a2 mutants is
suppressed by overexpression of Tup1
We speculated that the repression-defective mutants fail

A-GALACICSDASE ACTIVITY

Tup1 WD repeats

Figure 2. c.2 Repression-defective mu
tants. [A] Summary of a 2 mutations and the
frequency with which they were isolated.
(B) Location of mutations relative to the ho
meo domain. (C) Yeast strains differing

0.8 - 0.3 only at the MAT locus (cell type) were as
sayed for 3-galactosidase activity from an

< 0.1 integrated mfc.2:lac2 reporter. Each re
ported value is the average of three 3-galac

2.3 - 0.3 tosidase assays. (D) A MATo mfo2:lacz
strain was transformed with a high-copy

50 - mutant al plasmid and assayed for 3-galac
34 - 10 tosidase activity. Each reported value is the

average of three 3-galactosidase assays per
53 + 3 formed on three individual transformants.

to interact with another protein of the repression com
plex, most likely Ssnó or Tupl; both which are required
for repression of the a-specific genes and have been pro
posed to interact with DNA-binding proteins (see Intro
duction). If this hypothesis is correct, we expected that
increasing the concentration of Ssnö or Tupl might off
set the decreased affinity of the repression-defective mu
tants for these proteins and restore repression. We first
tested whether overexpression of Ssnó and/or Tupl sup
pressed the inability of the oº mutants to repress tran
scription by transforming strains carrying a chromosom
al mato.2 mutation with high-copy plasmids bearing
SSN6, TUP1, or SSN6 and TUP1 and monitoring the ex
pression of an mfa2:lacz reporter. None of the plasmids
restored repression in any of the strains (data not shown).

We next tested whether overexpression of Ssnó and/or
Tupl would suppress the dominance of the repression
defective mutants. Because oz binds its site as a dimer,
the mutants can presumably exclude the wild-type pro
tein from the operator by binding the site as either ho
modimers or heterodimers with wild-type a 2. We rea
soned that interaction of a heterodimer with the down
stream protein might be restored at a concentration
lower than that required for interaction with a mutant
homodimer. Overexpression of Ssnó and Tupl from a
high-copy plasmid, though unable to suppress the defect
of cells expressing only the mutant forms of a 2, does
restore repression to an mfa2:lacz reporter in cells ex
pressing both wild-type oz and the dominant-negative
forms of a 2 (Fig. 3). Moreover, overexpression of Tupl
alone suppresses the dominance of the weaker mutants,
suggesting that Tupi might interact directly with a 2 and
that the mutants that we have isolated might be defec
tive in binding to Tupl. We therefore set out to look for
an interaction between oz and Tupl in vitro.

a2 binds to Tup1 in vitro
To test the hypothesis that Tupl and a2 interact, we first
fused the TUP1 gene to the glutathlone S-transferase
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MAT or MATa2tys?' /cv.13 (SSN6+IUP1)/YEp24 0.9 + 0.3

Ma■ Q. MATazphe?/cv.13 YEp24 13.4 + 2.0

Ma■ a MATa2phes/cvi 3 SSNó■ yºp24 220 + 8.9

MA■ a MAJazphe°/cv.13 TUP1/YEp24 1.7 - 04

MA■ a MATazpheº/cv13 (SSN6+TUP1)/YEp24 0.9 - 0.1

MA■ a MATa2thré/cv.13 YEp24 47 - 5

MA■ a MATa2thr4/CV13 SSN6/YEp24 46 t 13

MA■ a MA■ o.2thrº■ cºw 13 TUP!/wep24 24 - 3

*MAT or MATG2thrº/cvi 3 (SSN6-tup 1)/YEp24 3.7 - 15

Ma■ or MATa2ser 10/cv. 3 YEp24 112 - 10

MA■ a MATa25er 10/cv.13 SSNc/YEp24 20 - 7

MA■ a MATa2ser'O/cv.13 TUP pºp?4 73 + 3

Ma■ a MA■ a2set lo■ cwly (SSN6-■ uP1)/YEp24 23 : 3

Ma■ o YEp24 156 - 23

Marc SSNo■ ºp24 155 - 15

MA■ o TUP!/YEp24 150 - 0

MA■ o (SSN6-tup 1)/YEp24 145 - 19

Figure 3. The dominance of the a2 mutants is suppressed by
overexpression of Tupl and Ssnó. A MATo mfa2-lacz strain
was transformed with a high copy mutant al plasmid and a
suppression plasmid and then assayed for 3-galactosidase activ
ity. The last set of assays shows that the suppression plasmids
do not affect 3-galactosidase expression in the absence of 32.
Each reported value is the average of three 3-galactosidase as
says performed on three individual transformants.

(GST) gene and purified the fusion protein from Esche
richia coli (GST-TUP1, Fig. 4A). The purified GST
TUP1 (Fig. 5A, lane 7) was then coupled to a column
matrix through which bacterial extracts containing the
a2 protein (lane 1) were passed. The flow through frac
tions contained most of the bacterial proteins but lacked
o:2, indicating that a 2 was selectively retained on the
column (lanes 18–22). The bound o.2 protein was then
eluted from the column by high salt (lane 4).

To determine which portion of Tupl is required for
binding ol, we constructed two additional GST fusion
proteins: GST-NTERM consisting of amino acids 1–253
of Tup1, and GST-CTERM, consisting of the remaining
carboxy-terminal portion of Tupl fused to GST (Fig. 4A).
a2 (again present in a bacterial extract) was specifically
retained on the GST-CTERM column (Fig. 5A, lanes 13–
17) and was eluted from the column by high salt [lane 3).
In contrast, q2 flowed through the column bearing the
GST-NTERM protein (lanes 8–12), and salt elution
yielded only a small fraction of the g2 loaded (lane 2).
These results indicate that oz binds specifically to Tupl

and that the carboxy-terminal portion of Tupl mediates
this interaction.

The carboxyl terminus of Tup1 contains the six WD
repeats identified by Williams and Trumbly (Fig. 4A, la
beled 2–7). To determine whether these repeats mediate
the interaction with a 2, we further subdivided Tuplinto
two more GST fusion proteins: the middle region con
sisting of amino acids 252—390 (GST-MID), and the WD
region consisting of amino acids 420–713 (Fig. 4A, GST
WD). Surprisingly, o 2 bound to both GST-MID and
GST-WD (data not shown; summarized in Fig. 4A). This
result indicates that Tupl contains at least two separable
al-binding domains, one that is essentially a series of
WD repeats, suggesting that a function of these repeats is
binding a 2.

a2 binds to a single WD repeat

Comparison of the portion of Tupl within the GST-MID
fusion protein with the Tupl WD repeats revealed a re
gion of similarity indicating that Tupl may have a sev
enth WD repeat. Amino acids 341–383 of the middle
portion of Tupl do not contain the highly conserved
tryptophan-aspartate motif characteristic of the repeat,
but do share significant sequence homology with the

A.

Gst tupt a2 Binding

■ TTEEEEEE Gst-rupt ...is +

Z Gst-NterM 1-253 -

Zºº BBEEEE gst-cºterM 252.713 +

Z ■ il GSt. Mid 25.2-390 +

ZEEEE|35 GST.WD 420-713 +

ZE GST.WD2 439.473 +

Z (;st -

B

34 1-333 loatswºvccvk------ FsNDGEYLArcC-NKTTov YRVSDGSLVARLSC

1 4 0-4 3 l Pssol Y (Rsvc- FSPDGKFLATGAEDRLIRIWD IENRK IVMIL
482 - 525 PSGDKLwscs GoRTvrxWDLRTGQCSLTLS I
527-5 67 ---DGKYIAAGSLDRAVRVWDS2TGFL'/ERLDS
573-5 15 FTPDGQsvvscs lorsvkLWNLQNANNKSDSK'■
527 - 568 I Getxo rvlsva------ ITQNDEY ILSGSKDRGVLFWDKKSGNPLLML
669-713 QGHRNSv■ SvavaNGSSLGPEYNVFATGSGDCKARIWKYKKIAPN

Consensus . Ga. . . V. SV. ------ Fs. DG. . gargs. Dr. VRaswd. . . G. . . . . L. .
T s

Figure 4. GST-TUP1 fusion proteins with a summary of a 2
binding results and alignment of Tupl WD repeats. [A] The GST
portion is represented by the hatched portion. The numbered
boxes represent the WD repeats of Tupl. The amino acids of
Tupl included in each fusion protein are indicated. [B] Amino
acids 341–383 aligned with the six WD repeats of Tupl. The
alignment and consensus were made by hand. The dashes rep
resent gaps, as the repeat lengths differ. In the consensus, a
represents hydrophobic residues.
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then a single WD repeat should be sui; ::
To test this idea, amino acids 439–173 comprising the
second Tupi WD repeat, were fused to the JST forman:
creating GST-WD2 see Fig. 4A. A column bearing
CST-WD2 Fig. 5B, lane tº specifically retained ºl.
which was eluted from the column with high salt lane
7. This result indicates that a single 'VD repeat of Tºp 1
is sufficient for binding ºl.

:

rAmino-terminal cº mutunt ºils to ºrd to Tup■

The behavior of 32 repression-defective mutants dis
cussed above suggested that the amino-terminal region
of 32 may be required for binding Tupi. To test this
model we made extracts from E. :xpressing the
a 2*” mutant. Extracts containing slº or wild-type
cºl were passed over columns bearing the JST-CTERM
Tupl fusion protein. The results of this experiment are
shown in Figure 5C. Lane I represents the GST-CTERM

CC11

towºrresign

- - - - Figure 5. 32 binds to a single WD repeat
-

of Tupi, Al Coomassie blue-stained SDS
gel showing the results of passing a bacte
rial extract containing & 2 lane : over co
umns bearing purified GST-NTERM llane
5), GST-CTERM lane 3), ind CST-TUP!
lane 7" Flow through fractions from each
coiumn are as indicated. The columns
were eluted with . M salt. The peak trac
tions were pooled and are shown in lanes
2–1 N, C, and T indicate CST-NTERM,

- JST-CTERM, and GST-IUPI, respec
tively, a 2 is indicated –- 3, Coomassie
blue-stained SDS gel -ontaining the re

* suits from passing a bacterial 2xtract con
taining 3.2 over a column bearing GST
'WD2. Lane A sample of the column
bed, lane 2) a portion of the 12 extract,
lanes 3–0 fractions of the column

flow through lane " i sample of the high
sait eluate from the column. C. Bacterial
extracts containing either wild-type ºx2
lane 2 or mutant 12 “” lane J) were

passed over columns bearing
-

GST
CTERM. Tup! lane I'. Mutant t2 :lowed
through the column lane 5
wild-vpe 12 was retained. T.

, whereas
he columns

were luted with glutathlone, iisplacing
CST-CTERM and ºl from the column
'ouded with wild-type 12, out 2nly CST

- JTERM from the column loaded with mu
tant t2 lanes o ind ', respectively.

column red. Lanes 2 ind 3 are samples of the extracts
containing ºne wild-ºne tº protein and the ºl” mu
:ant, respectively. The wild-type ×l protein was retained
Yn the column is indicated ov the absence ºf the ºl ºn
the column ■ low through lane 1), ºn contrast, the ºl”
mutant prote:n ippeared ºn the flow through lane 5). The
columns were washed and subsequently eiuted with free
glutathlone, which displaces CST-CTERM protein and
any protein bound to it from the glutathione— agarose
bed. Elution of the column loaded with wild-type ºl dis
placed both & 2 and CST-CTERM lane 5, whereas elu
::cn ºf the column loaded with 3.2° yielded only the
GST-CTERM protein lane 7). These results indicate
that the wild-type ºl ■ mino terminus is required for
Tupl binding. Consistent with this idea, a deletion mu
tant of ºl lacking amino acids 2–10 ■ al” also failed
to bind to a CST-CTERM. Tupi column data not
shown. Curiously, when the same experiment is re
peated with a column bearing the singie WD repeat,
alº" bound is well as wild-type 42 data not shown.
Thus, the amino terminus of a 2 is required for binding a
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porticin of Tupl containing all seven WD repeats, it is
not required to bind to WD2 in isolation. A possible ex
planation is that the WD repeats of Tup I required for
binding a 2 are masked in some way, and the amino zer
minus of c.2 is required to unmask these WD repeats
allowing Tupl and 32 to associate.

The carboxyl terminus of Tup1 is sufficient
for a 2-mediated repression in vivo

Repression of the a-specific genes requires that Tupi
both bind to 32 and interfere with transcripticin. The
affinity column experiments demonstrated that the ear
boxyl terminus of Tupi interacts with & 2 ºn the absence
of Ssnó. Next, we wished to determine whether a car
boxy-fragment of Tupi is sufficient for in vivo repression
as well. & cells lacking either Tupi or Ssnó are sterile,
because of the derepression of the a-specific genes. [f the
carboxyl terminus of Tupi is capable of Coth pinding .2
and repressing transcription in the absence of SSm3, then
expressing the carboxyl terminus in an strain lacking
both Tupi and Ssnó should restore repression of ºn
a-specific genes and correct the mating defect. As shown
in Figure 3, a M.A.T. tup 1 A ssnö. A strain transformed
with a vector plasmid is sterlie, but the same strain
transformed with a piasmid overexpressing either :
length Tupl or Tupi 333–713 mates as an x cell indi
cating that repression of the a-specific genes has been at
least partially restored. Hence, a fragment of ■ up I con
sisting almost exclusively of WD repeats is capable of
both interacting with 32 and bringing about repression.
Furthermore, Ssnó is not absolutely rejuired for either
function, as overexpression of Tupl partially compen
sates for a lack of Ssnö. Overexpression of Ssno in con
trast, has no effect on the mating behavior ºf the M. Tº
tup. A ssno A strain data not shown.

We wish to emphasize that suppression of the phero
types of 1 tur ! A is:c-A strain by the fragment ºf

-
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Figure 6. Overexpression of Tupi suppresses the mating detect
of 1 M.A.T. s.s.nytup 1A strain. A MATc. ssnoy up A strain was
transformed with plasmids expressing no Tupi, the Tupl car
boxyl terminus (CT), or full-length ■ upi tuli, from the GALIO
promoter. Transformants were mixed with a M.A Ta tester strain
top ºr no tester strain bottom; and grown on 1 plate that

selects for diploids resulting from conjugation. The unmated
MAT1 tester strain is plated to the fur left. Unmated transfor
mants plated in the bottom row do not form a background patch
because of their slow growth and clumpiness.

containing only WD repeats is not complete. In addition
to exhibiting 3-specific sterility, yeast strains lacking
Ssné or Tupi are clumpy and slow growing, presumably
because of the inappropriate expression of normally re

ressed genes. Overexpression of Tupl does not correct
e slow growth or clumpiness of the tuply ssnoº, strain,

indicating that the absence of Ssnó cannot be completely
compensated for by increased levels of Tupi. Also, al
though overexpression of Tupl 336–713) provides suffi
cient repression of a-specific genes to suppress the mat
::ig defect of an extup 1A ssnoy strain, the level of repres
sion of an in a 2...ac.z reporter in these strains is duite
weak, much stronger repression is observed when either

- * ~ *Tupi (25–7 is or full-length Tupl is overexpressed.

º

.

Discussion

Tºp! Interacts with u DNA-binding protein

Although Ssnó and Tupi are required for the transcrip
tional repression of a wide variety of genes, neither Ssn's
nor Tup has been reported to bind DNA, nor loes there
appear to be any promoter element common to all sets of
Ss: 5. Tupi-repressed genes. Our present studies show
that Tip I interacts directly with ºl, a homeo domain
protein that binds to sequences found upstream of the
a-specific genes. The ºn "tºo relevance of the in ºutro
interaction between Tupi ind +2 is supported by our
isolation of 12 repression- ie:ective mutants that occupy
the operator but full to repress and by our observation
that the strongest of these mutants ices not bind Tupi
in vitro. These results imply that ºl directs repression
by interacting with ■ up; and that the failure of the mu
tants to repress transcription is attributable to their in
abilit” “o recruit Tipi to the operator.

‘We predict that Tun liso interacts with the CNA
-

1ns found ºpstream of other Ssnö Tupi
ated genes, ºnus explaining how Ssné ind Tupi are

n:hibit expression of a wide variety of genes hav
ing no common upstream sequences. This irrangement
St transcriptiºnal regulator intiuencing many diverse
fenes ov interacting with 1 multitude of site-specific
DNA-binding proteins his iso been reported for the wi
rai activator El A, which interacts directly with various
Jene regulatory proteins that bind upstream of El A-reg
ulated genes e 3. see Liu and Green iº94. Unlike 3: ...A.
which interacts directly with the DNA-binding domains
of various transcriptional ictivators. Tupi requires a re
sign of 3.2 outside of the DNA-binding domain. The e
stons ºn three ºf the tour repression-defective ■ nutants
that we have soluted he in the extreme unino terminus
of 2, indicating that his stretch ºf innino acids is im
portant for interaction with Tupi.

º
--

-

g ~ r o t c

A single WD repeat is a protein–protein
inters:ction ■ ong ºn

The carboxyl terminus of Tup! contains seven copies of
a repeating 10 amino acid motif known as the WD re

*peat. Oriºnally identified in the 3-subunit of the net
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erotrimeric G protein transducin, the WD repeat has
since been found in a wide variety of proteins. Because
members of the WD family of proteins share no obvious
functional properties and are often engaged in multisub
unit complexes, it has been assumed that the WD repeat
is a structural element involved in protein–protein in
teraction. This assumption is supported by several ob
servations. First, proteins such as 3-transducin and
Sec13, which are known to interact biochemically with
other proteins, consist mainly of WD repeats, suggesting
that binding might occur through the repeats (for review,
see Conklin and Bourne 1993; Salama et al. 1993). Sec
ond, antibodies raised to peptides within the repeats of
3-transducin can inhibit its ability to interact with the
transducin a subunit (Murakami et al. 1992). Third,
Gpal and Stea, the o and 3 subunits of a yeast G protein,
interact in vivo in the two-hybrid fusion assay; this in
teraction is disrupted by mutations in the second WD
repeat of Stea (Clark et al. 1993, Whiteway et al. 1994).
In this study we have shown directly that a single WD
repeat of Tupl will bind to c.2 and can therefore function
as a discrete unit.

The ability of an isolated WD repeat to mediate pro
tein binding raises the question of why WD repeats tend
to be found in iterated arrays. One possibility is that the
repeats are functionally redundant. Tupl; for example,
probably has at least two WD repeats capable of binding
a2 if WD1 is responsible for the binding of the middle
region to a 2. The presence of more than one oz-binding
WD repeat might allow full-length Tupl to interact with
more than one domain or molecule of a 2 and thus
strengthen overall binding. Another possibility is that
interactions between the WD repeats themselves influ
ence the binding properties of the protein as a whole. A
fragment of Tupl containing all seven WD repeats binds
to wild-type oz but not to an ol negative control mu
tant; a single WD repeat binds to both wild-type and
mutant al. Apparently the presence of other WD repeats
somehow confers specificity upon the binding of an in
dividual repeat to c. 2. Finally, it is possible that different
WD repeats bind different proteins. In addition to bind
ing to a 2, Tupl presumably interacts with various DNA
binding proteins found upstream of other Ssnó/Tup1
repressed genes as well as with other components of the
repression machinery (see below). Each of these interac
tions could, in principle, be carried out by a different WD
repeat. The presence of multiple repeats might allow
WD proteins in general to interact with several proteins
at once and to direct the assembly of a variety of multi
protein complexes.

The WD repeats of Tup1 bind a2 and partially repress
transcription in vivo

Because a cells lacking either Ssnö or Tupl aberrantly
express their a-specific genes, it was thought that both
proteins were necessary for a 2-mediated repression. Sur
prisingly, we have found that overexpression of the car
boxyl terminus of Tupl allows partial repression of the
a-specific genes in a strain lacking Ssnó, indicating that

the WD repeats of Tupl can mediate both binding to c.2
and partial repression of transcription and that Ssnó is
not absolutely required for either of these activities.
Hence, it appears that a 2-directed repression involves a
complex of c.2, Tup 1, and Ssnó, in which oz binds DNA,
Tupl both binds ol and interferes with transcription,
and Ssnó plays a peripheral role, perhaps serving to sta
bilize the Tupl/o.2 complex (Fig. 7).

The inability of Tupl overexpression to correct all of
the defects of a tup 1A ssnóA strain indicates that Ssnó is
required for repression of some sets of genes even in the
presence of excess Tupl. One possible explanation for
this observation is that the interaction between Tupl
and c.2 is stronger than the interaction between Tupl
and other DNA-binding repressors and that we cannot
achieve sufficiently high levels of Tupl in vivo to drive
formation of the other complexes in the absence of Ssnó.
Alternatively, the Ssnó–Tupl complex might interact
differently with the individual DNA-binding proteins
that mediate repression of the various repressed gene
sets. This latter explanation is supported by the obser
vation that a fragment of Tupl lacking WD repeats will
partially repress a hypoxic gene and a glucose-repressed
gene but not an a 2-regulated gene in the presence of Ssnó
(Tzamarias and Struhl 1994, K. Komachi and A.D.
Johnson, unpubl.). These results are not necessarily con
tradictory, given that Tupl appears to have two repres
sion domains (Tzamarias and Struhl 1994): one in the
amino terminus, which also contains an Ssnó-binding
domain; and one in the carboxyl terminus, in a region
overlapping with the first WD repeat. It is possible that
the Ssnó–Tupl complex interacts with Roxl and Migl
mainly through Ssnó but with ol mainly through Tupl.
Thus, the amino terminus of Tupl could repress tran
scription of the hypoxic and glucose-repressed genes by
tethering the amino-terminal repression domain to Rox!
and Migl via Ssnó, likewise, the carboxyl terminus of
Tupl could repress transcription of the a-specific genes
by recruitment of the carboxy-terminal repression do

Sºlsº

‘Ex.
Q3/Mcml forget

73%)733310■ )
|→

d-specific gene operator

Figure 7. Model for a 2 repression. Tupl is recruited to the
a-specific genes by binding to a 2 and represses transcription by
interacting with a downstream target. The WD repeats (repre
sented by the different symbols) mediate both of these interac
tions, which can occur in the absence of Ssnó.
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main via a direct interaction between Tupl and o.2.
Complete repression of all sets of Ssnó–Tupl.-regulated
genes, however, would require both full-length Tupl and
Ssnó.

Possible targets of Tup1 repression

Although it is formally possible that Tupl represses
merely by binding to ol and providing some sort of steric
block to transcription, we believe that Tupl interferes
with transcription by interacting with a downstream tar
get for the following reasons. First, mutations in genes
other than SSN6 and TUP1 disrupt al-mediated repres
sion and cause pleiotropic phenotypes similar to those
engendered by disrupting SSN6 or TUP1 (M. Wahi and A.
Johnson, pers, comm.). The products of these ARE (al
pha2 repression) genes represent possible downstream
targets of Tupl. Second, there exist dominant alleles of
TUP1 whose mutations map to WD repeats other than
those thought to bind o 2 (K. Komachi and A.D. Johnson,
unpubl.). Such mutants might be dominant because they
fail to interact with the downstream target but are able
to bind oz and displace wild-type Tupl. Finally, deletion
analysis by Tzamarias and Struhl (1994) has identified at
least two regions of Tupl that are capable of repressing
transcription from a LexA operator when fused to LexA
and may interact with downstream targets.

Although the ultimate target of Tupl repression is the
transcription machinery, the direct downstream target
remains a mystery. One possibility is that Tupl interacts
with nucleosomes or some component of chromatin, as
o2 has been shown to position nucleosomes in an Ssnó/
Tupl.-dependent manner, and correlations have been
made between nucleosome positioning and repression
(Roth et al. 1990, Cooper et al. 1994). However, it is
unlikely that nucleosomes are the sole target because
mutations in histone H4 that disrupt nucleosome posi
tioning by a2 cause only slight derepression of the a-spe
cific genes (Roth et al. 1992). Furthermore, o 2 can direct
Tup1-dependent repression of basal transcription in an
in vitro system that presumably lacks nucleosomes, sug
gesting that another target of Tupl might be RNA poly
merase and its entourage of initiation factors (Hersch
bach et al. 1994). Given that each WD repeat theoreti
cally allows interaction with at least one other protein,
the ability to bind multiple targets may be a general
characteristic of WD proteins. B-Transducin, for exam
ple, is thought to act in signal transduction by influenc
ing a variety of downstream effectors, including B-adren
ergic receptor kinase, phospholipases A, and C, and ade
nyl cyclase (for review, see Clapham and Neer 1993).
Likewise, Tupl might repress transcription by interact
ing with a number of different proteins, such as histones,
the ARE gene products, or components of the general
transcription machinery.

Materials and methods

Plasmids and strains

Plasmid pavl Ol was constructed by Andrew Vershon (Waks.
man Institute, Rutgers, Piscataway, NJ) and contains the Hin

dIII–HindIII MATo fragment (Astell et al. 1981) into which a
Bgll■ site has been engineered at the codon for the eighth amino
acid of a 2 and in which the HpaI site immediately downstream
of a 2 has been replaced by a BamhI site. Plasmid pKK63 was
constructed from paV101 by removing the 0.7-kb Nde■ frag
ment containing a 1 and inserting the resulting 3.6-kb HindIII
fragment into the HindIII site of YEp13 (Broach et al. 1979).

Plasmid pKK68 was constructed by inserting the center-sub
stituted operator (Keleher et al. 1988; see Fig. 4) into the XhoI
site of a version of plc. ASS Johnson and Herskowitz 1985) from
which the 2u sequences have been removed. Yeast strain
KKYd?5 was constructed by integrating pKK68 at the URA3
locus of KT23ox8 (matº, trp 1 leu.2 ura 3 his 4) Tatchell et al.
1981, Siliciano and Tatchell 1984). Single-copy integration was
confirmed by DNA-DNA hybridization.

Unless noted otherwise, all yeast strains used were con
structed in the EC 123 background (Astell et al. 1981). The a
mfaz:lacz fusion strain used was SM1196 (MATo mfa2:lac2
trp 1 leu.2 ura,3 his 4 (Hall and Johnson 1987). KKY 122 was con
structed by replacing MAT&2 of SM1196 with URA3, All mu
tant a 2 mfa2:/ac2 strains were constructed by cotransforming
KKY 122 with YEp 13 and a HindIII-Nde■ fragment containing
the mutant MA To 2, selecting for growth on medium lacking
leucine and subsequently selecting for loss of the URA3 marker
on medium containing 5-fluoro-orotic acid. Integration at MAT
was determined by DNA-DNA hybridization.

The TUP1 and SSN6 high-copy plasmids used were prw28
and pLN 113-3, respectively (Schultz and Carlson 1987, Wil
liams and Trumbly 1990). Plasmid pKK371 was constructed by
inserting the Sph■ fragment containing SSN6 from plN 113-3
into the Sph■ site of pf W28, creating a high-copy plasmid con
taining both TUP1 and SSN6.

The GST-CTERM expression vector was constructed by li
gating the Bam HI fragment from plasmid p5W28 (Williams and
Trumbly 1990) containing a portion of the TUP! seqence into
pCEX-2T (Smith and Johnson 1988). The remaining GST-fu
sion expression vectors were constructed by amplification of
the appropriate TUP! seqences with the polymerase chain re
action (PCR). Oligonucleotides (5' and 3') containing restriction
sites were utilized to facilitate cloning into vectors poBX-3X or
p(, EX-2T (Smith and Johnson 1988).

Plasmids paV99 (Mak and Johnson 1993) and pKK211 were
used to create E. coli expression vectors for a 2 and a 2*, re
spectively. Plasmid pKKll 1 was constructed by replacing the
Bgill—Bam HI tragment of pav99 with the Bg|II–Bam HI trag
ment of pKK99, the Ser-10 mutant version of pKK63. For over
expression in E. coli, the 1.0-kb Bam HI tragment was removed
from downstream of the a2*** coding sequence, and the re
sulting plasmid was transformed into an E. coli strain contain
ing an Flac■ ".

Plasmids for expressing full-length Tupl or the carboxyl ter
minus of Tupl in yeast were constructed using pSjl (Hersch
bach et al. 1994), which contains the GAL 10 promoter upstream
of a polylinker. Plasmid pºs■ was constructed by Andrew Ver
shon by deleting the Xho■ -Sal■ fragment containing the trans
lational start of pSJ1. Plasmid pKK391 was constructed by re
placing the Bamh■ —HindIII fragment of påS] with a PCR frag
ment containing the entire coding sequence of TUP1. Plasmid
pKK462 was constructed by replacing the Bamh■ —HindIII frag
ment of pSJ1 with a PCR fragment containing the coding se
quence for amino acids 336–713 of TUP1.

Yeast strain BB-2c (MATo trp 1 leuz urad his 4 ssnóA9
tup 1A::LEU2) was provided by Burkhard Braun (University of
California, San Francisco). KKY144 was constructed by replac
ing the tup 1A::LEU2 allele of BB-2c with an unmarked TUP1
deletion and transforming the resulting strain with paS107, an
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integrating GAL2-bearing plasmid provided by Anita Sil (Uni
versity of California, San Francisco). The unmarked TUP1 de
letion was introduced into BB-2c using plasmid pPT164 which
contains a TUP1 deletion disrupted by URA3 flanked by his G
repeats (Alani et al. 1987), pFT164 was provided by Robert
Trumbly (Medical College of Ohio, Toledo).

Plasmid mutagenesis

Mutagenesis of pKK63 by passage through a mutator strain
of E. coli was achieved by transforming the plasmid into
TAM12mutD5 (Scheuermann et al. 1983). A single transformed
colony was isolated, picked, and grown to saturation in 50 ml of
LB medium plus 100 ug/ml of ampucillin, and plasmid DNA
was isolated from these cells. Hydroxylamine mutagenesis of
pKK63 was performed as described previously (Nelson et al.
1983) except that the DNA was incubated in hydroxylamine at
65°C for 90 min and the hydroxylamine was removed by passing
the sample over a P10 resin spin column. Mutagenized plasmid
DNA was used to transform JA194, a leu5 strain of E. coli
whose inability to grow on leucine can be complemented by the
S. cerevisiae LEU2 gene. Transformed JA 194 colonies able to
grow on LB plus 50 mg/ml of ampicillin but unable to grow on
media lacking leucine were found at an approximate frequency
of 107*.

Mutant screen and yeast plasmid isolation

KKYd25 was transformed with mutagenized plasmid DNA by
the lithium acetate method (Ito et al. 1983) and plated at a
density of ~500 colonies per plate on plates lacking leucine and
uracil ( – Ura-Leu plates). Transformants were replica plated
onto nitrocellulose filters on - Ura-Leu plates and grown for 12
hr at 30°C. The colonies were scored for 3-galactosidase produc
tion by immersing the filter in liquid nitrogen for 20 sec, placing
the filter on a disc of Whatman 3MM paper in a petri dish
containing 2.2 ml of 0.3 ug/ml 5-bromo-4-chloroindolyl-3-D-
galactopyranoside (Xgal) in Z buffer (Miller 1972), and incubat
ing the filter for 10 hr at 30°C.

Potential positives were picked from the original transforma
tion plate, streaked for single colonies, and retested for blueness
by the filter assay. Mutant plasmids were isolated from positive
colonies as described in Schena et al. (1989). Yeast plasmids
were transformed into the E. coll strain HB 101 by the CaCl,
method.

Liquid 3-galactosidase assays
3-Galactosidase assays were performed as described (Miller
1972), except that yeast cells were permeabilized with 0.0025%
SDS and 5% chloroform, the assays were performed at 25°C, and
the cell debris was removed by centrifugation prior to reading
the ODaio of the sample, thus eliminating the need to correct
for light scatter. Activities are reported in Miller units.

Purification of GST-fusion proteins

GST-fusion protein expression vectors were transformed into
E. coli, and cells carrying expression vectors were grown to sat
uration in 300 ml of LB medium containing 100 ug/ml of ampi
cillin. This culture was then used to inoculate 3 liters of 2× LB
containing 100 ug/ml of ampucillin. Cells were grown to an
optical density of ~0.8. IPTG was added to 0.1 mM. Cells were
grown for 3 hr and subsequently harvested by centrifugation.
Cells were washed once in ice-cold PBS [140 mM Na2HPO, 1.8
mM KH2PO4 (pH 7.2), 138 m M. NaCl, 2.7 mm KCl and frozen in

liquid nitrogen. Cells were lysed by the addition of 5 volumes of
PBS containing 1 mM EGTA, 1 mM EDTA, 1 mM PMSF, and 200
1g/ml of lysozyme. Cells were stirred for 30 min to break up the
pellet. Lysis was completed with sonication or several minutes.
KCl and DTT were added to 0.3 M and 15 mM, respectively.
Extracts were then centrifuged at 100,000g for 1 hr prior to
loading over a 6-ml glutathione—agarose column at 40 ml/hr.
The columns were then washed with PBS containing 0.3 M KCl
and 1 mM DTT at a flow rate of 60 ml/hr until no proteins could
be detected in the flow through. The columns were eluted with
50 mM Tris (pH 8.0), 0.3 M KCl, and 5 mM glutathlone. Protein
was detected by Bradford assay (Bradford 1976). Peak fractions
were pooled and dialyzed into 50 mM HEPES (pH 7.6), 0.25 M
KCl, 30% glycerol, 1 mM EGTA, 1 mM MgCl2, and 1 mM DTT,
Protein yields varied between 5 and 50 mg, depending on the
particular fusion protein. Proteins were frozen in liquid nitrogen
and stored at –75°C.

a2 and a2*** extracts

E. coli extracts containing a 2 or a 2*** were prepared as de
scribed in Sauer et al. (1988), except that the extracts were pre
pared from cells grown at 37°C and were purified no further than
the ammonium sulfate precipitation step. The ammonium sul
fate pellet was resuspended in U buffer (50 mM Tris pH 8.0), I
mM EDTA, 10 mM 2-mercaptoethanol, 5 M urea), dialyzed
against U buffer, and centrifuged at 10,000 rpm in an SS34 rotor
for 30 min. The supernatant was then dialyzed against S + 500
buffer 500 mM. NaCl, 50 mM Tris-HCl (pH 8.0), 1 mM EDTA, 10
mM 2-mercaptoethanoll and centrifuged at 10,000 rpm in an
SS34 rotor for 30 min. Extracts were stored at –75°C in S + 500
buffer.

Column chromatography

GST-fusion proteins were immoblized on glutathlone—agarose
|Sigma) by incubating overnight in binding buffer (250 mM KCl,
50 mM HEPES at pH 7.6, 10% glycerol, 2 m M DTT, 1 mM
MgCl2). Columns were then constructed containing 0.5 ml of
glutathione—agarose bound to ~0.5 mg of GST-fusion protein.
The columns were pre-eluted with 2 ml of elution buffer (1 M
NaCl, 2 mm DTT, 50 mM HEPES at pH 7.6, 2 mm EDTA and
equilbrated with 4 ml of wash buffer (30–50 mM. NaCl, 50 mM
HEPES at pH 7.6, 10% glycerol, 2 mm DTT, 1 mM MgCl2].

Bacterial extracts containing a 2 or derivatives were diluted to
a final salt concentration of 30–50 mM NaCl in 50 mM HEPES at
pH 7.6, 2 m M DTT, 1 mM MgCl2, 0.1 mM AEBSF Calbiochem).
Diluted extracts were centrifuged at 100,000g for 1 hr prior to
loading over columns. Extract 4 ml] was loaded at 1.5 ml/hr on
columns. Fractions (0.5 ml] were collected. The columns were
washed with 2 of ml wash buffer then eluted with elution
buffer. Peak fractions were identified by Bradford assays and
pooled. Pooled elution fractions and flowthrough fractions were
then precipitated with 10% trichloroacetic acid. Protein pellets
were resuspended in SDS sample buffer and loaded onto 12% or
14% SDS-polyacrylamide gels for eletrophoresis. Gels were
then stained with Coomassie blue.

Mating tests

Transformed strains and a MATa lysl tester strain were grown
to saturation in liquid media containing 2% galactose and lack
ing leucine (SCAL – Leu). The transformants were mixed with
the tester at a ratio of 10: 1 (transformant/tester), spotted onto
SGAL-Leu plates, and incubated at 30°C for 24 hr. The grown
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patches were then replica plated onto minimal plates and incu
bated at 30°C for 24 hr to select for diploids.
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Appendix A. Overexpression of O2 suppresses multiple point mutations in the Mcm1

binding portion of the O2/Mcm1 operator

The two proteins o' and Mcm1 bind cooperatively to the a-specific gene operator

in vitro (45). Mutant operators in which the Mcm1-binding sequences have been either

deleted (center-deleted operator) or replaced with random sequences (center-substituted

operator) are unable to bind Mcm1 in vitro and fail to repress transcription in vivo (44).

Presumably these mutant operators do not repress transcription because they fail to bind an

o:2/Mcm1 complex. Here we show that the center-substituted operator but not the center

deleted operator will repress transcription in vivo when O2 is overexpressed. In addition,

at high concentrations of O2, an O2/Mcm1 complex will form on the center-substituted

operator but not the center-deleted operator in vitro. These results suggest that the

interaction between O2 and Mcml is strong enough to promote formation of an

O2/Mcm1/operator complex in the absence of specific Mcm1-DNA contacts and provided

the impetus for the O2 mutant screen described in Chapter One.

To test whether 02 overexpression suppresses the inability of the mutant operators

to repress transcription, we transformed a cycl:lacz reporter containing either the center

Substituted or center-deleted operator in between the UAS and TATA into matz, and

MATO yeast strains. These strains were then transformed with a high-copy plasmid

bearing either MAT02 or no insert and assayed for 3-galactosidase activity. Both the

center-substituted and center-deleted operators caused a decrease in transcription of the

cycl:lacz reporter in an O.2-independent fashion for unknown reasons. More importantly,

overexpression of O2 led to a significant decrease in transcription of the reporter containing

the center-substituted but not the center-deleted operator (Table 1). These results indicate

that O2 is either binding only to the center-substituted operator in vivo or is binding to both

operators but repressing only from the center-substituted operator. If the former is the case,
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it should be possible to form an oz/Mcm1 complex on the center-substituted operator but

not the center-deleted operator in vitro. Because preliminary experiments had indicated that

an O2/Mcm1 complex will form on the center-substituted operator at high concentrations of

o:2 (C. Keleher, unpublished observations), we decided to test whether an O2/Mcml

complex will also form on the center-deleted operator under similar conditions.

In order to compare oz/Mcm1 complex formation on the center-substituted

operator versus the center-deleted operator in vitro, we performed gel-mobility shift assays

with purified oz, Mcm1 from a crude yeast extract, and a radiolabeled DNA probe

containing the center-substituted, center-deleted, or wild-type operator. A shifted Species º --
the size of an oz/Mcm1 complex appeared in the presence of the center-substituted or wild- º .. .
type but not center-deleted operator (Figure 1). Furthermore, an O.2/Mcm1 complex º :
formed on the center-substituted operator at concentrations of O2 that were too low to º r {zº are -

support an O2 shift in the absence of Mcm1. Hence, it would appear that interactions ars tº *

between O2 and Mcm1 allow an O.2/Mcm1 complex to form on the center-substituted as sº º

operator despite the lack of specific Mcm1-binding sequences. Presumably the center- º -"
deleted operator does not bind an O2/Mcm1 complex because the space between the two O2 º º * *

half-sites is too small to accommodate Mcm1. º: -:

While these results are consistent with 0:2 and Mcm1 binding cooperatively in vivo

to the wild-type and center-substituted but not center-deleted operator in vivo, an alternative

explanation for the lack of repression from the center-deleted operator is that O2 binds to

both the center-substituted and center-deleted operators when overexpressed but cannot

repress without Mcm1. Another possibility is that the shorter space between the O2 half

sites in the center-deleted operator may change the shape of the O2 dimer and prevent it

from interacting with the repression machinery. The slight amount of repression observed

in the presence of the center-deleted site suggests that O2 may in fact be binding the center

deleted operator to some degree. However, the ability of O2 to repress as an a 1/02

heterodimer in the presumed absence of Mcm1 disfavors these alternative explanations.
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Methods

Yeast extracts were prepared as described (24). Gelshifts were performed in 10 mg/ml

BSA, 10 ng/ul Hae|II-cut E. coli DNA, 5 mM MgCl2, 10 mM NaCl. The probes have

been previously described (44). Purified O2 was provided by Arkady Mak.
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Table A-1. Overexpression of O2 suppresses the repression defect of the center

substituted operator. Yeast strains 246-1-1 (MATO) and AJY85 (mata) were transformed

with cycl:lacz reporters pCGb and pCC19 which contain the center-substituted and center

deleted operator, respectively, in between the UAS and TATA (44). The resulting strains

were transformed with a 2 pum plasmid vector containing no insert or MAT02 and assayed

for 3-galactosidase activity.

2 plm plasmid 3-galactosidase fold repression

MAT allele operator activity

mat/\ center-substituted vector 6.9 + 1

MATO: center-substituted vector 3.4 + 2 2

mat/A center-substituted MATO: 0.4 + 0.3 17

mat/A center-deleted VeCtOr 35.6+ 8

MATO. center-deleted Vector 35.7 + 3 1

mat/A center-deleted MATO: 14.5 + 4 2.5
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Figure A-1. O2 can bring Mcm 1 to an operator in which the Mcm 1-binding sequences

have been replaced but not deleted. (A) Mcml can bind to the center-substituted operator

in the presence of high concentrations of O2. Purified O2 was added to a yeast extract

containing Mcm1 and a radioactively labeled DNA fragment containing the center

substituted operator. Lane 1 contains no protein. Lanes 2 and 3 contain 2 pil and 0.4 pil

yeast extract, respectively. Lanes 4-16 contain five-fold serial dilutions of O2 and either 0

pul (lanes 4-6), 2 pul (lanes 7-11) or 0.4 pil (lanes 12-16) yeast extract. The left-most lane in

each oz dilution series contains 10-8M oz. The positions of the O2/operator and

0.2/Mcm1 operator complexes are indicated to the right. (B) Mcm1 cannot bind to the

center-deleted operator, even in the presence of elevated concentrations of O2. Purified oz

was added to a yeast extract and the radioactively labeled center-deleted operator. Lane 1

contains no protein. Lanes 2 and 3 contain 2 pil and 0.4 pil yeast extract, respectively.

Lanes 4-14 contain five-fold serial dilutions of O2 and either 0 pil (lanes 4-6), 2 pil (lanes 7

10), or 0.4 pil (lanes 11-14) yeast extract. The left-most lane in each O.2 dilution series

contains 10-8M o2. The position of the O2/operator complex is indicated to the right. (C)

Positive control showing that Mcm1 binds to the wild-type operator in the presence and

absence of O2. Lanes 1-16 are as in (A) except that the radioactively labeled DNA

fragment contains the wild-type operator instead of the center deleted operator. The

positions of the O2/operator, Mcml/ operator, and 0.2/Mcm1/operator complexes are

indicated to the right.
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Appendix B. DNA-Binding Activity of O2 is not affected by amino-terminal point

mutations

The O2 amino-terminal point mutants are unable to repress transcription from an

o:2/Mcm1 operator. This defect is thought to be due to an inability to bind to Tup1 rather

than a failure to occupy the O2/Mcm1 operator. We provide evidence for this idea by

showing that all of the O2 mutants bind cooperatively with Mcm1 to DNA in vitro.

Gel-mobility shift assays were performed using crude bacterial extracts containing

either wild-type or mutant of protein and a radioactively labeled fragment of DNA

containing the O2/Mcmloperator. As shown in Figure 1A, all of the mutant proteins

bound to the O2/Mcm1 operator in the absence of Mcm1. In the presence of Mcm1, all of

the mutants formed an oz-Mcml complex on the DNA (Figure 1B). Binding with Mcml

by each of the mutants was indistinguishable from binding by wild-type 02.

We also tested the ability of the mutant O2 proteins to bind cooperatively with the

al protein to the al/02 operator. In the absence of a 1, wild-type O2 and all of the mutants

formed dimers on the al/02 operator at high protein concentrations (Figure2A). In the

presence of a 1, wild-type O2 and all of the mutants except O.2-lys71 formed an a 1/02

complex (Figure 2B). The O2-lys71 mutant only formed an a 1/02 complex at high

concentrations of 0.2-lys71, and the complex had a higher mobility than the wild-type

al/02 complex. Since residue 71 lies in a region of O2 that is thought to contact al (32),

the lys71 mutation may affect the ability of O2 to interact with both a land Tup1.

Consistent with this idea is the observation that the O2-lys71 is not dominant negative for

a 1/02 repression (see Appendix C), as one would expect if the dominant phenotype

involves displacing a wild-type a 1/02 complex from the operator.

In summary, the O2 mutants are competent for binding DNA cooperatively with

Mcm1 or al in vitro. Hence, it seems unlikely that their inability to repress transcription

from an O2/Mcm1 operator is due to an inability to bind DNA.

-
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Methods

Plasmids pKK211, pKK212, pKK355, and pKK496 are derivatives of paV100 and were

used to express O2-thr4, O2-ser 10, O2-lys71, and O2-phe'9, respectively, in E. coli strain

XA-90 pAV 100 was created by deleting the BamhI fragment from paV99 (50).

Bacterial and yeast extracts were prepared as described (22,43). Mcm1/02 gel shifts were

performed in 10 mg/ml BSA, 10 ng/ul Hae|II-cut E. coli DNA, 5 mM MgCl2, 10 mM

NaCl, using an 86 bp 32P end-labeled probe containing the wild-type STE6 operator (37).

al■ o:2 gel shifts were performed in 20 mM Tris (pH8), 0.1 mM EDTA, 10 mg/ml BSA, 10

ng/ul Hae■ |I-cut E. coli DNA, 5 mM MgCl2, 0.1% Nonidet P40, 2.5% glycerol, using a

73 bp 32P end-labelled probe containing the asymmetric consensus a 1/02 operator (23).

Purified O2 was provide by Arkady Mak. Purified a1 was provided by Caroline Goutte.

:
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Figure B-1. Mutant o' proteins bind to the O2/Mcml operator in vitro. (A) Binding of

wild-type and mutant Oz proteins to the O2/Mcmloperator in the absence of Mcm1. Three

fold serial dilutions of purified O2 (lanes 2-6) or of a bacterial extract containing wild-type

O2 (lanes 7–11), O2-thr4 (lanes 12-16), O2-ser 10 (lanes 17-21), O2-lys71 (lanes 22–26) or

o:2-phe9 (lanes 27-31) were added to a radioactively labeled DNA fragment containing the

02/Mcml operator and run on a nondenaturing polyacrylamide gel. Lane 1 contains no

protein. The left-most lane in each O2 dilution series contains 1.7 x 10-8 M O2, as

estimated from Coomassie-stained gels. The position of the O2-operator complex is

incicated to the right. (B) Cooperative binding of wild-type and mutant O.2 proteins with

Mcm1 to the O2/Mcml operator. Five-fold serial dilutions of a bacterial extract containing

wild-type 0.2 (lanes 5-7), 02-thr4 (lanes 8-10), O2-ser 10 (lanes 11-13), O2-phe9 (lanes

14-16), or 0.2-lys71 (lanes 17-19) were added to a yeast extract containing Mcm1 and the

radioactively labeled O2/Mcm1 operator. Lane 1 contains no protein; lanes 2-4 contain

five-fold serial dilutions of the yeast extract; lanes 5-19 contain the same amount of yeast
extract as does lane 3. The left-most lane in each oz dilution series contains 1.7 x 10-8M

O2. The positions of the O2/operator, Mcm1/operator, and O2/Mcm1/operator complexes

are indicated to the right.
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Figure B-2. Mutant Oz proteins bind to the al/02 operator in vitro. (A) Binding of

wild-type and mutant O2 proteins to the al/02 operator in the absence of al. Five-fold

serial dilutions of bacterial extracts containing wild-type O2 (lanes 2-4), O2-phe') (lanes 5

7), O2-lys71 (lanes 8-10), O2-thr4 (lanes 11-13), or O2-ser 10 (lanes 14-16) were added to

a radioactively labeled DNA fragment containing the al/O2 operator and run on a

nondenaturing polyacrylamide gel. Lane 1 contains no protein. The left-most lane in each

oz dilution series contains 1.7 x 10-8M oz. The position of the O2/operator complex is

indicated to the right. (B) Cooperative binding of wild-type and mutant Oz proteins with

al. Five-fold serial dilutions of bacterial extracts containing wild-type 0.2 (lanes 4-6), O2

phe9 (lanes 7-9), O2-lys71 (lanes 10-12), O2-thr4 (lanes 13-15), or oz-ser 10 (lanes 16

18) were added to purified al protein and the radioactively labeled a 1/02 operator. Lane 1

contains no protein. Lane 2 contains 10-5 M al. Lanes 3-18 contain 2 x 10−6M al. The

position of the al/O2 complex is indicated to the right.
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Appendix C. Dominance of the O2-thr4 mutant requires DNA-binding activity

The O2 amino-terminal point mutants are unable to repress from an 02/Mcml

operator. Because these mutants were identified on the basis of their ability to bind

cooperatively with Mcm1 to DNA and because the mutants are dominant negative for

o:2/Mcm1-mediated repression, the mutants were thought to be defective in binding to

some element of the downstream repression machinery. We provide further evidence for

this idea by showing that the mutants are also defective for a 1/02-mediated repression and

will derepress an a 1/02- repressed reporter when overexpressed in wild-type a/O cells. We

then show that the dominance of the 02-thr4 mutant requires that the mutant protein be able

to bind DNA, suggesting that the O2 amino-terminal mutants derepress transcription by

displacing wild-type O2 from the operator and not by titrating some component of the

repression machinery away from the DNA.

In order to show that the O2 mutants are unable to repress from an a 1/02 site, we

transformed a MATa strain with an al/O2-repressible reporter and a high copy plasmid

bearing wild-type O2, mutant O2, or no insert and assayed the transformants for 3

galactosidase activity. Whereas wild-type 02 caused a 12-fold decrease in transcription of

the reporter, the mutants caused only a 4- to 8-fold decrease in transcription, indicating that

the mutants are defective for a 1/02 repression (Table 1). We next transformed a

MATa/MATO strain with the al/O2-repressible reporter and a high copy plasmid bearing

wild-type O2, mutant O2, or no insert and assayed the transformants for 3-galactosidase

activity. With the exception of 0.2-lys71, all of the mutant O2 plasmids caused an increase

in expression of the reporter, indicating that three of the mutants are dominant negative for

a 1/02 repression (Table 2).

In order to ascertain whether or not DNA-binding activity is required for the

dominance of the O2-thr4 mutant, we examined the behavior of three O2 mutants: one
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containing only the thr4 mutation (02-thr4), one containing three mutations in helix 3 of the

homeodomain that decrease the ability of O2 to bind DNA with Mcm1 but do not affect the

ability of O2 to bind with a 1 (0.2-H3-3) (99), and one containing both the thr4 and helix

three mutations (0.2-thr4-H3-3). When a MATO mfa2:lacz strain was transformed with

O2-thr4 or 0.2–H3-3, the mfa2:lacz reporter was derepressed, indicating that both O2-thr4

and O2-H3-3 are dominant negative mutants (Table 3). In contrast, O2-thrá-H3-3 did not

derepress the mfa2:lacz reporter, indicating that the O2-thr4 mutant cannot derepress

transcription when its ability to bind DNA is destroyed.

In order to show that the presence of both the thr4 and helix three mutations in the

same polypeptide does not simply unfold or destabilize O2, we also tested the ability of the

o:2-thr4-H3-3 mutant to derepress an al/O2-repressed reporter. Because the helix three

mutation does not affect the ability of O2 to bind to an a 1/02 operator, the O2-thrá-H3-3

mutant is expected to maintain its ability to derepress an a 1/O2-repressed reporter. The O2

thr4-H3-3 mutant was dominant negative for a 1/02 repression, demonstrating that the

mutant is able to interfere with repression from an operator to which it can bind (Table 4).

It is unclear why the O2-H3-3 mutant is dominant negative for O2/Mcm 1-mediated

repression. The most likely explanations are (1) o'-H3-3 and wild-type oz form

heterodimers that are unable bind to the O2/Mcm1 operator and (2) 02-H3-3 titrates some

other proteins such as Tup1 or SSnó away from the operator-bound 0.2/Mcml complex.

Both explanations are consistent with the observation that the O2-thr4-H3-3 mutant is no

longer dominant negative for 0.2/Mcm1-mediated repression. Hence we believe that these

results provide additional evidence that the O2 amino-terminal mutants can bind DNA in

vivo and further demonstrate the separability of 0.2’s DNA-binding activity from its ability

to repress.
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Table C-1. The O2 mutants are defective for a 1/02-mediated repression. EG123

(MATa) strain was transformed with the reporter påJ79 and a plasmid bearing wild-type or

mutant O2. Reporter paj79 is cycl:lacz with an al/02 operator in between the UAS and

TATA.

MAT02 plasmid 3-galactosidase activity

Vector 25.9 + 2

O2 (wild-type) 2.1 + 0.7

O2-thré 6.5 + 0.9

O2-ser 10 7.0 + 1

o:2-phe9 3.0 + 0.2

o:2-lys71 4.3 + 1
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Table C-2. The O2 mutants are dominant negative for a 1/02-mediated repression.

AJY87 (MATa/MATo.) was transformed with the reporter paj79 and a plasmid bearing

wild-type or mutant O2 on a high copy plasmid and asssayed for 3-galactosidase activity.

MATO2 plasmid 3-galactosidase activity

VeCtOr 2.5 + 0.2

O2 (wild-type) 1.1 + 0.1

O2-thr4 7.7 + 1

O2-Ser 10 7.0 + 1

o:2-phe9 4.6 + 0.4

o:2-lys71 1.8 + 0.4
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Table C-3. DNA-Binding activity is required for the dominance of the O2-thr4 mutant.

Yeast strain SM1196 (MATo mfa2:lacz) was transformed with a plasmid bearing wild

type or mutant MATO2 and assayed for 3-galactosidase activity.

MATO2 plasmid 3-galactosidase activity

Vector

O2-thr4

O2–H3–3

O2–thr4–H3-3

0.8 + 0.4

28.2 + 2

19.4 + 7

0.9 + 0.4
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Table C-4. The O2-thr4-H3-3 mutant is dominant negative for al/0.2-mediated

repression. Yeast strain AJY87 (MATa/MATO)was transformed with the reporter paj79

and a wild-type or mutant 0.2 plasmid and assayed for 3-galactosidase activity. As a

control, 246-1-1 (MATO) was transformed with the reporter paj9 and a wild-type or

mutant of plasmid and assayed for 3-galactosidase activity. Reporter paj} is cycl:lacz

with one oz/Mcm1 operator in between the UAS and TATA.

MAT allele reporter O2 plasmid 3-galactosidase

activity

MATa/MATO. pAJ79 Vector 3.6 + 0.4

MATa/MATO. pAJ79 O2–H3-3 5.1 + 0.1

MATa/MATO. pAJ79 O2-thr4–H3-3 26 + 10

MATO: pAJ3 VeCtor 0.6 + 0.1

MATO. pAJ3 O2–H3-3 0.4 + 0.1

MATO. pAJ3 O2-thr4–H3–3 0.7 + 0.1
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Appendix D. An O2 homolog from Kluyveromyces lactis

The MATO. locus of Saccharomyces cerevisiae contains two divergently transcribed

genes, MATol and MAT02, which are both required to produce the O. mating type. A

MATO.1 homolog from the related yeast Kluyveromyces lactis (KllMATO:1) was cloned by

transforming a K. lactis genomic library into a mato.1 strain of S. cerevisiae and screening

for restoration of O. mating (111). In sequencing KlMATO:1, Yuan et. al noticed part of an

upstream open reading frame (ORF) encoding a potential MAT02 homolog. We obtained a

clone containing KlMATO:1 and a large fragment of upstream DNA and Sequenced the

remainder of the putative O2 ORF (Figure 1). The protein encoded by the K. lactis O2

gene (KlMAT02) contains homology to S. cerevisiae MATO2 at the extreme N-terminus

and in the region of the homeodomain (Figure 2).

In an attempt to test whether the Klactis O2 homolog behaves like S. cerevisiae

O2, we transformed the KlMATO2 plasmid into various S. cerevisiae strains lacking

MATO2. The KlMATO2 plasmid was unable to complement the mating defect of a mato.2

Strain, the sporulation defect of a mato.2/MATa strain or the inability of a mata strain to

repress an mfa2:lacz reporter (data not shown). The K. lactis plasmid also did not cause

derepression of an mfa2:lacz reporter in a MATO strain, indicating that KlMato.2 does not

behave in a dominant negative fashion, as one would expect if KlMato.2 could bind the

operator but not the repression machinery or vice versa. Extracts of a mata strain bearing

the KlMATO2 contained no O2 protein, as assayed by Western blot using antibodies

directed against S. cerevisiae O2, indicating that the lactis protein either is not expressed

well from the plasmid or differs enough from S. cerevisiae oz to prevent reaction with the

antibodies (data not shown).

Despite the lack of functional data regarding the K. lactis O2 homolog, the sequence

similarity between the extreme amino termini of the K. lactis and S. cerevisiae proteins is

intriguing because K. lactis also has a TUP1 homolog. This TUP1 homolog is able to
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complement the mating and growth defects of a tup 1A strain of S. cerevisiae, suggesting

that the K. lactis Tup1 protein can bind to S. cerevisiae oz (B. Braun, unpublished

observations). The similarity between the amino termini of the two oz homologs is

consistent with both of these proteins using this region to contact Tup1.
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Figure 1. DNA and protein sequence of the O2 homolog from K. lactis. Amino acid

positions are indicated to the left; nucleotide positions to the right. The K. lactis MATO.

clone was provided by Olive Yuan.
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Figure 2. Homology between the amino acid sequences of S. cerevisiae O2 and the K.

lactis O2. The S. cerevisiae sequence was compared to the K. lactis sequence by Michael

Redd, using the program ALIGN. The sequences are 27% identical, with most of the

similarity lying in the extreme amino terminus and the homeodomain. The three helices of

the S. cerevisiae homeodomain are indicated above the alignment.



44

cerevisiae

lactis

cerevisiae

lactis

cerevisiae

lactis

cerevisiae

lactis

cerevisiae

lactis

10 20 30 40

10 20 30 40 50

50 60 70 80
ESVTTEEEVE– – LRDILVFLSRANKNRKISDEEKKLLQTTSQLTT–TITVL

60 70 80 9 O 100

90 100 110 120 130

LKE–––MRSIENDRSNYQLTQK––––NKSADGLVFNVVTQDMINKSTKPYR

110 120 130 140 150

helix 1 helix 2 helix3

140 150 160 170 180

160 170 180 190 200

190 200 210
RRRKEKTITIAPELADLLSGEPLAKKKE

210 220



45

Appendix E. Overexpression of Tup1 suppresses a deletion of SSN6

Yeast strains lacking SSN6 are unable to repress an mfa2:lacz reporter. However,

this defect in O2-mediated repression can be partially suppressed by a high-copy plasmid

bearing TUPI (M. Wahi and B. Braun, unpublished observations). Here, we quantitate

the effect of Tup1 overexpression on the repression of the O2-repressed reporter paj?

(cycl:lacz containing an O.2/Mcm1 operator) and the hypoxic reporter anb1:lacz in an

ssnóA strain and show that Tup1 overexpression partially suppresses the defect in

repression of the O2-repressed reporter only. We also show that the N-terminus of Tup1 is

not required for the ability of Tup1 to suppress an SSN6 deletion, suggesting that the major

role of the Tup1 N-terminus in O2-mediated repression is to interact with Ssnó.

In order to quantitate the ability of TUP1 to suppress an SSN6 deletion, we

transformed a MATO. ssnóA strain with either på J3 or the anb1:lacz reporter and a 2 plm

plasmid expressing full-length Tup1 (Tup1 (1-713)), the Tup1 N-terminus (Tup1 (1-253)),

or no protein. Whereas none of the plasmids had any effect on the anb1:lacz reporter, the

Tup1(1-713) plasmid decreased expression of paj3 by approximately 8-fold (Table 1). In

contrast, overexpression of Ssnó from a 2 plm plasmid had no effect on the repression of

an O.2/Mcm1- or al/O2-repressed reporter in a strain lacking TUP1, indicating that

elevated levels of Ssnó are unable to compensate for the absence of Tup1 (Table 2).

Since Ssnó is not absolutely required for 0.2-mediated repression, it seemed likely

that the amino terminus of Tup1 which interacts with Ssnó might also be dispensable for

O2-mediated repression. In order to test whether the Tup1 amino terminus is required for

repression, we transformed KKY143 (MATO. tup 1Assn.6Amfa2:lacz) with plasmids

expressing either Tup1(1-713), Tup1(254-713), or Tup1(363-713) and assayed the

transformants for 3-galactosidase activity. As previously discussed, all of the Tupl

derivatives restored mating; however, only Tup1(1-713) and Tup1(254-713) restored
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repression of the mfa2:lacz reporter (Table 3). The ability of the Tup1(363-713) fragment

to restore mating but not repression of mfa2:lacz is probably an indication that even weak

repression of the a-specific genes is sufficient to produce detectable levels of O. mating.
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Table E-1. Overexpression of Tup1 allows repression of an a-specific gene reporter but

not a hypoxic gene reporter in an ssnóA strain. AJY159 (MATO: ssnóA9) was transformed

with either the anb1:lacz reporter plasmid pKK482 or the O2-repressible reporter plasmid

pAJ3. The resulting strains were then transformed with 2 plm plasmids expressing either

Tup1(1-253) or Tup1(1-713) and assayed for 3-galactosidase activity.

Reporter 2 plm plasmid |3-galactosidase activity

anb1:lacz vector (pKK412) 886 + 200

anb1:lacz Tup1(1-253) (pKK369) 633 + 70

anb1:lacz Tup1(1-713) (pKK396) 1074 + 200

pAJ3 vector (pKK412) 82 + 20

pAJ3 Tup1(1-253) (pKK369) 93 + 30

pAJ3 Tup1(1-713) (pKK396) 10.5 + 1
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Table E-2. Overexpression of Ssnó does not suppress a tup 1A. KKY 110 (MATO.

tup 1Amfa2:lacz) was transformed with a 2 plm plasmid carrying either TUP1 or SSN6.

KKY103 (MATa/MATO. tup 1A/tup 1A) was transformed with reporter på J1 or paj79 and

a 2 plm plasmid carrying either TUP1 or SSN6. Plasmids pajl and paj79 are 2 pum

cycl:lacz reporters with no operator or one oz/Mcml operator between the UAS and

TATA, respectively.

Strain Plasmid [3-galactosidase activity

KKY 110 Yep24 (vector) 146 + 8

KKY 110 TUPI/Yep24 3.7 + 3

KKY 110 SSN6/Yep24 114 + 10

KKY103 + pajl Yep24 (vector) 62.6 + 5

KKY103 + pajl TUPI/Yep24 55.6 + 10

KKY103 + pajl SSN6/Yep24 49.8 ± 12

KKY103 + paj79 Yep24 (vector) 20.9 + 4

KKY103 + paj79 TUPI/Yep24 0.5 + 0.1

KKY103 + paj79 SSN6/Yep24 12.3 + 1



49

Table E-3. Overexpression of Tup 1(254-713) represses an mfa2:lacz reporter in the

absence of wild-type SSN6 or TUPI. KKY143 (MATO. tup 1A ssnóA9 mfa2:lacz) was

transformed with plasmids expressing either Tup1(363-713) or Tup1(254-713) under the

control of the GAL10 promoter. Transformants were grown on galactose and assayed for

3-galactosidase activity.

Plasmid 3-galactosidase activity

vector (pKK412) 70.5 + 20

Tup1(363-713) (pKK462) 27.2 + 3

Tup1(254-713) (pKK444) 9.4 + 1
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Abstract

The yeast transcriptional repressor Tup1 contains seven WD repeats which interact with the

DNA-binding protein O2. We have identified mutations in Tup1 that disrupt this

interaction. The position of the amino acids changed by these mutations is consistent with

Tup1 being folded into a seven-bladed propeller like that formed by another WD repeat

containing protein, the 3 subunit of the heterotrimeric G protein used in signal

transduction. Our results also indicate that the interaction between Tup1 and O2 resembles

the interaction between GB and Go, suggesting that a similar structural interface is formed

by WD repeat proteins that are used in both transcriptional regulation and signal

transduction.
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The WD repeat is a 40-amino acid motif found in proteins involved in a wide

variety of cellular processes ranging from signal transduction to RNA processing (reviewed

in (15, 101)). Proteins containing WD repeats are often physically associated with other

proteins and are believed in many cases to act as scaffolds upon which multimeric

complexes are built (69). The structure of the GTP-binding protein (G protein)

heterotrimer has revealed that the seven WD repeats of the B subunit (GB) fold into a

circular, seven-bladed propeller with a water-solvated central channel and a relatively flat

top and bottom formed by the turns connecting the 3-strands that make up each propeller

blade (52, 88, 104). The O. subunit (Go) sits asymmetrically on top of the propeller

contacting both the flat top surface and one of the sides parallel to the central channel.

Because many of the amino acids in GB that contribute to the integrity of the

propeller are hallmarks of the WD motif, it has been proposed that all WD proteins fold

into propellers in which the internal 3-strands form a rigid skeleton that is fleshed out on

the surface by specialized loops to which other proteins bind (70). We provide evidence

for this idea by examining the interaction between the yeast repressor Tup1, a WD protein

whose biological function is unrelated to that of GB, and the cell-type regulator oz. Tupi

represses the transcription of a large number of genes in Saccharomyces cerevisiae by

interacting with various proteins bound to DNA sequences found upstream of target genes

and interfering with transcription (17,46, 67,95, 114). Tup1 is known to interact directly

with at least one of these proteins, the homeodomain protein O2 (see Chapter One). This

interaction requires both the extreme N-terminus of O2 and the WD repeats of Tup1, as a

deletion of the respective region of either protein results in a loss of binding. In order to

delineate which parts of the WD repeats are important for this interaction, we screened for

point mutations in Tup1 that affect binding to O2 but that leave other functions of Tup1

intact.
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Results

Isolation of dominant negative Tup1 mutants

Our screen for TUPI mutants specifically defective in interacting with O2 took

advantage of two properties of Tup1. First, a fragment of Tup1 lacking the WD repeats

cannot bind to O2 and will disrupt repression of O2-regulated genes in wild-type strains

when overexpressed, presumably because the fragment of Tup1 binds to some downstream

component of the repression machinery and titrates it away from O2 (data not shown).

Second, a Tup1-lexA fusion represses transcription from a lexA operator in the absence of

oz (see Appendix F and reference (97)). We therefore assumed that the two major

functions of Tup1--interaction with 0:2 and interaction with the repression machinery--were º::

separate and could be disarmed independently. We reasoned that a Tup1-lexA mutant º º
defective in binding to O2 would interfere with repression of an O2-regulated reporter by º º
wild-type Tup1 but would maintain the ability to repress from a lexA site (see Figure 1). * ----

Using modified PCR conditions, we introduced random mutations into a TUP1

lex4 fusion borne on a high copy plasmid and transformed the DNA into a MATO TUP1 *

strain carrying an O2-repressed URA3 gene and a Tup1-lexA-repressible lacz reporter. * .

We selected for transformants able to grow in the absence of uracil and screened the

resulting Urat colonies for 3-galactosidase activity by filter assay. Of the 30,000

transformants examined, 150 were Urat, and 75 of these 150 were white by filter assay.

Plasmid DNA was isolated from 24 of the white, Urat colonies and sequenced; 12 unique

mutations in TUPI were identified. Because the other 12 plasmids that we sequenced all

contained one of these 12 mutations, the remaining 51 white, Urat colonies were not

examined further.

Tup1 mutants are defective for O2-mediated repression
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In order to quantitate the ability of the TUP1 mutants to complement for TUP1

function and to confirm that any defect in repression observed is not an artifact of the lexA

fusion, we introduced the mutations into a plasmid that expresses Tup1 that is not fused to

lexA and transformed the resulting plasmids into a MATO. tup 1A strain carrying the O2

repressible reporter mfa2:lacz. As expected, the mutants failed to repress the reporter gene

to the same extent as does wild-type Tup1 (Table 1). In contrast, both wild-type and

mutant versions of Tup1-lexA repressed from a lexA site to approximately the same degree

(Table 2), suggesting that the mutations do not debilitate the interaction between Tup1 and

downstream components of the repression machinery and that the defect in carrying out

O2-mediated repression is due to an inability of the mutant Tup1 proteins to bind O2.

Tup1 mutants are defective in O2 binding

We next examined the ability of the mutant Tup1 proteins to bind to O2 in vitro

using affinity chromatography. Each of the mutants was expressed as a GST fusion in E.

coli, purified, and immobilized on glutathione agarose beads. Bacterial extracts containing

oz and ozº”-12, a deleted version of oz that does not bind to Tup1, were passed over

the beads which were subsequently washed and eluted with high salt. As shown in Figure

2A, O.2 binds to the wild-type Tup1 column and is absent from the flowthrough and wash

fractions, whereas ozA2-12 does not bind to the column and is present in the flowthrough

and wash fractions. In contrast, the flowthrough and wash fractions of three of the mutant

Tup1 columns contain both oz and ozA2-12, indicating that the mutant Tup1 columns

retain O2 less efficiently than does the wild-type column (Figure 2B-D). The remaining

nine Tup1 mutants also showed a decrease in O2 binding by this assay (data not shown).

Each of the column experiments was repeated from two to six times with individually

prepared columns, and similar results were obtained each time. Hence, we believe that the

difference between the wild-type and mutant columns is unlikely to be due to slight
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variations in column volume or protein concentration on the beads and reflects instead a

decrease in the ability of the mutant proteins to bind O2.

Tup1 mutants fail to repress reporters repressed by DNA-binding proteins other than 0.2

Because Tup1 is required for the repression of many genes in addition to those

regulated by O2, we examined the ability of six of the mutants to repress three other

reporters that require Tup1 for repression: a glucose-repressed reporter (suc2:lacz), a

hypoxic reporter (anb1:lacz), and a DNA-damage-inducible reporter (rnr2:lacz). KKY103

(tup 1A) was cotransformed with a reporter and a wild-type or mutant TUPI plasmid and

assayed for 3-galactosidase activity. Most of the Tup1 mutants do not repress as strongly

as does wild-type Tup1 (Table 3). In general, the mutants which are capable of only weak

O2-mediated repression also show weak repression of anb1:lacz, suc2:lacz and rnr2:lacz,

however, there is no strict hierarchy for strength of repression that applies to all four

reporters tested. For example, Tup1-Y580H is the weakest mutant with respect to

suc2:lacz repression but has an intermediate phenotype with respect to the other three

reporters.
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Discussion

In summary, we have genetically identified residues in the WD repeats of Tupl that

are required for the Tup1-02 interaction. The simplest explanation for this defect in

binding is that the mutations change amino acids in Tup1 that contact 02. Hence, the

mutants provide a test for the prediction that Tup1 is folded into a 3-propeller since the

affected amino acids are predicted to lie close to one another on the surface of Tupl. When

we used the coordinates for the G5 structure and the homology between Tup1 and GB to
construct a model for the structure of Tup1, we found that all of the amino acids that are

changed in the O2-binding mutants reside on one face of the predicted Tup1 propeller

(Figure 3). This surface of Tup1 is analogous to the surface of GB which interacts with a 3
strand-3-strand-O-helix cluster in Go.

Our results, then, provide evidence for several of the generalizations regarding WD

proteins that have emerged from the structure of G5. First, our data support the prediction
that the Tup1 WD repeats form a 3-propeller and are consistent with recent proteolysis

experiments showing that much of Tup1 is folded into a compact, trypsin-resistant

structure (21). Although the trypsin-resistant fragment of Tup1 is the size of six WD

repeats rather than seven, the long linker between WD1 and WD2 contains several trypsin

sites and is likely to be exposed as an extended loop on the upper surface of Tup1.

Second, the mutations that we have identified affect amino acids that are completely

conserved among Tup1 homologs from other yeast but not among WD proteins in general

(6,109), lending credence to the notion that surface amino acids that are evolutionarily

conserved within a functional family of WD proteins are likely to be involved in interacting

with specific proteins. Finally, the similarity between the Tup1-02 interaction and the

major GB-Go interaction suggests that the flat surfaces of the propeller might be used by

WD proteins in general as a protein-binding surface.
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Although the structure of the G protein heterotrimer clearly demonstrates that the

sides of the propeller are capable of making protein-protein contacts, the flat upper surface

is particularly interesting because it binds not only Go, but also some of the numerous

downstream effectors that GBY consorts with after abandoning Go (22). Likewise, the flat

upper surface of Tup1 is probably utilized to contact not only 0.2 but also the assorted

DNA-binding proteins found upstream of other Tup1-regulated genes, since other genes

that we have tested are partially derepressed by the TUP1 mutations isolated in this work.

Given that one of the distinguishing features of WD proteins is their ability to engage a

number of different partners, it is tempting to speculate that the flat surfaces composed of

flexible loops from each WD repeat are designed to provide binding sites for many proteins

within a relatively small area.
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Methods

Plasmids

Plasmid pKK631 is a 2pm LEU2 plasmid containing TUP1 fused to lexA via

BamhI sites engineered at the stop codon of Tup1 and the start codon of lexA; the TUP1

sequences in pKK631 have been modified to eliminate the naturally occurring BamhI site

within the coding sequence of TUP1 and to introduce a BamhI site at sequences coding for

amino acids 333 to 335 and Sall site at sequences coding for amino acids 436 to 438.

Plasmid pKK630 is identical to pKK631 except that the BamhI fragment containing

sequences coding for amino acids 334 to 713 of Tup1 has been deleted. Plasmid pKK339

has three oz operators upstream of the URA3 gene carried on the TRP1/ARS/CEN vector

pRS314 (84). Plasmid pKK602 is an ADE2-marked integrating version of the lexA

repressible cycl:lacz reporter pCK30 (46).

Mutant versions of the Tup1-lexA plasmid (pKK631) were recovered from yeast as

described in Chapter One and sequenced. In cases where the plasmid contained more than

one mutation, each of the single mutations was introduced into pKK598 by oligo-directed

site-directed mutagenesis (51). All of the mutations were then subcloned into pKK448, a

plasmid expressing Tup1 that is not fused to lexA, and the resulting plasmids were

transformed into yeast strain SM1196 (28). Transformants were screened for 3

galactosidase activity by filter assay. Table 1 summarizes the mutations which created

alleles of TUP1 that are able to derepress the mfa2:lacz reporter. Plasmid pKK598 is the

BamhI-HindIII fragment of TUPI subcloned into the fl origin-containing plasmid puCfl

(Promega). Plasmid pKK448 contains the TUP1 gene with a Sall site engineered in at

sequences coding for amino acids 436 to 438; the LEU2 and 2pm sequences on pKK448

are derived from påSJ1 which is pSJ1 in which the Sall-XhoI fragment of the polylinker

has been deleted. pSJ1 is a 2plm LEU2 plasmid (42).
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All of the GST-TUP1 expression plasmids were derived from pCST-CTERM (see

Chapter One) which expresses GST fused to amino acids 254 to 713 of Tup1. The mutant

versions of p(3ST-CTERM were generated by subcloning appropriate restriction fragments

from the mutant pKK448 plasmids into pGST-CTERM. The oºA2-12 expression

plasmid was constructed by introducing the deletion mutation into pav99 (58) by site

directed mutagenesis (51), using the oligonucleotide 5’-GGA TTT AAA CTC ATC TGT

GATTTG CAT ATG CTGTTTCCT GTG TGA AAT TGT TAT-3', and by subsequently

removing the BamhI fragment downstream of the oºA2-12 coding sequence.

The anb1:lacz reporter was constructed by inserting the XhoI-BamhI fragment

from plGA312S (41) into the XhoI and BamhI sites of pKK480. pKK480 is the Smal

Sall fragment of pKY52 inserted into the SmaI and XhoI sites of pKY52. pKY52 was

provided by Roger Yocum and is plG669 (26) with a BgllI linker inserted into the Hae|II

site. The suc2:lacz reporter was constructed by inserting a BamhI-cut PCR fragment

containing the upstream regulatory region of SUC2 into the BamhI site of pDGASS (41).

The PCR fragment was generated using the oligonucleotides 5’-GCC GGG ATC CGC

TCA AAA AAG TAC GTC ATT TAG AAT TTG-3’ and 5’-CTC CGG ATC CGG TCA

TCATAT ACG TTA GTG AAA AGA AAA GC-3’ as primers and plasmid pKB58 (8,81)

as template. The rnr2:lacz reporter is p2Z2 (113).

Yeast Strains

All yeast strains are congenic to EG123 (85). KKY135” (MATO trp 1 leu2 ura■ his 4 ade2

+ pKK602 + pKK339) was constructed by transforming pKK602 and pKK339 into

KKY135. KKY135 is 246.1.1 (85) in which the ADE2 gene has been partially deleted.

KKY 110 (MATO trp 1 leu2 ura■ his 4 tup 1Amfa2:lacz) and KKY103 (MATO trp 1 leu2

ura■ his 4 tup 1A) were constructed by introducing an unmarked TUP1 deletion into

SM1196 (28) and 246.1.1, respectively, using plasmid pKT164 as described in Chapter

One.
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PCR mutagenesis and screen for Tup1-lexA mutants

Mutants were generated by amplifying a region of TUP1 under mutagenic PCR conditions

and cotransforming the PCR product into yeast with a gapped plasmid containing

homology to both ends of the PCR product (66). The PCR product was made using the

oligonucleotides 5’-CCA CTCTAA ACC TAT CCC-3' and 5’-CCT CTTCCT GCA ACA

GAC GAA TCC-3’ as primers and plasmid pKK631 as template DNA. Reactions were

carried out in commercial 1X PCR buffer + MgCl2 (Boehringer Mannheim Biochemicals)

supplemented with 1 mM each dGTP, dCTP, and dTTP; 200 p.M. dATP; 500 p.M MnCl2: 3

mM MgCl2, and 2.5 units Taq polymerase (Boehringer Mannheim Biochemicals). The

PCR product was cotransformed with BamhI-cut pKK630 into KKY135”. The

transformants were grown on synthetic -TRP-LEU plates then replica plated to -TRP-LEU

URA plates. Urat colonies were patched onto-TRP-LEU-URA plates and assayed for 3

galactosidase activity by filter assay as described in Chapter One.

Liquid 3-galactosidase assays

Quantitative 3-galactosidase assays were performed as previously described (64),

except that yeast cells were permeabilized with 0.0025% SDS and 5% chloroform and the

cell debris was removed by centrifugation prior to reading the OD420 of the sample, thus

eliminating the need to correct for light scatter. Activities are reported in Miller units and

represent assays performed in triplicate on three independent transformants.

O2-binding assays

Bacterial extracts containing both Oz and O2A2-12 were passed over glutathione

agarose columns bearing various GST-Tup1 fusions. Purification of GST-Tup1 fusions,

preparation of O2-containing bacterial extracts and affinity chromatography were performed

essentially as described in Chapter One.
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Table 2-1. Tup1 mutants are defective in repression of the O2-regulated reporter

mfa2:lacz. A MATO. tup 1A mfa2:lacz strain was transformed with a wild-type or mutant

TUP1 plasmid and assayed for 3-galactosidase activity. Allele designations in parentheses

refer to the amino acid positions that are changed in the mutant Tup1 proteins. The level of

repression conferred by the wild-type TUP1 plasmid is incomplete relative to the level

obtained with chromosomally expressed Tup1, possibly as a result of plasmid loss (see

reference (99)).
-

Tup1 plasmid 3-galactosidase activity (units) º

VeCtOr 170 + 20 º
Tup1 (wild-type) 20 + 6 * * * *

Tup1 (C348K) 1774- 20 . . ."

Tup1 (Y445C) 57 + 3 º
Tup1 (S448P) 168 + 4 º:
Tup1 (E463N) 115 + 10

Tup1 (Y489H) 61 + 20

Tup1 (Y580H) 99 + 7

Tup1 (L634S) 86 + 2

Tup1 (K650N) 135 + 10

Tup1 (N673S) 174 + 20

Tup1 (S674P) 139 + 10

Tup1 (1676T) 41 + 10

Tup1 (I676V) 62 + 6



63

Table 2-2. Point mutations do not affect repression by Tup1-lex.A. The Tup1-lex.A

expression plasmids were cotransformed with p■ K1621 into either a TUP1 or tuplA strain

and the transformants were assayed for 3-galactosidase activity. Reporter JK 1621 is

cycl:lacz with four lexA sites upstream of the UAS (46).

3-galactosidase activity

Tup1-lexA plasmid TUPI Strain tup 1A Strain
-

VeCtOr 529 + 80
-

129 + 50 º
wild-type 17+ 10 9 + 3 ; :
C348K 20 + 3 19 +4 º
S448P 32 + 10 28 + 20 * * * * *

Y489H 22 + 6 n.d. * ... "

Y580H 19 + 8 29 + 2

L634S 32 + 13 n.d. º
I676V 22 + 10 n.d.

* n.d. = not determined
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Table 2-3. Effect of Tup1 point mutations on repression of other Tup1/Ssnó-regulated

reporters. KKY103 (MATO. tup 1A) carrying an anb1:lacz, suc2:lacz, or rnr2:lacz reporter

was transformed with a wild-type or mutant TUPI plasmid and assayed for 3-galactosidase

activity. The A255-713 mutant contains a complete deletion of the WD repeats and is

known to be able to partially repress ANB1 and SUC2 (97). Relevant numbers from Table

2-1 are reproduced in the right-most column for ease of comparison.

B-galactosidase activity

TUPI allele anb1:lac2 suc2:lacz rnr2:lacz mfa2:lacz

Vector 350 + 60 130 + 22 10.5 + 2 170 + 20

wild-type 18 + 2 8 + 1 2.6 + 0.3 20 + 6

C348K 107 4-40 19 + 2 6.0 + 1 1774- 20

S448P 49 + 8 18 + 3 8.3 + 2 168 + 4

Y489H 32 + 5 14 + 3 2.8 + 0.2 61 + 20

Y580H 54 + 16 22 + 6 4.5 + 1 99 + 7

L634S 66 + 17 18 + 3 4.6 + 0.7 86 + 2

I676V 46 + 12 11 + 3 4.8 + 0.6 41 + 10

A255-713 74 + 12 22 + 5 8.2 + 1 176 + 10
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Figure 2-1. Screen for mutations in Tup1-lex.A that affect interaction with O2. (A)

Wild-type Tup1-lexA binds to the lexA operator and represses the lacz reporter; either

Tup1 or Tup1-lex.A binds to O2 and represses the URA3 reporter. Hence, MATO TUPI

colonies expressing wild-type Tup1-lex.A are white and Ura". (B) A Tup1-lexA mutant that

cannot bind to O2 is able to repress from a lexA operator but interferes with 0.2-mediated

repression, possibly by titrating some downstream repression component away from the

O2. Thus, colonies expressing a mutant fusion are white and Urat. For simplicity, we

have shown the mutant Tup1-lex.A binding to endogenous Tup1 and forming heteromers

that are incompetent for O2-binding, but the mutant could be titrating some other protein

such as Ssnó. A Tup1-lexA fusion rather than Tup1 itself was used in order to screen º
* * * *

against mutations that merely destabilize, unfold, or truncate Tup1 or affect its ability to

interact with downstream components of the repression machinery since such mutations º,

whould presumably cause derepression of the both the lacz and URA3 reporters. ºne

-----

** .
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Figure 2-2. Binding of wild-type and mutant GST-Tupl fusions to 0.2. Shown are

Coomassie stained gels of fractions of a bacterial extract containing O2 that has been passed

over a column containing glutathione-agarose beads bearing (A) GST-Tup1(wild-type),

(B) GST-Tup1 (C348K), (C) GST-Tup1 (L634S), or (D) GST-Tup1 (I676V). The load

is the same for all of the experiments and is only shown in panel A (L). The flowthrough

fractions are labeled f1 through fé; the wash fractions, wi through wa; the eluate, e.

Depletion of O2 from the flowthrough fractions indicates binding to the column. Recovery

of O2 in the high salt eluate is usually incomplete, making comparisons of the eluate

fractions from different experiments difficult. The truncated form of O2 does not bind well

to Tup1 and is included as a negative control to show that the O2-Tup1 interaction is

specific.
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Figure 3-3. Similarity between the region of Tup1 that binds of and the region of GB
that binds Go. (A) Sequence of the Tup1 WD repeats, with the amino acids that are

changed in mutants defective for O2 binding printed in bold type. The asterisk represents a

stretch of seven amino acids that disrupts the spacing of WD7 and presumably forms a loop

on the bottom surface of Tup1. (B) Sequence of the GB WD repeats, with the amino acids

that contact Go printed in bold type (52, 88, 104). The seven rows in (A) and (B) are

preceded by the positions of the amino-terminal residues of each repeat. The conserved

WD (or WD-like) sequence at the end of each repeat is underlined. The solid lines above

the repeats indicate the amino acids that form the four 3-strands (labeled A through D)

which make up each propeller blade in GB. The dotted lines below the repeats indicate the

inter-strand loops that form the upper surface of GB. (C) Model for the structure of the WD

repeats of Tup1. The backbone is drawn in white, using the coordinates for the structure

of GB; the amino acids of GB that are in the same position as the amino acids of Tup1

involved in oz-binding are highlighted in purple. (D) The structure of GB, with the

backbone drawn in white and the amino acids that contact Go highlighted in green (52, 88,

104). Structures were drawn using Rasmol with coordinates provided by Stephen Sprang.
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A. TUP1

330

429

472

516

572

616

658

B. Gp

45

84

126

171

213

255

299

D Strand

P RE IDV E L H K S L D H .

K DV ENL N T S S S P S S . .

IENRK IVMIL Q G H .

TGQ CSL T L SIEDGV.

VER LDS EN E S G T G H .

T PNSG T C E V TY TG H .

KK SG N P L L MLQG H .

D Strand

MRT R R T L R G H .

SYTT N KVHA IP L R .

LKTREGNVR V S R E L S G H .

IETG Q QTTTF TG H .

VREGMC RQTF TG H .

A strand B Strand C Strand

. T S VVC CV K FSN D G E Y LA T G C. N. KT T QVYR

DLY I R S V C F SP D G K F L A T G A E D R L I R IWD

. EQ DIY SLDY FPS GDK LV SG SG DRTV RIWD

. T TV AV S P G . . . D G KY IAA G S L D R AV RVWD

. KD SVY SV VFTRD GQ SVV SG SLDR SV KLWN

. K.D FVL SV ATT QNDEY I L SG SKD RGVL FWD

. RNS VI SV AV A N G + NV FA T G SG D C KA R IWK

D-A loop B-C loop

A Strand B strand C Strand

. LAK I Y AM HW G TD S R L L L SAS Q D G K LI IWD

. SSWVMT CAY A PSG NY V ACG G L DNI C S IYN

. TGYL SCCRFL . DDNQ IV T S S GDTT CALWD

. TG DVMS LS LAPDTRL FV SGA CDAS AKLWD

. E SD INA I CFF PNG NAFAT G SDDAT CRLFD

LRADQ ELMTY SH DNI ICGITSV SFS KSG R L L LAGY DD FNC NVWD

ALKA D R A G V LA G H . . DNRVS C L GVTDDGMAVATGS WDS F L KIWN

D-A loop B-C loop
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Appendix F. Tup1-lexA represses transcription from a lexA operator

Alexa-Ssnó fusion will repress transcription by 7- to 35-fold from lexA operators

placed upstream of the CYC1 UAS (46). This repression is decreased to about 3.5-fold in

a strain lacking TUP1, suggesting that Tup1 might act downstream of Ssnó in the

repression pathway. Initial attempts to test whether a lexA-Tup1 fusion could repress

transcription from a lexA operator were unsuccessful in that the fusion did not complement

a TUP1 deletion for defects in growth, mating or repression of an mfa2:lacz reporter, did

not repress transcription from a lexA operator, did not interact with an Ssnó-Gal4 activation

domain fusion by two-hybrid assay, and inhibited growth of both TUP1 and tup 1A strains

(M.J. Redd and K. Komachi, unpublished observations). In addition, the fusion did not

derepress an mfa2:lacz fusion in wild-type strains, indicating that Tup1-lexA does not

behave as a dominant negative allele of TUP1. Curiously, the poor growth of strains

carrying the lexA-Tup1 fusion was suppressed by a plasmid bearing a TATA-binding

protein-GAL4 activation domain (TBP-Gal4) fusion, but the lexA-Tup1 and TBP-Gal4

fusions did not interact by two-hybrid assay.

Although Tzamarius and Struhl eventually constructed a lexA-Tup1 fusion that

represses from a lexA site, the peculiar behavior of our lexA-Tup1 fusion persuaded us to

fuse lexA to the C-terminal end of Tup1, creating a Tup1-lex.A (as opposed to lexA-Tup1)

fusion. Here we show that a Tup1-lexA fusion complements a TUPI deletion for

repression of an a-specific gene and represses from a lexA sites positioned either upstream

or downstream of a UAS. This repression does not require wild-type Tup1 but may be

partially dependent on Ssnó. Smaller fragments of Tup1 fused to lexA repress to

approximately the same degree as has been described for comparable versions of lexA

Tup1 (97).
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In order to show that the Tup1-lexA fusion complements a TUP1 deletion, we

transformed KKY 110 (MATO. tup 1A mfa2:lacz) with a 211m vector expressing Tup1, the

Tup1-lex.A fusion, or no protein. The Tup1 and Tup1-lexA expression plasmids both

corrected the slow growth, clumpiness and sterility of KKY 110, whereas the vector did not

(data not shown). In addition, repression of the mfa2:lacz reporter was restored by Tup1

and Tup1-lexA to approximately the same level (Table 1).

We then showed that the Tup1-lexA fusion is capable of repressing transcription

from a lexA site by transforming the Tup1-lexA plasmid into a strain carrying a cycl:lacz

reporter with lexA sites either upstream or downstream of the UAS and assaying the

transformants for 3-galactosidase activity. Both reporters were repressed by the Tup1

lexa fusion, indicating that the fusion is capable of 30-fold repression from upstream of the

UAS and 140-fold repression from between the UAS and TATA (Table 2).

In order to determine whether or not repression by Tup1-lexA requires wild-type

TUP1 and SSN6, we transformed the Tup1-lexA plasmid into tup 1A and ssnóA strains

carrying the appropriate cycl:lacz reporters and assayed the transformants for 3

galactosidase activity. The 20-fold repression by Tup1-lex.A from upstream of the UAS in

wild-type strains was decreased to 14-fold in a tup 1A strain and to 3-fold in an ssnóA

strain (Table 3). Hence, repression by Tup1-lexA does not require wild-type Tup1 but

may require Ssnó to some degree. Because ssnóA strains are sicker than wild-type or

tup 1A strains, though, it is possible that the loss of repression in the ssnóA strain was due

to a nonspecific effect such as lower expression of Tup1-lexA.

Because mutations in genes encoding proteins associated with the RNA polymerase

II holoenzyme affect Tup1/Ssnó-mediated repression (50, 102, 103), we also tested the

ability of Tup1-lex.A to repress in srb 10 and srb8 strains and found that repression was not

significantly decreased in either of the mutant strains (Table 4). The srb8 strain used in

these experiments, however, carries an allele that is partially suppressed by overexpression

of TUP1 (102). Since Tup1-lex A is being expressed from a 2 pum plasmid, it is possible
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that the srb8 phenotype is being suppressed and that the ability of Tup1-lexA to repress in

this strain may not reflect an ability of the fusion to function in the absence of SRB8.

Finally, we attempted to identify fragments of Tup1 that are sufficient for

repression when fused to lexA. Deletion analysis of lexA-Tup1 by Tzamarius and Struhl
revealed that there are two nonoverlapping fragments of Tup1 that will repress transcription

as lexA-Tup1 fusions: one spanning amino acids 1-200 and another spanning amino acids

288-713 (97). We showed that the Tup1-lexA fusion behaves in much the same manner as

the lexA-Tup1 fusion by constructing a variety of deleted derivatives and testing them for

their ability to repress from a lexA site (Figure 1). We also showed that both Tup1(1-253)-

lexA and Tup1(254-713)-lexA are able to repress somewhat in the absence of SSN6,

although repression in ssnóA strains is not as efficient as that which is observed in wild

type strains (Table 5).

In conclusion, a Tup1-lexA fusion is able to repress expression of a cycl:lacz

reporter containing lexA sites, suggesting that Tup1 is transcriptional repressor. Tup1

lexA is able to repress in the absence of Ssnó, but the level of repression is greater in SSN6

strains; thus, Ssnó may play a role in repression beyond simply securing the interaction

between Tup1 and DNA-binding proteins. Finally, in accordance with Tzamarius and

Struhl, we have found that Tup1 appears to have two separate domains capable of

repression when fused to lexA. Curiously, fusions containing less than seven WD repeats

are expressed (M.J. Redd, unpublished data) but are unable to repress despite the presence

of the full (1-253) repression domain, suggesting that WD repeats inhibit the repression

domain unless the full septet is present. These results imply that the amino and carboxy

termini of Tup1 somehow interact and modulate the net efficacy of the protein as a

repressor.
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Table F-1. Tup1-lexA complements a tup 1A strain for repression of mfa2:lacz. Yeast

strain KKY 110 (MATO. tup 1A mfa2:lacz) was transformed with the indicated plasmids and

assayed for 3-galactosidase activity. Repression from the TUP1 plasmids is incomplete

compared to that obtained with chromosomally-expressed Tup1, possibly because of

plasmid loss.

Plasmid 3-galactosidase activity

vector (pKK412) 128 + 25

Tup1 (pKK448) 18 + 5

Tup1-lex.A (pKK631) 31 + 4



78

Table F-2. Tup1-lex.A represses from a lexA operator. Yeast strain 246-1-1 was

cotransformed with either pCK30 or pâJ212 and either a vector or the Tup1-lexA

expression plasmid and assayed for 3-galactosidase activity. Plasmid pCK30 is a 2pm

cycl:lacz reporter with one lexA operator between the UAS and TATA; påJ212 is an

integrating cycl:lacz reporter with four lexA operators upstream of the UAS.

reporter plasmid |3-galactosidase activity fold repression

pCK30 VeCtOr 300 + 25

pCK30 Tup1-lex.A 2.1 + 0.4 143

pAJ212 Vector 40 + 2

pAJ212 Tup1-lex.A 1.4 + 0.2 29
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Table F-3. Repression by Tup1-lexA does not require wild-type TUP1 but may be

partially dependent on SSN6. Yeast strains 246-1-1 (TUPI SSN6), KKY103 (tup 1A

SSN6), and AJY159 (TUP1 ssnóA9) were cotransformed with either pCK30 or paj201

and either a vector or the Tup1-lexA expression plasmid and assayed for 3-galactosidase

activity. Plasmid paj201 is a 2 pum cycl:lacz reporter with four lexA operators upstream of

the UAS.

3-galactosidase activity

genotype plasmid pCK30 pAJ201

TUPI SSN6 Vector 896 + 94 873 + 120

Tup1-lex.A 19.8 + 7 42 + 11

tup 1 SSN6 Vector 233 + 63 129 + 52

Tup1-lex.A 8.7 + 4 9 + 3

TUPI SSnó Vector 106 + 22 105 + 13

Tup1-lex.A 11 + 6 42 + 9
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Table F-4. Repression by Tup1-lex.A does not require SRB8 or SRB10. Reporter

plasmids paj212 or pGK30 were transformed into 246-1-1, MWY10, or MWY15 (103);

the resulting strains were transformed with either a Tup1-lex.A expressing plasmid

(pKK546), or the vector (pKK361) and assayed for 3-galactosidase activity.

|3-galactosidase activity

Strain genotype plasmid pAJ212 pCK30

AJY82 SRB 10 SRB8 Vector 39.5 + 2 300 + 30

SRB 10 SRB8 Tup1-lex.A 1.4 + 0.2 2.1 + 0.4

MWY10 Srb 10 SRB8 VeCtOr 10.2 + 0.6 150 + 20

Srb 10 SRB8 Tup1-lex.A 1.2 + 0.01 2.1 + 0.5

MWY15 SRB 10 Srb8 VeCtOr 20.2 + 2

SRB 10 Srb■ Tup1-lex.A 1.3 + 0.2
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Figure F-1. Summary of Tup1-lexA and LexA-Tup1 fusions tested for their ability to

repress cycl:lacz reporters containing lexA sites. Yeast strain EG123 was transformed

with a Tup1-lex.A plasmid and a reporter and assayed for 3-galactosidase activity. In the

leftmost column of the figure are graphic representations of the Tup1-lexA chimeras, with

lexA in gray, Tup1 in white, the WD repeats as numbered boxes and deleted amino acids as

a black line. The second column indicates the amino acids of Tup1 that are deleted or

present in the fusions from the fusions, except in the case of the lex A-Tup1 fusion, where

the amino acids present are indicated. The third and fourth columns display the 3

galactosidase activity of strains carrying the indicated fusion and the reporter pCK30 and

pAJ210, respectively.
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3-galactosidaseactivity

plasmidpCK30pAJ201 Vector1110+200873+120 Tup1-lex.A
39+1042+10

Tup1(A201–713)-lex.A
9+6215+100

Tup1(A333-431)-lex.A
853+130

Tup1(A333–713)-lex.A
544+93

Tup1(A670-713)-lex.A
318+44

Tup1(A1-253)-lex.A
8.5+0.5187+40 Vector300+30

lexA-Tup1(282-340)
415+70
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Table F-5. Tup1(1-713), Tup1(1-253)-lexA and Tup1(254-713)-lexA repress

transcription in the absence of SSN6. AJY159 (MATO. ssnóA9) was cotransformed with

pCK30 and plasmids expressing Tup1(1-713)-lex.A., Tup 1(1-253)-lex.A, Tup1(254-713)-

lex A, or no fusion and assayed for 3-galactosidase activity.

Tup1-lexA plasmid

VeCtOr

Tup1(1-713)-lex.A

Tup1(1-253)-lex.A

Tup1(254-713)-lex.A

3-galactosidase activity

65.4 + 9

12.6 + 4

18.4 + 13

15.8 + 5
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Appendix G. Dominance of the TUP1 mutants is suppressed by overexpression of Ssnó

Overexpression of Tup1 mutants unable to bind to O2 causes derepression of the

mfa2:lacz reporter in MATO TUPI strains. We have found that deletion of the Ssnó

binding domain in the amino terminus of Tup1 destroys the ability of two of the mutants to

derepress the mfa2:lacz reporter (Table 1), suggesting that the mutant Tup1 proteins

interfere with repression by binding to Ssnó and preventing formation of wild-type

Tup1/Ssnó complexes. Since raising the concentration of Ssnó in the cell should increase

the levels of wild-type Tup1/Ssnó complexes, we expected that overexpression of Ssnó

might suppress the dominance of the TUP1 mutants. In order to test this idea, we

transformed high copy TUP1 or SSN6 plasmids into MATO mfa2:lacz strains carrying the

mutant TUP1 plasmids and assayed the transformants for 3-galactosidase activity. In all of

the strains tested, repression was restored by overexpression of either Tup1 or Ssnó

(Table2).

We also tested whether the repression defect of strains expressing only the mutant

Tup1 proteins could be overcome by overexpression of Ssnó. KKY 110 (MATO. tup 1A

mfaz:lacz) was cotransformed with a mutant TUPI plasmid and a high copy plasmid

containing TUPI or SSN6 and assayed for 3-galactosidase activity. Overexpression of

SSnó did not suppress the defect of either mutant (Table 3).

The Tup1 mutants were isolated on the basis of their ability to (1) derepress

mfaz:lacz and (2) repress as a lexA fusion. In principle, mutants defective in binding to

either O2 or SSnó could have emerged from the screen. These results suggest that the

dominant phenotype of the Tup1 mutants is due to sequestration of Ssnó from wild-type

Tup1, in which case the mutants must be able to bind Ssnó.
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Table G-1. Deletion of the amino terminus of two of the Tup1 mutants destroys their

ability to derepress mfa2:lacz. Mutations K650N and N673S were introduced into

Tup1(1-713) and Tup1(254-713) expression plasmids which were then transformed into

SM1196 (MATo mfa2:lacz). The transformants were assayed for 3-galactosidase activity

by filter assay.

Tup1-expression plasmid

Tup1(1-713)-wild-type

Tup1(1-713)-K650N

Tup1(1-713)-N673S

Tup1(254-713)-wild-type

Tup1(254-713)-K650N

Tup1(1-713)-N673S

3-galactosidase activity

white

blue

blue

white

white

white
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Table G-2. Dominance of the TUP1 mutants is suppressed by overexpression of Tupl

or Ssnó. SM1196 (MATo mfa2:lacz) was transformed with a mutant TUPI plasmid and a

high copy plasmid carrying TUPI or SSN6, and the transformants were assayed for 3

galactosidase activity.

TUPI mutant high copy plasmid 3-galactosidase activity

C348K Vector 37.5 + 9

C348K TUPI 8.4 + 1

C348K SSN6 15.9 + 0.9

Y445C VeCtOr 55.8 + 7

Y445C TUPI 9.0 + 0.8

Y445C SSN6 18.7 + 1

Y489H VeCtor 14.2 + 0.7

Y489H TUPI 2.5 + 0.6

Y489H SSN6 2.5 + 0.2

Y580H Vector 27.8 + 1.5

Y580H TUPI 7.0 + 0.8

Y580H SSN6 7.6 + 0.5

- -

-

*
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Table 2. continued

L634S

L634S

L634S

I676T

I676T

I676T

VeCtOr

TUPI

SSN6

VeCtOr

TUPI

SSN6

30.2 + 3

4.7 + 0.6

5.5 + 0.5

17.1 + 2

1.6 + 0.5

2.2 + 0.5
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Table G-3. The TUP1 mutants are not suppressed by overexpression of Ssnó in the

absence of wild-type TUP1. KKY 110 (MATO. tuplAmfa2:lacz) was cotransformed with

a mutant TUPI plasmid and a high copy TUPI or SSN6 plasmid and assayed for 3

galactosidase activity.

TUPI mutant high copy plasmid 3-galactosidase activity

C348K. Vector 150 + 20

C348K. TUPI 9 + 5

C348K SSN6 113 + 39

S448P Vector 155 + 10

S448P TUPI 6 + 2

S448P SSN6 113 + 6
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Appendix H. Fragments of Tup1 smaller than Tup1(254-713) bind to both O2 and O2A2-19

The interaction between a fragment of Tup1 containing amino acids 254 to 713

[Tup1(254–713)] and O2 is sensitive to mutations in either O2 or Tup1 that are thought to

decrease binding in vivo. Tup1(254-713) contains all seven WD repeats as well as an

upstream region that is conserved among functional Tup1 homologs from other fungi (B.

Braun, unpublished observations). Here, we show that a fragment of Tup1 containing the

seven WD repeats but lacking the conserved upstream region binds to both O2 and 02A2.

10, a deleted version of O2 that does not bind to Tup1(254-713). In addition, we show that

although fragments of Tup1 as small as a single WD repeat will bind to O2, the interaction * -

is debilitated by neither a deletion of the O2 amino terminus nor by point mutations in Tup1

that decrease binding to O2 when in the context of Tup1(254-713). * *

We tested the ability of various Tup1 derivatives to bind to wild-type and mutant O2 as a

by passing bacterial extracts containing O2 and O2A2-10 over columns bearing different

fragments of Tup1 fused to GST. Whereas GST-Tup1(254-713) bound only oº,

Tup1(340-713) bound both oz and ozA2-10 (Figure 1). GST-Tup1(439-713), GST

Tup1(526-713), GST-Tup1(572-713), and GST-Tup1(626-713) also bound both oz and

02A2-10 in much the same manner as did GST-Tup1(340-713) (data not shown).

We noted previously that WD2 of Tup1 will bind to both oz and 0.242-10 and that

an aspartate to cysteine mutation in the WD does not affect the interaction. In order to

further characterize the interaction of O2 with a single WD repeat, we introduced a variety

of deletions and point mutations into GST-WD2 and tested the resulting constructs for their

ability to bind to O2 and O2A2-10. A GST-WD2 fragment lacking the C-terminal WD

residues [GST-WD2(AWD)] was able to bind to both Oz and 02A2-10, but deletion of the

amino terminus of the repeat or further deletion of the carboxy terminus destroyed the

ability of the single repeat to interact with 0:2 (Figure 2). Mutations Y445C, E463N, and
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S448P, which decrease binding of Tup1(254-713), had no discernible effect on the

interaction between WD2 and O2 (data not shown).

In short, none of the fragments of Tup1 smaller than Tup1(254-713) were able to

distinguish between O2 and O2A2-19, nor were any of the smaller fragments affected by

point mutations in the WD repeats (summarized in Figure 3). Given that a single WD

repeat does not comprise a discrete stuctural unit (52, 88, 104), it is perhaps surprising that

the WD2 and WD6-7 proteins bound to O2 at all, and one possiblity is that the interaction

between O2 and all of the fragments smaller than Tup1(254-713) is nonspecific and

artifactual. Since it is difficult to compare the strength of the interaction between O2 and

different GST fusions, another possibility is that the binding of O2 to the smaller fragments

is weaker than the column experiments would indicate; perhaps the single WD repeat

fusions are able to self-associate and form a propeller-like structure that O2 is able to

recognize, albeit weakly. If such is the case, we surmise that Tup1(254-713) must contain

a “masking” domain that prevents this weak non-specific interaction between the WD

repeats and the O2 carboxy terminus since Tup1(254-713) does not bind to O2A2-10 and

mutant versions of Tup1(254-713) do not bind to O2.
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Figure H-1. GST-Tup1(340-713) binds to both oz and o.242-10 in vitro. Coomassie

stained gels of fractions of a bacterial extract containing O2 and O2A2-10 that has been

passed over columns containing glutathione agarose beads bearing GST-Tup1(254-713)

(left panel) or GST-Tup1(340-713) (right panel). The columns were prepared and run as

described in Chapter One. The load is the same for both columns and is shown only in the

left panel. The flowthrough fractions are labeled F1 through 4; the wash fractions, W1

through 4; the eluate fraction, E.
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Tupl(254-713) Tupl(340-713)

M L F1 2 3 4 W1 2 3 4 E L Fl 2 3 4 W1 2 3 4 E

- - - -
º - ---

- -

-
–

-

º

- -
- -

- º ,02
\ 02A2-10



93

Figure H-2. Deletions of GST-WD2 disrupt binding of both Oz and O2A2-10.

Coomassie stained gels of fractions of a bacterial extract containing O2 and O2A2-10 that

has been passed over columns containing glutathione agarose beads bearing (A) GST-WD2

(wild-type), (B) GST-WD2 (AWD), (C) GST-WD2 (ANT), or (D) GST-WD2 (ACT).

The columns were prepared and run as described in Chapter One. The load is the same for

all columns and is shown only in (A). The flowthrough fractions are labeled F1 through

F4; the wash fractions, W1 through W4; the eluate fraction, E.
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Figure H-3. Summary of GST-Tup1 fusions tested for their ability to bind to Oz by the

column assay used in Figures 1 and 2. On the left are graphic depictions of the GST-Tup1

fusions with GST in gray, Tup1 in white, and the WD repeats as numbered boxes.

Binding to O2 or 0.242-10 is as indicated in the columns on the right.
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Tuplºresidues mufotion o:2 o’A2-10

254–713 + -

340–713 + +

439–713 + +

526–713 + +

572–713 + +

626–713 + +

626–659
- -

668–713
- -

254–659 + +

254-47] + +

(254-340) + (668–713) + +

254-340
- -

is IEEEE||5||9|| 254-713 N673S
- -

254–713 K65ON
- -

626–713 N673S + +

626–713 K65ON + +

440–47] + +

440-469 + +

451–47]
- -

440-465
- -

440-47] Y445C + +

440-47] E463N + +

is E. 440-47] S448P + +
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Appendix I. Tup1(363-713)-N673S, F632S causes derepression of mfa2:lacz when

overexpressed

The ability of Tup1(363-713) to restore mating to a MATO. tup 1Assn.6A strain

suggested that a transcriptional repression domain resides in this C-terminal fragment of

Tup1. We reasoned that mutants having defects in this domain would be able to bind to O2

but unable to repress transcription and hence would have a dominant phenotype. In an

attempt to isolate such mutants, we transformed yeast strain SM1196 (MATO mfa2:lacz)

with a randomly mutagenized plasmid expressing Tup1(363-713) and screened the

transformants for 3-galactosidase activity by filter assay. Plasmid DNA was isolated from

blue colonies and retransformed into SM1196. Of 18,000 transformants Screened, 34

colonies were blue by filter assay, and 1 of these blue colonies yielded a plasmid that

derepressed the mfa2:lacz reporter when retransformed into SM1196. This plasmid was

sequenced and found to contain two mutations causing the amino acid substitutions F632S

and N673S.

In order to distinguish which mutation was responsible for the phenotype, we

introduced the single mutations into the Tup1(363-713) expression plasmid. In addition,

we introduced the single and double mutations into the Tup1(1-713) and Tup1(254-713)

expression plasmids. All of the resulting plasmids were then transformed into SM1196,

and the transformants were assayed for 3-galactosidase activity by filter assay. None of

the mutations were dominant within the context of Tup1(254-713); both N673S and

N673S/F632S were dominant within the context of Tup1(1-713); only the double mutant

was dominant within the context of Tup1(363-713) (Table 1).

Since the dominance of many TUP1 mutants is suppressed by overexpression of

SSnó, we examined whether the derepression of mfa2:lacz in strains carrying the

Tup1(363-713)-F632S, N673S plasmid was alleviated by overexpression of Ssnó and
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found that the dominance of Tup1(1-713)-F362S, N673S but not of Tup1(363-713)-

F632S, N673S was suppressed by a high copy SSN6 plasmid (Table 2).

We are presently unable to explain the behavior of the Tup1(363-713) mutants.

The simplest explanation--that amino acid residues 632 and 673 both lie in the repression

domain and must both be mutated to cause a defect--is contradicted by the observation that

the N673S mutation impairs binding of Tup1 to 02 in vitro and by the premise that a Tup1

mutant that can neither bind O2 nor interact with the repression machinery should not be

dominant. However, since binding of O2 to fragments of Tup1 smaller than Tup1(254

713) appears to be unaffected by mutations in the WD repeats, it is also possible that the

N673S mutation does not prevent Tup1(363-713) from binding oz in vivo and that the

combined mutations actually improve binding of the shorter fragment to 0.2. Since :

Tup1(363-713) is not as effective a repressor as full-length Tup1, the double mutant would

cause derepression by displacing full-length Tup1; wild-type Tup1(363-713) would not -

cause derepression because it lacks the Ssnó-binding domain and thus does not bind O2 as º

well as does full length Tup1. This explanation is somewhat appealing since residue 632 is :

predicted to lie on the flat surface of the Tup1 propeller where other residues thought to be

involved in O2 binding lie.
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Table I-1. Tup1(254-713)-F632S, N673S derepresses mfa2:lacz, Yeast strain SM1196

(MATo mfa2:lacz) was transformed with plasmids expressing Tup1(1-713), Tup1(254

713), Tup1(363-713), or mutant derivatives thereof and assayed for 3-galactosidase

activity by filter assay. Since expression of the C-terminal fragments of Tup1 is driven by

the GAL10 promoter, strains were grown on plates containing galactose as the carbon

SOUl■ CC.

Tup1 fragment mutation(s) color by filter assay

Tup1(1-713)

Tup1(1-713)

Tup1(1-713)

Tup1(1-713)

Tup1(254-713)

Tup1(254-713)

Tup1(254-713)

Tup1(254-713)

Tup1(363-713)

Tup1(363-713)

Tup1(363-713)

Tup1(363-713)

none (wild-type)

F632S

N673S

F632S, N673S

none (wild-type)

F632S

N673S

F632S, N673S

none (wild-type)

F632S

N673S

F632S, N673S

white

white

blue

blue

white

white

white

white

white

white

white

blue
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Table I-2. Dominance of TUP1-(363-713)-F632S, N673S is not suppressed by

overexpression of Ssnó. SM1196 (MATo mfa2:lacz) was cotransformed with a plasmid

expressing Tup1(1-713)-F632S, N673S or Tup1(363-713)-F632S, N673S and a 2 pm

plasmid bearing TUP1 or SSN6 and assayed for 3-galactosidase activity by filter assay.

TUPI plasmid 2 plm plasmid color by filter assay

TUP1(1-713)-F632S, N673S VeCtOr blue

TUP1(1-713)-F632S, N673S TUPI white

TUP1(1-713)-F632S, N673S SSN6 white

TUP1(1-713)-F632S, N673S TUPI + SSN6 white

TUPI(363-713)-F632S, N673S Vector blue

TUPI(363-713)-F632S, N673S TUPI white

TUPI(363-713)-F632S, N673S SSN6 blue

TUPI(363-713)-F632S, N673S TUPI + SSN6 white
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Appendix J. Ste4 can interact with O2 in vitro but does not appear to do so in vivo

The ability of O2 to bind nonspecifically to the WD repeats of Tup1 prompted us to

investigate whether or not o' can bind to a functionally unrelated protein containing WD

repeats with little homology to those in Tup1. For this purpose, we chose to examine the

interaction between O2 and Ste4, the ■ subunit of the yeast heterotrimeric G protein

involved in pheromone response (105), and found that Ste-A will bind to O2 in vitro. This

interaction differs from the Tup1-02 interaction in that it does not require the amino

terminus of O2. For reasons discussed below, we then looked for evidence of an

interaction between O2 and Ste4 in vivo but found none.

In order to determine whether or not O2 can bind to Ste4, we passed a bacterial

extract containing oz and 02A2-10 over columns bearing either GST-Tup1(254-713) or

GST-Ste4. Whereas GST-Tup1(254-713) bound only 02, GST-Ste4 bound both O2 and

o:2A2-10 (Figure 1). When the columns were loaded and washed at 200 mM KCl instead

of 50 mM KCI, the interaction between GST-Ste4 and both oz and 02A2-10 was

weakened, whereas the interaction between GST-Tup1(254-713) and O2 was unaffected

(data not shown). Hence, Ste4 can bind to O2 in vitro, but the interaction does not show

the same specificity or stability to salt as does the Tup1-02 interaction.

Two observations suggested that 0.2 might be able to interact with Ste4 in vivo as

well. First, overexpression of O2 suppresses the lethality caused by either deletion of

GPA1 (the gene encoding the Go, subunit) (89) or overexpression of STE4 (data not

shown). In the pheromone response pathway, Gpal prevents GBy from stimulating cell

cycle arrest in the absence of pheromone (10). Deletion of GPA1 or overexpression of

Ste4 therefore leads to constitutive cell cycle arrest and death (14,65,106). We postulated

that O2 might suppress this lethality by binding to Ste-A and mimicking the inhibitory effect

-of Gpal. The second observation suggesting an in vivo interaction between O2 and Ste-4 is
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that a chimera of the N-terminal amino acids of O2 fused to lacz is mislocalized to the

cytoplasm and is lethal to a or O but not a■ o cells when overexpressed. One possibility is

that this O2-lacz fusion binds to Ste4 and disrupts its interaction with Gpal but is unable to

prevent Ste4 from activating cell cycle arrest. Since the components of the signal

transduction pathway are repressed in a■ o cells, the O2-lacz fusion would only be lethal in

the haploid cell types.

In order to address whether the suppression of Ste4 overexpression by O2 is due to

an oz-Ste4 interaction, we tested the ability of two O2 mutants to restore growth to a strain

carrying a STE4 plasmid. The mutant O.2A188 is defective for binding to a 1/02 sites but

binds to and represses from 0.2/Mcm1 operators (58); the mutant 02-H3-3 is defective for

binding to 0.2/Mcm1 sites but binds to and represses from al/02 operators (99). Since

both of these mutants are capable of repressing from sites that they are able to occupy, both

presumably are able to interact with Tup1 and are expected to be able to interact with Ste4

in vitro. However, the mutant o/-H3-3 is unable to suppress the lethality of Ste4

overexpression (Table 1). Although these results do not prove that O2 is not binding to

and inhibiting excess Ste4, they do suggest that the suppression brought about by O2

overexpression involves repression of an unknown gene whose upstream regulatory

Sequences contain a weakened O2/Mcm1 operator.

In order to test whether the toxicity of the O2-lacz fusion involves the signal

transduction pathway, we examined the effect of the fusion in a strain lacking STE4. If the

O2-lacz fusion kills cells by releasing Ste4 from its inhibitory association with Gpal, then

strains lacking STE4 should be immune to the toxic effects of the O2-lacz fusion. We

transformed an O.2-lacz/LEU2 2pum plasmid or a LEU2 2pm vector into KKY 161

(MATa/MATO ste-A/STE4 leu2/leu2), sporulated the transformants, and dissected tetrads

onto either rich plates (YEPD plates) or plates lacking leucine (-Leu plates). Four-spored

tetrads were recovered from the vector-transformed strain on both YEPD and -Leu plates

and from the O2-lacz fusion-transformed strain on YEPD plates. In contrast, no spores
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were recovered from the O2-lacz fusion-transformed strain on -Leu plates, indicating that

the plasmid is lethal to both STE4 and ste4 haploids (Table 2). All of the four-spored

tetrads from the O2-lacz fusion-transformed strain that grew on YEPD plates contained 2

fertile spores and 2 sterile spores, and all of the colonies were Leu", indicating loss of the

o:2-lacz fusion plasmid. Hence, the toxic effect of the O2-lacz fusion does not require

STE4 and probably does not involve an O2-Ste4 interaction.

In order to beat a dead horse, we tested whether O2 and Ste4 or Tup1 and Gpal

could interact in two-hybrid assays (18). All of the Ste4 fusions were able to interact with

the Gpal fusions, but no interaction could be detected between O2 and Tup1, 0:2 and Ste4,

or Gpal and Tup1 (Figure 1). In addition, we tested whether a variety of truncated and

chimeric Tup1 derivatives could activate expression of fusl:lacz, a reporter whose

transcription is induced by the signal transduction pathway, or whether a variety of

chimeric Ste4 derivatives could affect regulation of mfa2:lacz. As expected, the STE4

plasmid activated fusl:lacz; in contrast, the Tup1 derivatives had no effect onfusl:lacz

expression (Figure 2). Likewise, the Ste4 derivatives neither restored repression of

mfaz:lacz in a tup 1A strain nor interfered with repression of mfa2:lacz in a TUP1 strain

(Figure 3).

In summary, we have found no evidence for an interaction between O2 and Stea in

vivo. Although the two proteins will bind to each other in vitro, the interaction does not

require the amino terminus of O2 and may simply be an artifact. Another possibility,

however, is that the in vitro interaction between O2 and Ste4--and between O2 and

Subfragments of Tup1(254-713)--may reflect an ability of O2 to recognize some feature

conserved among WD repeats in general.



104

Figure J-1. GST-Ste4 binds to 02 and O2A2-10 in vitro. Coomassie stained gels of

fractions of a bacterial extract containing O2 and O2A2-19 that has been passed over

columns containing glutathione agarose beads bearing either GST-Tup1(254-713) (top) or

GST-Ste4 (bottom). The columns were prepared and run as described in Chapter One.

The load (L) is the same for both columns; the flowthrough fractions are labelled F1

through F4; the wash fractions, W1 through W4; the eluate fractions, E.
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Table 2. The O2-lacz fusion is toxic to both ste4 and STE4 haploids.

Plasmid Medium # of tetrads dissected # of 4-spored tetrads

VeCtOr YEPD 14 12

O2-lacz YEPD 14 11

VeCtOr -Leu 14 10

O2-lacz -Leu 56 1
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Table.J-1. Ste4 overexpression is not suppressed by 0.2 mutants unable to bind DNA.

STE4 plasmid O2 plasmid growth

Vector Vector +++

Vector MATOZ2 +++

Vector MAT02A188-210 +++

Vector MATOZ2–H3-3 +++

STE4 Vector +/-

STE4 MATO2 +++

STE4 MA To 2A188-210 +++

STE4 MATOZ2–H3-3 +/-



1 O7

GST-Tup1 (254-713)

L F1 F2 F3 F4 W1 W2 W3W4 E

- - - -

02

º

GST-Ste/

F1 F2 F3 F4 W1W2 W3W4 E

0.2

º 10
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Figure J-2. Tup1 does not interact with Gpal, nor does O2 interact with Ste4 in two

hybrid type assays. (A) Yeast strain CTY10-5d (Stan Fields), which contains a cycl:lacz

reporter in which the UAS has been replaced by four lexA operators, was transformed with

a lexA fusion plasmid and a Gala activation domain plasmid and assayed for 3

galactosidase activity by filter assay. Blueness by filter assay indicates activation of the

reporter. (B) Yeast strain AJY87 (MATa/MATO) or KKY 104 (MATa/MATO.

tup 1A/tup 1A)was transformed with the reporter pCG21 and the indicated Gala activation

domain fusion plasmids and assayed for 3-galactosidase assays by filter assay, pCG21

was provided by Caroline Goutte and is a cycl:lacz reporter in which the UAS has been

replaced with an a 1/02 operator. (C) Yeast strain 246-1-1 (MATO) or KKY103 (MATO.

tup 1A) was transformed with the reporter pajS and the indicated GalA-activation domain

fusion plasmids and assayed for 3-galactosidase activity by filter assay, pajS is a

cycl:lacz reporter in which the UAS has been replaced with an OZ/Mcm1 operator.
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REPORTER

lexA op TATA |OCZ |

LexA fusion GAL4 Octivotion domdin fusion color by filter GSSoy

LexA-GPAl GAL4AD-STE4(1-423) blue

LexA-GPAl GAL4AD-STE4(84-423) blue

LexA-GPAl GAL4AD-TUP] (340-713) white

LexA-GPAl GAL4AD white

LexA-STE4(1-423) GAL4AD-GPAl blue

LexA-STE4(1-423) O2-GAL4AD white

LexA-STE4(1-423) GAL4AD white

LexA-STE4 (84-423) GAL4AD-GPAl blue

LexA-STE4 (84-423) O.2-GAL4AD white

LexA-STE4 (84-423) GAL4AD white

Tupl(1-713)-lexA GAL4AD-GPAl blue

Tupl(1-713)-lex.A o:2-GAL4AD white

TuplC1-713)-lexA GAL4AD white
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REPORTER

ol/o.2 op TATA |OCZ

genotype GAL4 Octivotion domdin fusion color by filter GSSGy

d/o, TUPl/TUPl GAL4 AD-TUPl(340-713) white

d/o, TUPl/TUPl GAL4 AD-STE4 white

d/o, TUPl/TUPl GAL4 AD white

C/o fuplA/fuplA GAL4 AD-TUPl(340-713) white

d/o. tupl/A/tuplA GAL4 AD-STE4 white

d/o fuplA/tuplA GAL4 AD white

REPORTER

–02/Mcml op|H| IATA H |OCZ |

genotype GAL4 Octivation domdin fusion color by filter assoy

O TUP] GAL4 AD-TUPl(340-713) white

Of TUPl GAL4 AD-STE4 White

Of TUP] GAL4 AD white

o, fuplA GAL4 AD-TUPl(340-713) light blue

o, tuplA GAL4 AD-STE4 light blue

o, fuplA GAL4 AD light blue
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Figure J-3. WD repeats of Tup1 and Ste4 are not interchangeable in vivo. The

Tup1/Ste4 chimeras illustrated in the left-hand column were tested for their ability to

complement the mating defect of a steq mutant, to induce the signal-transduction-pathway

regulated reporter fusl:lacz in wild-type cells in the absence of pheromone, to complement

the mating defect of a tup 1A mutant, and to cause derepression of mfa2:lacz in wild-type

strains.
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Moral #1: Possibly it could have been worse; probably it could not

(79). When I started this work, I wanted to know how O2 actively represses transcription,

and in a sense, I got an answer: O2 represses by binding to Tup1. However, since Tup1

seems to be the actual repressor and since nothing I’ve done addresses how Tup1 interferes

with the transcription of the genes to which it is recruited, I’m basically back where I

Started.

Moral #2: In this world, that which is square is not round (72)

Although I can offer no pearls of wisdom regarding the function of Tup1, I did collect a

few pebbles regarding its structure. To be fair, I doubt that the mutations I isolated would

have allowed me to fold Tup1 into a propeller without divine intervention, chemical

inspiration, or the publication of the structure of GB. I also imagine that most people need

no further evidence than the GB structure to be convinced that all WD proteins are folded

into propellers. Still, the only way to know for sure what Tup1 looks like is to solve its

structure, and until such data is available, the mutations are a fairly good indication that

Tupl’s molecular origami mimics GB's.

Moral #3: The hole is greater than the sum of the parts. The realization

that the Tup1 C-terminus is a donut frosted on one side by O2 is by no means the end of

the story, since the WD repeats alone are insufficient for strong repression. That the

Tup1(363-713) fragment containing only WD repeats is able to repress at all suggests that

this fragment is able to fold into a structure that binds o'; but the 90-amino-acid fragment

upstream of the presumptive propeller clearly contributes to repression and/or oz binding

since Tup1(254-713) represses quite well in comparison to Tup1(363-713). Furthermore,

the fragment containing only WD repeats binds both O2 and O2A2-10 in vitro, whereas

Tup1(254-713) binds only Oz, suggesting that the amino acids from 254 to 363 are

involved in both repression of transcription and inhibition of nonspecific binding of the
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WD repeats to O2. What does this mean? Quite possibly, nothing, but a slightly more

interesting possibility is that O2 binding induces some sort of conformational change in

Tup1 which enhances its efficacy as a repressor. Such a mechanism would presumably

prevent Tup1 from interacting well with its downstream targets until after it has been

recruited by a DNA-binding protein.

Moral #4: It ain’t over ‘til the fat lady sings. The big question that

remains, of course, is how Tup1 represses transcription, and although I personally feel no

desire to get into it, at UCSF the traditional way to wrap things up is to hallucinate over

models and prophesy the course of future research. The three basic models of active

repression--interference with activators, inhibition of the basal transcription machinery, and

restructuring of chromatin--have been the subject of many recent reviews, both excellent

and otherwise (12, 30, 40, 76), which readers famished for further details are advised to

devour at their own risk. The three mechanisms are not mutually exclusive, and none has

been ruled out entirely for Tup1.

Although the accepted dogma seems to be that Tup1 represses by interacting with

both the general transcription machinery and nucleosomes, the evidence for these assertions

is still indirect. For instance, O2 will inhibit both activated and basal transcription 3- to 4

fold in a crude in vitro system that presumably lacks nucleosomes; but how this repression

takes place and whether it would be stronger in the presence of nucleosomes are both

unknown. Tup1 can be made to interact directly with histones H3 and H4 in vitro (16); but

this binding may be a reflection of 0.2/Tup1's supposed ability to position nucleosomes

(77, 83), a phenomenon which does not correlate well with repression (see Appendix O

and reference(78)). Mutations in subunits of the holoenzyme or in histone H3 will partially

derepress Tup1-regulated genes (27, 50, 103), but such mutations are pleiotropic and may

be affecting repression indirectly. Sorting out which gene products are directly involved in

repression will require an in vitro system reconstituted from purified components.
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In addition, the Tup1/Ssnó complex is quite large (73,98), and there is, as of yet,

no version of full-length Tup1 that fails to repress transcription once recruited to the DNA.

So Tup1 may also turn out to be a passive repressor, which would amuse me to no end.

After all, if a decade here has taught me anything, it’s taught me never to underestimate

repressors that inhibit just by showing up for work.

So, as Homer Simpson would say, “Is that one fat enough for you, son?” (100)
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MISCELLANEOUS APPENDICES
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Appendix K. TUPI and SSN6 are not required for silencing of the mating-type loci

Most of the early genetic screens and selections for mutants defective in silencing of

the mating-type loci required that the mutants be proficient for O2-mediated repression and

therefore would have failed to identify genes involved in both silencing and repression

(reviewed in (53)). Because the mating of MATa strains is not significantly affected by

mutations in TUP1 and SSN6, it has been assumed that these two genes are not required

for silencing HMLO. Given that HMLO is the more easily derepressed of the two silent

loci, it seems unlikely that TUP1 and SSN6 are required for silencing of HMRa.

However, any silencing defect in MATO. tup 1 or MATO. ssnó strains would be undetectable

by mating assays, since such strains are already rendered sterile by their inability to repress

the a-specific genes. In order to show that silencing is indeed intact in tup 1 and ssnó

mutants, we performed Northern blots on tup 1A and ssnóA strains of both mating types

and found that neither the HMLO locus in mutant MATa strains nor the HMRa locus in

mutant MATO strains was derepressed (Figure 1), indicating that TUP1 and SSN6 do not

play a significant role in silencing.
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Figure K-1. Northern blot of tup 1A and ssnóA strains probed for MAT02 or MATal

RNA. RNA was extracted from yeast strains EG123 (MATa), 246-1-1 (MATO),

JRY3010 (MATo sir1A), KKY 102 (MATa tup 1A), KKY103 (MATO. tup 1A), AJY158

(MATassnóA), and AJY159 (MATO. ssnóA) using the RNeasy protocol (QIAgen, Inc.),

run out on a 1% agarose gel, transferred to a nitrocellulose membrane and hybridized to a

probe recognizing either MATO2 (left panel) or MATal (right panel). The MATO2 probe

also hybridizes to the a2 message which is encoded by MATa and HMRa. Each lane

contains 25 pig RNA total and approximately the same amount of rRNA relative to one

another as estimated from ethidium staining (data not shown). Yeast strain JRY3010 was

provided by Lorraine Pillus.
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Appendix L. Inhibition of O2 synthesis leads to rapid derepression of the a-specific gene

MFA2.

The O2 protein is extremely short-lived, having a half-life of approximately 5

minutes at 30°C (36). The rapid turnover of O2 presumably facilitates mating-type

switching, since the swift conversion of an O. cell to an a cell requires the prompt

expression of the a-specific genes. Here we show that the a-specific gene MFA2 is

derepressed in O. cells when O2 expression is inhibited. Attempts to determine whether or

not this derepression requires progression through the cell cycle were inconclusive (data

not shown). Establishment of 0.2-mediated repression, on the other hand, appears to occur

in both dividing and arrested cells.

In order to test whether MFA2 is derepressed upon removal of O2, we treated O.

cells with the protein synthesis inhibitor cycloheximide, and checked samples removed at

various times after treatment for the presence of MFA2 RNA. No MFA2 transcript was

detected in untreated O. cells; however, significant levels of MFA2 RNA were detected after

20 minutes of cycloheximide treatment (Figure 1A). When this experiment was repeated

using an a■ o strain, MFA2 RNA was detected after 10 minutes of cycloheximide treatment

(data not shown). Because cycloheximide treatment may affect levels of other proteins

required for repression, we also placed O2 under the control of the GAL1 promoter and

examined the rate at which the MFA2 transcript appeared when the cells were shifted from

galactose to glucose. No MFA2 transcript was detected in a mato.2 + pCAL-02 strain

grown in galactose; however, MFA2 RNA was detectable 45 minutes after shifting the cells

to glucose (Figure 1B). This derepression was not as rapid as that observed with

cycloheximide treatment, possibly because the starting level of O2 is higher in strains

carrying the pGAL-02 plasmid.
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In order to test whether the establishment of O2 repression requires progression

through the cell cycle, we examined the ability of cells arrested at START to establish

repression of MFA2. A mata strain carrying a galactose-inducible O2-expression plasmid

and growing in glucose contains no O2 protein and therefore expresses MFA2. This strain

was arrested at START with O-factor, and the arrested cells were then shifted into galactose

to induce expression of 0.2 in the presence or absence of O factor. Samples were taken

every hour and examined by Northern blot for the presence of the MFA2 transcript. Upon

induction of O2, the level of MFA2 RNA dropped in both the presence and absence of 0.

factor (Figure 2). Hence, establishment of repression can take place in both arrested and

dividing cells, although achievement of complete repression was slightly slower in the O.

factor-arrested cells. MFA2 RNA levels remained high in cells that were not shifted into

galactose (data not shown).

In summary, we have shown that MFA2 is rapidly derepressed by depletion of O2

via cycloheximide treatment. This rapid derepression suggests that derepression does not

require progression through the cell cycle since the yeast cell cycle is longer than the time

required for derepression of MFA2. In addition, we have shown that the establishment of

repression clearly can take place in arrested cells. Since the establishment of silencing of

HML and HMR is known to require progression through the cell cycle (63), these results

are further evidence that O2-mediated repression is mechanistically distinct from silencing.
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Figure L-1. Inhibition of O2 synthesis leads to derepression of the a-specific gene

MFA2. (A) Northern blot showing the induction of MFA2 RNA in O. cells treated with

cycloheximide. Yeast strain 246-1-1 (MATO) was grown to an OD600 of approximately

0.5 in YEPD. At time zero, cycloheximide was added to a concentration of 0.1 mg/mL to

half of the culture. Samples were taken every 10 minutes. RNA was extracted from the

cells by resuspending the cells in lysis buffer (0.5 M NaCl, 0.2 M Tris-HCl, pH7.4, 10

mM EDTA, 1% SDS), adding equal volumes of 1:1 (v/v) phenol/chloroform and glass

beads, vortexing twice for 5 minutes, and precipitating the RNA with ethanol. RNA was

then run out on a 1% agarose gel and transferred to a nylon membrane which was

hybridized to a probe that recognizes the MFA2 transcript. The blot was then stripped and

rehybridized to a URA3 probe, as shown in the lower part of the panel. (B) Northern blot

showing induction of MFA2 RNA when O2 expression is turned off. Yeast strain AJY85

(mata) was transformed with paV88 (pGAL-02/2 pum URA3) and grown in SGAL-URA

medium to an OD600 of approximately 0.5. At time zero, the cells were pelleted, washed

with water, and resuspended in either SD-URA(D) or SGAL-URA (G). Samples were

taken at 0, 45, and 90 minutes. RNA was extracted and blotted as described above. Each

lane contains 25 pig total RNA and approximately the same amount of rRNA, as estimated

by ethidium staining (data not shown). Plasmid paV88 was provided by Andrew

Vershon.
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Figure 2. Establishment of 0.2-mediated repression occurs in O factor-arrested cells.

AJY85 (mata) was transformed with paV88 (pGAL-02/URA3) and grown to an OD600 of

approximately 0.5 in SD-URA medium. o. factor was added to a final concentration of 2

plg/mL. After 2 hours, the cells were pelleted, washed with water, and resuspended in

SGAL-URA medium with or without of factor. Samples were taken every hour, and RNA

was extracted and blotted as described above.
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Appendix M. Multimerization of the O2 operator increases repression

Many transcriptional activators are said to act synergistically in that the presence of

more than one activator binding site increases transcription to a level that is greater than the

sum of the levels of expression obtained with each site individually (29,55). Here, we

show that a similar phenomenon is observed in O2-mediated repression when the O2

operator is multimerized. We assayed repression of a cycl:lacz reporter containing either

one or three oz operators upstream of the CYC1 UAS With one operator, 17-fold

repression was observed; with three operators, 370-fold repression was observed (Table

1). Because 100-fold repression is obtained when one O2 operator is placed between the

UAS and TATA (41) and because O2 leaves a strong in vivo footprint on a single O2

operator (46), it is thought that a single operator is fully bound at endogenous levels of O2;

hence, it is unlikely that the increase in repression caused by multimerization of the operator

is attributable to an increase in operator occupancy via cooperative interactions between

adjacent O2/Mcm1 complexes.
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Table M-1. Greater repression is observed when the O2 operator is multimerized.

AJY126 (mata) and 246-1-1 (MATO) were transformed with cycl:lacz reporter pajS or

pKK77 and assayed for 3-galactosidase activity. Reporter pajS contains one O2 operator

upstream of the CYC1 UAS; pKK77 contains three oz operators upstream of the UAS.

MAT allele # of operators 3-galactosidase activity fold repression

mat/ One 539 + 250

MATO: One 31 + 18 17

mat/\ three 808 + 270

MATO: three 2.2 + 1.5 370
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Appendix N. Dominant negative SSN6 mutants

Ssnó, a protein containing ten copies of the tetratrichopeptide repeat (TPR) motif

interacts directly with Oz and is required for 0.2-mediated repression (87). We were

interested in isolating mutations in SSN6 that decrease the SSnó-O2 interaction in an

attempt to determine which of the TPRs bind oz in vivo. Because TUP1 mutants that fail

to interact with O2 are able to derepress O2-repressed genes in wild-type strains, it seemed

likely that SSN6 mutants defective for binding to O2 would also have a dominant negative

phenotype. Here we describe the isolation and partial characterization of several dominant

negative SSN6 mutants.

We screened for dominant negative SSN6 mutants by cotransforming a gapped 2

pum plasmid and a PCR-mutagenized fragment of DNA containing a complementing

fragment of SSN6 [SSN6 (1-595)] into yeast strain SM1196 (MATo mfa2:lacz) and

assaying the transformants for 3-galactosidase activity by filter assay. Plasmid DNA

recovered from reproducibly blue colonies was retransformed into SM1196, and the

transformants were tested for 3-galactosidase activity. Of 36,000 transformants screened,

31 were blue by filter assay, and 5 yielded plasmids that reproducibly derepressed the

mfa2:lacz reporter in SM1196.

In order to determine if any of the plasmids could complement a deletion of SSN6,

we transformed the plasmids into AJY159 (MATO. ssnóA9) and examined the

transformants, all of which remained sterile, clumpy, and slow-growing (data not shown).

Thus, none of the dominant negative SSN6 mutants are functional.

The SSN6 mutants (designated as SSN6-a through SSN6-e) were then tested for

their ability to derepress three Ssnó/Tup1-regulated reporters by transforming the plasmids

into a wild-type strain carrying an mfa2:lacz, anb1:lacz, or suc2:lacz reporter and assaying

the transformants for 3-galactosidase activity. All of the mutant plasmids caused
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derepression of the three reporters (Table 1). We do not know why overexpression of the

wild-type Ssnó fragment causes slight derepression; because high copy plasmids carrying

wild-type full-length SSN6 also derepress the reporters to some degree (data not shown

and R. Smith, personal communication), the derepression is not the result of using SSnó(1-

595) rather than full-length Ssnó.

We next tested whether overexpression of Tup1 or Ssnó would suppress the

dominance of the SSN6 mutants by cotransforming each mutant into a MATO mfaz:lacz

strain with 2 pum plasmids bearing TUP1, SSN6, or no insert. Repression was partially

restored in all cases by both the TUP1 and SSN6 plasmids (Table 2).

Finally, we tested the ability of the strongest mutant, Ssnó-d, to bind O2 in vitro.

Wild-type and mutant Ssnó were expressed as GST fusions in E. coli, purified and

immobilized on glutathione agarose beads. A bacterial extract containing O2 was passed

over the columns which were then washed and eluted with high salt. O2 bound to both the

GST-Ssnó and GST-Ssnó-d columns, as indicated by depletion of O2 from the first

flowthrough fractions and by the presence of O2 in the eluate from both columns (Figure

1). Binding to GST-Ssnó-d may be lower than binding to wild-type GST-Ssnó, but the

difference is very slight.

The SSN6 open reading frame from each of the plasmids was partially sequenced,

but when it became apparent from the large number of mutations (>5) present in each clone

that determining which mutation was responsible for the phenotype would be unfeasible,

the sequencing was pursued no further.

In short, we have isolated SSN6 mutants capable of derepressing an O2-regulated

reporter and a hypoxic reporter in wild-type strains when overexpressed. The dominance

of these mutants is suppressed by overexpression of either Ssnó or Tup1 in much the same

way that the dominance of TUP1 mutants defective in binding O2 is suppressed by

overexpression of either Tup1 or Ssnó. Hence we think it likely that the mutation or

mutations responsible affect the Ssnó-O2 and Ssnó-Rox1 interactions. Although the one
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Plasmids

Plasmid pKK413 is the Pvu■ I fragment of plN113-3 cloned into the Pvull site of

pKK412. pKK412 is paSJ (42) from which the Pvull fragment has been removed.

GST-SSN6-d is a derivative of GST-SSN6 (87) and was constructed by inserting a

PCR fragment made using oligos (5’- AAATTAGGA TCC ATG AAT CCG GGC-3')

and (5’- GGC TGA ATTTCT AGT GTT CAA AGG-3’) as primers and pKK413-d as

template into the BamhI and EcoRI sites of pCEX2T (86). Oligos and the GST-SSN6

plasmid were provided by Michael Redd.

Mutagenesis

A PCR fragment containing SSN6 coding sequences was generated under

mutagenic conditions as described (66), using oligos (5’- AGA TAATGG GGCTCT TTA

CATTTC-3’) and (5’- AGC ACG CTT ATC GCTCCAATTTCC-3') as primers and

plasmid pKK413 as template. For the screen, Pvull digested pKK412 and the

mutagenized PCR fragment were cotransformed into SM1196 (MATO mfa2:lacz).
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Table N-1. Overexpression of SSN6 mutants derepresses mfa2:lacz, anb1:lacz, and

suc2:lacz in wild-type strains. Plasmids containing wild-type or mutant SSN6 were

transformed into SM1196 (MATo mfa2:lacz) or 246-1-1 (MATO) carrying either an

anb1:lacz or suc2:lacz reporter plasmid and assayed for 3-galactosidase activity.

plasmid mfa2:lacz anb:lacz suc2:lacz

pKK412 (vector) 1.4 + 0.7 0.08 + 0.03 0.77 + 0.09

pKK413 (wild-type) 2.3 + 0.2 4.1 + 0.3 3.2 + 0.2

SSN6-a 12.5 + 1 14.1 + 3 9.1 + 1

SSN6-b 15.8 + 1

SSN6-C 7.2 + 0.3 22.1 + 4 5.5 + 0.8

SSN6-d 54.7 ± 3 70.8 + 13 22.1 + 4

SSN6-e 22.6 + 0.3 14.7 ± 5 14.7 + 5
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Table N-2. Derepression of mfa2:lacz caused by the dominant SSN6 mutants is

suppressed by overexpression of Ssnó or Tup1. The mutant SSN6 plasmids and a 2 pum

plasmid bearing no insert, SSN6 or TUP1 were cotransformed into SM1196, and the

transformants were assayed for 3-galactosidase activity.

SSN6 mutant 2 plm plasmid 3-galactosidase activity

SSN6 (wild-type) Vector 0.9 + 0.1

SSN6-a VeCtOr 9.1 + 0.6

TUPI 0.8 + 0.3

SSN6 2.8 + 0.2

SSN6-b VeCtOr 12.1 + 1

TUPI 1.7 ± 0.3

SSN6 3.5 + 0.1

SSN6-c VeCtOr 6.5 + 0.4

TUPI 0.7 + 0.1

SSN6 5.3 + 0.6

SSN6-d Vector 57.9 + 6

TUPI 8.1 + 1

SSN6 18.5 + 2.6
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SSN6-e Vector 12.9 + 1.6

TUPI 1.3 + 0.1

SSN6 3.4 + 0.3
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Figure N-1. Ssnó and Ssnó-d both bind to 0.2 in vitro. Coomassie stained gels of

fractions of a bacterial extract containing O2 that has been passed over a column containing

glutathione agarose beads bearing (A) GST-Ssnó (wild-type) or (B) GST-Ssnó-d. The

columns were prepared and run as previously described (87), except that the extract

contains both Oz and O2A2-19, a mutant of O2 that is able to bind to Ssnó. The load (L) is

the same for both columns; flowthrough fractions are labeled F1 through F4; wash

fractions, W1 through W4; elution fractions, E.
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GST-SSN6 (wild-type)

L F1 F.2 F3 F4 W1 W2 W3 W4 E

-- - -

- - - - -

- - - - - -

- - - - - - -- - - -

T- oz A2-12

GST-SSN6C

F1 F.2 F3 F4 W1 W2 W3 W4 E

- - - - *
-

- - - -

- - - - *
- - - *

- * * * *-*
*

* * * --~ 02
* * * * *~ 02A2-12
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Appendix O. Effect of histone mutations on 02-mediated repression

Several lines of evidence indicate that the O2/Ssnó/Tup1 complex is able to alter

chromatin structure by positioning nucleosomes. First, an O2 operator induces a nuclease

protection pattern consistent with nucleosomes being positioned onto the DNA surrounding
the operator (77, 83). Second, the absence of O2, Tup1, Ssnó, or the amino terminus of

histone H4 will disrupt this nucleosome positioning (11,78). Third, Tup1 binds to

purified histones H3 and H4 in vitro (16). Fourth, mutations in histone H4 that disrupt

nucleosome positioning also disrupt the Tup1-histone H4 interaction (16,78). Hence, it is

plausible that an oz-bound operator positions nucleosomes by recruiting Tup1 which

interacts directly with histones.

The correlation between 02’s ability to position nucleosomes and its ability to

repress transcription, however, is tenuous. Complete (200- to 800-fold) repression by O2

can take place in the absence of nucleosome positioning (74), and mutations in histone H4

that eliminate both the histone H4-Tup1 interaction and nucleosome positioning result in

only a 2- to 3-fold increase in the expression of an O2-repressed reporter(16,78).

Interpretation of this slight derepression is complicated by the fact that strains bearing a

mutant histone H4 aberrantly express the normally silent mating cassettes and therefore

behave as a■ o cells; repression by O2 is usually about 2-fold lower in a■ o cells than in O.

cells, probably because O2 is slightly repressed by a 1/02 (24). Finally, although

combined mutations in histone H3 and histone H4 lead to a 10- to 13-fold decrease in O2

mediated repression, the mutant strains used to demonstrate this effect were not bona fide O.

strains and may not have been expressing O2 at wild-type levels (16). Here we quantitate

the effect of histone H3 and H4 mutations on O2 repression more accurately by using

isogenic sets of yeast strains that allow us to perform controls that were missing from

previous studies.
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Effect of histone H4 mutations on O2/Mcm1-mediated repression

In order to control for the effect of silent mating cassette derepression in histone H4

mutants we constructed an isogenic set of a/o strains deleted for both histone H4 genes

(HHFI and HHF2) and carrying either wild-type or mutant HHF2 on a CEN plasmid.

These strains also carry an integrated cycl:lacz reporter that has no O2/Mcm1 operator, one

operator between the UAS and TATA, or one operator upstream of the UAS. As

summarized in Table 1, the histone H4 mutations caused a decrease in lacz expression

from all of the reporters; thus, in terms of absolute level of expression, the histone H4

mutations do not cause derepression of the reporter with the O2/Mcm1 operator. However,

if the repression ratio is considered to be the expression of the reporter without the operator

divided by the expression of the reporter with the operator, there is a 2- to 3-fold decrease

in repression in the histone H4 mutants relative to the wild-type strain.

Because the cycl:lacz reporter contains an artificial promoter which may differ

from other yeast promoters with respect to nucleosome structure (9), we also examined the

effect of the hnf244-23 mutation on an mfa2:lacz reporter. In order to control for the

effect of silent mating cassete derepression in hkf mutants, we disrupted HMRa in a MATO:

hhflAhhf2Amfa2:lacz strain and HMLO in a MATahhflAhhf2A mfa2:lacz strain; in all

strains, wild-type HHF2 or hhf244-23 was carried on a plasmid. Expression of mfa2:lacz

was virtually the same in hkf244-23 and wild-type strains (Table 2), indicating that

repression of mfa2:lacz is not affected by deletion of the amino terminus of histone H4.

Effect of histone H3 mutations on 02/Mcm1-mediated repression

In order to determine the effect of histone H3 mutations on O2 repression, we

constructed a set of isogenic a and O. strains deleted for both histone H3 genes (HHT1 and

HHT2) and carrying either wild-type or mutant HHT2 on a CEN plasmid. These strains

also carried an integrated cycl:lacz reporter with either no O2/Mcm1 operator or one
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operator between the UAS and TATA. Expression of the reporter with the operator was

approximately 4-fold higher in MATO ht2A1-30 strains than in MATO: HHT2 strains

(Table 3). Since expression of the reporters in the absence of O2 and/or the O2 operator is

also decreased by the hkt2A1-30 mutation, the level of repression may be decreased by as

much as 14-fold, depending on how the repression ratio is calculated.

We next examined the effect of the hht2A1-30 mutation on repression of an

mfa2:lacz reporter by transforming MATa and MATO strains deleted for htl and ht2

with an integrating mfa2:lacz plasmid and a plasmid carrying either hkt2A1-30 or HHT2.

Expression of the reporter was approximately 2-fold higher in MATO. ht2 strain than in

the MATO: HHT2 strain and approximately 3-fold lower in the MATahht2 strain than in

the MATa HHT2 strain. The level of repression, therefore, may be decreased as much as

6-fold by deletion of the histone H3 amino terminus.

Effect of histone H4 or H3 mutations on al■ o:2-mediated repression

Since both a 1/O2- and 0.2/Mcm-mediated repression require O2 and Tup1/Ssnó,

both types of repression should be affected by mutations in histone H4 or histone H3. We

tested the effect of the hkf244-23 mutation on a 1/02-mediated repression by constructing a

MATO, hbfl Ahhf2A strain carrying an integrated MATa plasmid, an integrated cycl:lacz

reporter with either no operator or two al/02 operators between the UAS and TATA, and a

wild-type or mutant HHT2 plasmid. Expression of the al■ o:2-repressible reporter was 2

fold higher in the hkt244-23 strain than in the HHT2 strain (Table 5). Since expression of

the reporter without the operator was slightly decreased in the mutant strain, a 1/02

mediated repression may be decreased by as much as 2.6-fold in the hnt244-23 strain.

We tested the effect of the hht2A1-30 mutation on a 1/02-mediated repression by

constructing a MATa/MATO (hhfl, hhtl)A/(hhfl, hht 1)A (hhf2, hbt2)A/(hhf2, hht2)A

strain carrying an integrated cycl:lacz reporter with either no operator or two al/02

operators between the UAS and TATA and carrying either HHT2 or hlit?A1-30 on a
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HHF2/CEN plasmid. The repression ratio was decreased by less than two-fold in the

hht2A1-30 strain (Table 6).

Hence, mutations in histone H4 or H3 affect a 1/02-mediated repression to an even

lesser degree than than they do 0.2/Mcm1-mediated repression.

Effect of mutations in both histone H3 and histone H4 on O2/Mcm1-mediated repression

In order to determine the effect of mutations in both histone H3 and histone H4 on

o:2 repression, we constructed a set of a/o strains that are deleted for the genes encoding

histone H3 and histone H4 and that carry wild-type or mutant HHF2 and wild-type or

mutant HHT2 on a CEN plasmid. These strains also carried an integrated cycl:lacz

reporter that has either no O2/Mcm1 operator or one operator between the UAS and TATA.

Expression of the reporter with the operator was approximately equal in MATO. hnf2 hht2

and MATO: HHT2 strains (Table 7). However, since expression of the reporter without the

operator was significantly decreased by the histone mutations, the level of repression may

be decreased by up to 15-fold in the double mutant. In either case, the double mutant does

not appear to have a significantly greater repression defect than does the hht2 single mutant.

Effect of histone mutations on mato.2:lacz expression

Because mutations in either histone H3 or H4 decreased the expression of most of

the reporters and because a 3- to 5-fold decrease in O2 expression leads to measurable

derepression of BAR1 and STE2 (23), we tested the effect of the histone mutations on the

expression of a mato.2:lacz reporter and found that mato.2:lacz expression was slightly

decreased in the hbf244-19 and hht2A1-30 mutants (Table 8). We also examined the

levels of O2, Ssnó, and Tup1 in hkt2 and HHT2 strains by Western blot and found no

dramatic decrease in the levels of these three proteins in the hilt2A1–30 mutant strains,

although it is unlikely that we would have been able to detect a two-fold difference in
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protein levels (data not shown). High copy plasmids carrying TUP1, SSN6,

TUP1+SSN6, or MATO2 did not suppress the slight repression defect of the hnt2A1-30

strain (Table 9).

In short, we have found that oz-mediated repression is decreased less than 3-fold

by mutations in histone H4 and 4- to 14-fold by mutations in histone H3. Our results

differ from those reported earlier(16,78) in several respects. First, our results were

obtained using congenic strains and integrated reporters in all cases where the level of

repression was being compared. Second, we found that the histone H4 mutations have

almost no effect on 02/Mcm1-repression of mfa2:lacz and neither histone H3 nor histone

H4 mutations have an appreciable effect on a 1/02-mediated repression. Third, we

observed that much of the effect of the histone mutations on the repression is due to a

decrease in transcription under nonrepressing conditions (i.e., the absence of O2 and/or its

operator). If one looks only at the level of expression of the reporter under repressing

conditions, the histone H3 mutations cause at most a 4-fold increase in expression relative

to wild-type strains, the histone H4 mutations either decrease expression or have no effect,

and the double mutation has no effect. Hence, though histone H3 and H4 mutations do

lead to defects in O2 repression, the magnitude and significance of the effect is a matter of

interpretation and opinion.
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Plasmids

Plasmids pKK8, pKK10, and pKK794 were constructed by deleting the 2 plm

containing HindIII fragment from plasmids pajl (pLG-A312S), paj9 (pS1-19), and pajS

(pS1-85) (41), respectively.

pKK561,563 and 564 were constructed by inserting the BamhI-EcoRI fragments

from pmH310, pFK613, and pPK618, respectively, into BamhI-EcoRI-digested prS313

(84).

pKK799 and pKK803 were constructed by inserting the BamhI-EcoRI fragments

from pPK613 and pPK618, respectively, into BamhI-EcoRI-digested pKM200 (59).

pKK826 and pKK830 were constructed by replacing the BamhI-EcoRI fragment

of pRM200 and pKM430 (59), respectively, with the BamhI-EcoRI fragment of pKK824.

pKK824 is the EcoRI-HindIII fragment of pKK822 inserted into the EcoRI and HindIII

sites of pPK613. pKK822 was constructed by inserting the double stranded oligo 5'-

GAT CTA AAG GTG GTA AAG GTC TAG GTC AAG GTG GTG CCC AGC GTC

ACA-3"/5'-GAT CTG TGA CGC TGG GCA CCA CCTTGA CCT AGA CCT TTA CCA

CCTTTA-3' into the BgllI site of pKK549. pKK549 is the EcoRI fragment of pKK548

ligated into pKS304 (84). pKK548 was constructed by ligating BgllI-HindIII-cut PCR

fragment 1 and and Bglll-EcoRI-cut PCR fragment 2 into HindIII-EcoRI-cut puC18

(110). PCR fragment 1 was generated using the oligos 5'-AGA TAA TGG GGCTCT

TTA CAT TTC-3' and 5'-TTT ACC ACC TTT AGA TCT ACC GGA CAT TAT TTT ATT

GTA-3 as primers and pKK541 as template; PCR fragment 2 was generated using the

oligos 5'-AGC ACG CTTATC GCTCCAATTTCC-3 and 5'-AAG CGT CAC AGA

TCT ATT CTA AGAGAT AAC ATCCAA GCT-3' as primers and pKK541 as template.

pKK541 is the HindIII fragment from pl/H310 inserted into HindIII-digested pâSJ (42).

pKK792 and pKK793 were constructed by inserting the BamhI fragment from

pR490 into the BgllI site of pKK833 and pKK834, respectively. pKK833 and pKK834



144

are pajl and paj9, respectively, in which a BgllI linker has been inserted between the
HindIII and SmaI sites.

pKK795 was constructed by inserting the BamhI-Sall fragment from prM200 into

pPK618.

pKK797 was constructed by replacing the BamhI-EcoRI fragment of pKK795

with the BamhI-EcoRI fragment of pKK561.

pKK836, pKK838, and pKK839 were constructed by replacing the EcoRI-Sall

fragment of pPK613 with the EcoRI-Sall fragments of pKK826, pKK830, and pKM430,

respectively.

pKK840 and pKK841 were constructed by inserting the BamhI fragment from

pR490 into pKK561 and pKK563, respectively.

pKK806 was constructed by inserting the mfa2:lacz-containing HindIII fragment

from CYp246 (61) into the HindIII site of pBR328-LYS2. pBR328-LYS2 was obtained

via Andrew Vershon and is the EcoRI-Clal fragment containing LYS2 in pHR328 (2).

pKK807 contains the upstream regulatory sequences and sequences coding for the

first thirteen amino acids of O2 fused in frame to the lacz coding sequence and was

constructed by inserting the HindIII fragment containing LYS2 from p■ )P6+DAM (Dan

Gottschling) into HindIII-cut pKK723. pKK723 is the BgllI-SmaI fragment from

pAV116 ligated into BgllI-Smal-cut pKK720. p.AV116 was constructed by Andrew

Vershon and is the same as pâV115 (58) except that the HindIII fragment is in the reverse

orientation. pKK720 is the double stranded oligo (5-TCG ACA GAT CTTTTA AAT

CCA CAA G-3/5'-GAT CCTTGT GCA TTT AAA AGA TCT G-3°) ligated into Sall

BamhI-digested paj1.

pKK49 is the HindIII fragment containing MATO cloned into the HindIII site of

pGEM3 (Promega).

pKK789 is the EcoRI-BgllI fragment containing TRP1 cloned into the EcoRI and

BgllI sites of pKK334. pKK334 is the HindIII fragment of p■ R154 cloned into pGEM3.
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pjR154 is the HindIII fragment containing HMRa cloned into YCp50 and was provided by

Frank McNally/Jasper Rine. p.JR866 was provided by Lorraine Pillus and contains the

BamhI-BamhI fragment of HML in which sequences between the XhoI sites have been

replaced with TRP1.

Strain Constructions

Yeast strains were constructed as described in Table 7, with the following

specifications.

Replacement of the MAT locus with matá::URA3 was performed by transforming

the parent strain with HindIII-cut pKK143 (103). Replacement of matá::URA3 with

MATO was performed by transforming the parent strain with HindIII-cut pKK49 and

selecting for 5-FOA resistant transformants.

Replacement of HMRa in MATo hkf2 strains with hmr^::TRP1 was performed by

transforming the parent strain with XhoI-Sall-cut pKK789 and screening the Trp"

transformants for O-maters. Replacement of HMLO in MATahhf2 strains with

hml/A::TRP1 was performed by transforming the parent strain with BamhI-cut p■ R866 and

screening the Trp" transformants for a-maters.
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Table 1. Repression of cycl:lacz reporters by 0.2 in wild-type and hkf2 strains.

MATa/MATO hhflA/hhfIA hhf2A/hhf2A strains carrying an integrated cycl:lacz reporter

(pKK8, pKK10, or pKK794) and wild-type or mutant HHF2 on a CEN ARS plasmid

were constructed and assayed for 3-galactosidase activity. Reporters pKK8, pKK10, and

pKK794 contain no O2 operator, one operator between the UAS and TATA, and one

operator upstream of the UAS, respectively.

Strain HHF2 allele Position of 0.2 operator 3-galactosidase

activity

KKY183 wild-type no O2 operator 34.8 + 0.8

KKY 184 A4–23 no O2 operator 4.5 + 0.7

KKY 185 A4-19 no O2 operator 4.6 + 0.8

KKY 186 wild-type between UAS and TATA 0.37 + 0.03

KKY 187 A4–23 between UAS and TATA 0.17 ± 0.03

KKY 188 A4-19 between UAS and TATA 0.13 + 0.04

KKY 189 wild-type upstream of UAS 1.5 + 0.1

KKY 190 A4-23 upstream of UAS 0.6 + 0.1

KKY 191 A4–19 upstream of UAS 0.38 + 0.08
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Table 2. Repression of the mfa2:lacz reporter in wild-type and hhf2 strains. A MATO:

hmr^::TRP1 hhflA hhf2A mfa2:lac2/LYS2 strain and a MATa hmlA::TRP1 hkfIA hhf2A

mfa2:lacz/LYS2 strain were cotransformed with a plasmid bearing HHF2 or hhf244-23

and assayed for 3-galactosidase activity.

Strain MAT allele HHF2 allele B-galactosidase activity

KKY 241 O. wild-type 0.23 + 0.01

KKY242 O. A4–23 0.37 + 0.03

KKY284 al wild-type 92.3 + 2

KIK285 a A4–23 136 + 4
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Table 3. Repression of cycl:lacz reporters by 0.2 in wild-type and hlitz strains. MATa

hhfl, hht 1A::LEU2 hhf2, hht2A::HIS3 and MATo hhfl, hbt1A::LEU2 hhf2,

hht2A::HIS3 strains carrying an integrated cycl:lacz reporter (pKK792 or pKK793) and

wild-type or mutant HHT2 on an HHF2/CEN ARS plasmid were constructed and assayed

for 3-galactosidase activity. Reporters pKK792 and pKK793 have no O2 operator and one

operator between the UAS and TATA, respectively.

Strain number Mating type HHT2 allele Reporter 3-galactosidase

activity

KKY202 a wild-type no O2 site 62.2 + 0.6

KKY203 a A 4-20 no O2 site 22.0 + 2

KKY.204 a A 4-30 no O2 site 18.5 + 2

KKY205 a wild-type + O.2 site 201 + 20

KKY206 a A 4-20 + 0.2 site 95 + 10

KKY207 a A 4-30 + O2 site 102 + 20

KKY208 O. wild-type no O2 site 85.2 + 10

KKY209 O. A 4-20 no O2 site 16.1 + 1.5

KKY210 O. A 4-30 no O2 site 79.5 + 3

KKY211 O. wild-type + O.2 site 0.07 + 0.02

KKY212 O. A 4-20 + O2 site 0.10 + 0.02

KKY 213 O. A 4-30 + 0.2 site 0.29 + 0.07
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Table 4. Repression of an mfa2:lacz reporter in wild-type and hht2 strains.

Strain MAT allele HHT2 allele 3-galactosidase activity

KKY344 a wild-type 161 + 10

KKY345 a A1-30 48.9 + 0.6

KKY 346 O. wild-type 0.19 + 0.01

KKY 347 O. A1-30 0.37 ± 0.01
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Table 5. Repression of an a 1/O2-repressible reporter in wild-type and hhf2 strains. A

MATO hkfIA hhf2A strain carrying an integrated MATa/URA3 plasmid and either

pKK792 or p\H165 was transformed with a plasmid bearing either HHF2 or hkf2A4-23;

and the transformants were assayed for 3-galactosidase activity. pnH165 is an integrating

cycl:lacz reporter with two consensus a 1/02 operators between the UAS and TATA.

Strain reporter HHF2 allele 3-galactosidase activity

KKY 292 no operator wild-type 15.1 + 0.5

KKY 293 no operator A4-23 12.4 + 1

KKY 290 a 1/02 operators wild-type 0.007 + 0.002

KKY 291 a 1/02 operators A4-23 0.015 + 0.003



151

Table 6. Repression of an a 1/O2-repressible reporter in wild-type and hbt2A1-30 strains.

A MATa/MATO (hhfl, hht 1)A/(hhfl, hbt1)A (hhf2, hht2)A/(hhf2, hht2)A strain carrying

reporter pKK792 or pNH165 and a HHF2-containing plasmid bearing either HHF2 or

hht2A1-30 was assayed for 3-galactosidase activity.

Strain Reporter HHT2 allele 3-galactosidase fold-repression

activity

KKY336 no operator wild-type 5.8 + 0.4

KKY 337 no operator A 1-30 2.1 + 0.1

KKY 338 a 1/02 operators wild-type 0.02 + 0.008 340

KKY 339 a 1/02 operators A 1–30 <0.01 >210
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Table 7. Repression of cycl:lacz reporters by 0.2 in wild-type strains and in strains

having mutations in HHF2 and/or HHT2. MATa/MATO hhfl, hht 1A::LEU2/hhfl,

hht 1A::LEU2 hhf2, hht2A::HIS3/hhf2, hht2A::HIS3 strains carrying an integrated

cycl:lacz reporter (pKK792 or pKK793) and wildtype or mutant HHF2 and wild-type or

mutant HHT2 on a CEN ARS plasmid were constructed and assayed for 3-galactosidase

activity.

Strain HHF2 allele HHT2 allele reporter 3-galactosidase

activity

KKY222 wild-type wild-type no O2 site 131.8 + 6

KKY223 wild-type A1-30 no O2 site 53.4 + 3

KKY224 K12Q, K16G wild-type no O2 site 34.8 + 0.3

KKY225 K12Q, K16G A1-30 no O2 site 12.4 + 0.1

KKY226 wild-type wild-type + 0.2 site 0.12 + 0.03

KKY227 wild-type A1-30 + O.2 site 0.47+ 0.1

KKY228 K12Q, K16G) wild-type + O.2 site 0.03 + 0.005

KKY229 K12O, K16G A1-30 + O.2 site 0.18 + 0.1



153

Table 8. Effect of histone mutations on expression of MAT02:lacz. MATO hkfl,

hht|A::LEU2 hhf2, hbt2A::HIS3 strains carrying an MAT02:lacz reporter integrated at

LYS2 and wild-type or mutant HHF2 and wild-type or mutant HHT2 on a CEN ARS

plasmid were constructed and assayed for 3-galactosidase activity.

Strain HHF2 allele HHT2 allele 3-galactosidase

activity

KKY274 wild-type wild-type 6.3 + 0.3

KKY275 A4–19 wild-type 1.8 + 0.01

KKY276 wild-type A1-30 2.6 + 0.3

KKY277 K12O, K16G wild-type 5.0 + 0.8
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Table 9. High copy plasmids carrying TUP1, SSN6, TUP1+SSN6, or MAT02 do not

suppress the repression defect of a hht2A1–30 strain. MATO hhfl, hht|A::LEU2 hhf2,

hht2A::HIS3 strains carrying pKK792 or pKK793 and wild-type or mutant HHT2 on a

HHF2/CEN ARS plasmid were transformed with 2 pum plasmids carrying TUP1, SSN6,

TUP1 + SSN6, or MATO2 and assayed for 3-galactosidase activity.

Strain Reporter HHT2 allele high copy plasmid 3-galactosidase

activity

KKY249 no operator wild-type Vector 119 + 22

KKY250 no operator wild-type TUPI 110 + 4

KKY251 no operator wild-type SSN6 49 + 2

KKY252 no operator wild-type TUPI + SSN6 43 + 2

KKY253 no operator wild-type MATO2 110 + 8

KKY254 no operator A1-30 Vector 140 + 23

KKY255 no operator A1-30 TUPI 145 + 50

KKY256 no operator A1-30 SSN6 83 + 45

KKY257 no operator A 1-30 TUPI + SSN6 76 + 22

KKY258 no operator A 1-30 MATO.2 147 - 18

KKY259 + 0.2 operator wild-type Vector 0.08 + 0.01

KKY260 + 0.2 operator wild-type TUPI 0.06 + 0.01

KKY261 + 0.2 operator wild-type SSN6 0.20 + 0.04

KKY262 + 0.2 operator wild-type TUPI + SSN6 0.05 + 0.02
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KKY263

KKY264

KKY265

KKY266

KKY267

KKY268

+ 0.2 operator

+ O.2 operator

+ 0.2 operator

+ 0.2 operator

+ 0.2 operator

+ O.2 operator

wild-type

A1-30

A1–30

A1–30

A1-30

A1-30

MATO2

VeCtor

TUPI

SSN6

TUPI + SSN6

MATO2

0.14 + 0.05

0.51 + 0.03

0.34 + 0.05

0.45 + 0.01

0.20 + 0.01

0.69 + 0.02
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Table 9. Yeast strains

Strain name Genotype/Construction Reference

UKY403 MATa ade2-101 (och) arg-A-1 his34200 leu2-3 leu2-112 lys2-801 (43)

(amb) trp 1-A901 ura■ -52 thrº tyr hhfIA::HIS3 hhf2A::LEU2

/pUK421

PKY903 MATo ade2-101 (och) arg—1-1 his3A200 leu2-3 leu2-112 lys2-801 (43)

(amb) trp 1-A901 ura■ -52 thrº tyr hkflA::HIS3 hhf2A::LEU2/

pUK421

KKY165 UKY403 transformed with pKK8

KKY 166 UKY403 transformed with pKK10

KKY 167 UKY403 transformed with pKK794

KKY168 KKY165 transformed with pKK561

KKY169 KKY165 transformed with pKK563

KKY 170 KKY165 transformed with pKK564

KKY 171 KKY166 transformed with pKK561

KKY 172 KKY166 transformed with pKK563

KKY 173 KKY166 transformed with pKK564

KKY 174 KKY 167 transformed with pKK561

KKY 175 KKY 167 transformed with pKK563

KKY 176 KKY 167 transformed with pKK564

KKY 177 PKY903 transformed with pKK 8

KKY 178 PKY903 transformed with pKK 10

KKY 179 PKY903 transformed with pKK 794

KKY183 KKY 177x KKY168 and cured of puR421
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KKY184

KKY185

KKY 186

KKY187

KKY.188

KKY189

KKY190

KKY.191

RMY200

KKY 192

KKY 193

KKY 194

KKY 195

KKY 196

KKY197

KKY198

KKY199

KKY200

KKY201

KKY202

KKY203

KKY204

KKY205

KKY206

KKY207

KKY 177x KKY169 and cured of pukA21

KKY 177x KKY 170 and cured of puk/21

KKY 178 x KKY 171 and cured of puk&21

KKY 178 x KKY 172 and cured of pur(421

KKY 178 x KKY 173 and cured of puka,21

KKY 179 x KKY 174 and cured of pur(421

KKY 179 x KKY 175 and cured of puka,21

KKY 179 x KKY 176 and cured of puka,21

MATa ade2-101 (och) his3A201 lys 2-801 (amb) trp 1A901 ura■ -52 (59)

hht I, hhfIA::LEU2 hht2, hhf2A::HIS3/pRM200

RMY200 in which MATa has been replaced with mat/A::URA3

KKY192 in which matá::URA3 has been replaced with MATo.

RMY200 transformed with pKK792

RMY200 transformed with pKK793

KKY 193 transformed with pKK792

KKY 193 transformed with pKK793

KKY194 transformed with pKK795 and cured of pKM200

KKY195 transformed with pKK795 and cured of pRM200

KKY 196 transformed with pKK795 and cured of pRM200

KKY 197 transformed with pKK795 and cured of pRM200

KKY198 transformed with pKM200 and cured of pKK795

KKY198 transformed with pKM420 and cured of pKK795

KKY198 transformed with pKM430 and cured of pKK795

KKY199 transformed with pKM200 and cured of pKK795

KKY 199 transformed with pKM420 and cured of pKK795

KKY 199 transformed with pKM430 and cured of pKK795
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KKY208

KKY209

KKY210

KKY211

KKY212

KKY213

KKY214

KKY215

KKY216

KKY217

KKY218

KKY219

KKY222

KKY223

KKY224

KKY225

KKY226

KKY227

KKY228

KKY229

KKY238

KKY239

KKY240

KKY241

KKY242

KKY200 transformed with pKM200 and cured of pKK795

KKY200 transformed with pKM420 and cured of pKK795

KKY200 transformed with pKM430 and cured of pKK795

KKY201 transformed with pKM200 and cured of pKK795

KKY201 transformed with pKM420 and cured of pKK795

KKY201 transformed with pKM430 and cured of pKK795

KKY202 transformed with pKK797 and cured of pKM200

KKY205 transformed with pKK797 and cured of pKM200

KKY214 x KKY 196

KKY215 x KKY 197

KKY216 cured of pKM200

KKY217 cured of pKM200

KKY218 transformed with pKM200 and cured of pKK797

KKY218 transformed with pKM430 and cured of pKK797

KKY218 transformed with pKK826 and cured of pKK797

KKY218 transformed with pKK830 and cured of pKK797

KKY219 transformed with pKM200 and cured of pKK797

KKY219 transformed with pKM430 and cured of pKK797

KKY219 transformed with pKK826 and cured of pKK797

KKY219 transformed with pKK830 and cured of pKK797

PKY903 transformed with pKK559 and cured of puka,21

KKY238 that is hmlA::TRPI instead of HMLO.

KKY239 transformed with pKK806 (mfa2:lacz/LYS2)

KKY240 transformed with pKK840 and cured of pKK559

KKY240 transformed with pKK841 and cured of pKK559
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KKY243

KKY244

KKY245

KKY246

KKY247

KKY 248

KKY 249

KKY250

KKY251

KKY252

KKY253

KKY254

KKY255

KKY256

KKY257

KKY258

KKY259

KKY260

KKY261

KKY262

KKY263

KKY264

KKY265

KKY266

KKY267

PKY903 that is mat/A:: URA3 instead of MATO.

KKY243 transformed with pKK841 and cured of pKM421

KKY244 that is hml/A::TRPI instead of HMLO.

KKY245 transformed with pKK806 (mfa2:lacz/LYS2)

KKY243 transformed with pKK840

KKY247 transformed with pKK806 (mfa2:lacz/LYS2)

KKY208 transformed with YEp24

KKY208 transformed with TUPI/YEp24

KKY208 transformed with SSN6/YEp24

KKY208 transformed with TUPI+SSN6/YEp24

KKY208 transformed with oz/Yep24

KKY210 transformed with YEp24

KKY210 transformed with TUPI/YEp24

KKY210 transformed with SSN6/YEp24

KKY210 transformed with TUPI+SSN6/YEp24

KKY210 transformed with oz/Yep24

KKY211 transformed with YEp24

KKY211 transformed with TUPI/YEp24

KKY211 transformed with SSN6/YEp24

KKY211 transformed with TUP1+SSN6/YEp24

KKY211 transformed with oz/Yep24

KKY213 transformed with YEp24

KKY213 transformed with TUPI/YEp24

KKY213 transformed with SSN6/YEp24

KKY213 transformed with TUP1+SSN6/YEp24



KKY268

KKY269

KKY270

KKY274

KKY275

KKY276

KKY277

KKY281

KKY282

KKY283

KKY284

KKY285

KKY286

KKY287

KKY288

KKY289

KKY 290

KKY291

KKY292

KKY293

KKY300

KKY302

KKY332

KKY213 transformed with oz/Yep24

RMY200 transformed with pKK807 (mato.2:lacz/LYS2)

KKY269 transformed with pKK797 and cured of pKM200

KKY270 transformed with pKK836 and cured of pKM200

KKY270 transformed with pKK799 and cured of pKK797

KKY270 transformed with pKM430 and cured of pKK797

KKY270 transformed with pKK826 and cured of pKK797

KKY243 transformed with pKK 795 and cured of pur(421

KKY281 that is hmlA::TRPI instead of HMLO.

KKY282 transformed with pKK806 (mfa2:lacz/LYS2)

KKY283 transformed with pKK840

KKY283 transformed with pKK841

PKY903 transformed with pKK492

PKY903 transformed with pKK792

KKY286 transformed with MATa■ yIp5

KKY287 transformed with MATa/YIp5

KKY288 transformed with pKK840

KKY288 transformed with pKK841

KKY289 transformed with pKK840

KKY289 transformed with pKK841

RMY200 transformed with pKK792

RMY200 transformed with pnH165

KKY300x KKY308 cured of pKM200

160
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KKY 333

KKY336

KKY 337

KKY338

KKY 339

KKY342

KKY343

KKY344

KKY345

KKY 346

KKY347

KKY302 x KKY308 cured of pKM200

KKY332 transformed with pKM200 and cured of pKK842

KKY332 transformed with pKM430 and cured of pKK842

KKY333 transformed with pKM200 and cured of pKK842

KKY333 transformed with pKM430 and cured of pKK842

RMY200 transformed with pKK806 (integrating mfa2:lacz reporter)

KKY 193 transformed with pKK806 (integrating mfa2:lacz reporter)

KKY342 transformed with pKK797 and cured of pKM200

KKY342 transformed with pKK839 and cured of pKM200

KKY343 transformed with pKK797 and cured of pKM200

KKY343 transformed with pKK839 and cured of pKM200
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Table 10. Plasmids

Plasmid Description Source/Reference

pUK421 pGAL-HHF2/TRPI ARS CEN (47)

pKK8 cycl:lacz (no O2/Mcm1 operator)/URA3 integrating

Vector

pKK10 cycl:lacz + 0.2/Mcm1 operator between UAS and

TATA/URA3 integrating vector

pKK794 cycl:lacz + 0.2/Mcm1 operator upstream of UAS /URA3

integrating vector

pKK561 HHF2/HIS3 ARS CEN

pKK563 hhf2A4-23/HIS3 ARS CEN

pKK564 hhf2A4-19/HIS3 ARS CEN

pR490 ADE.2/pBR322 Beth Rockmill

pRM200 HHF2 HHT2/TRPI ARS CEN (59)

pRM420 HHF2 hht2A4-20/TRPI ARS CEN (59)

pRM430 HHF2 hht2A4-30/TRPI ARS CEN (59)

pKK798 hhf2A4-23 HHT2/TRPI ARS CEN

pKK803 hhf2A4-19 HHT2/TRPI ARS CEN
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pKK826

pKK830

pKK792

PKK793

pNH165

pKK795

pKK797

pKK836

pKK838

pKK839

pKK840

pKK841

pKK806

pKK807

YEp24

pFW28

plN113-3

pKK371

hhf2 (K120, K169) HHT2/TRPI ARS CEN

hhf2 (K120, K169) hht2A4-30/TRPI ARS CEN

cycl:lacz (no oz/Mcm 1 operator)/ADE2 integrating

Vector

cycl:lacz + 0.2/Mcm1 operator between UAS and

TATA/ADE2 integrating vector

cycl:lacz + two al/O2 operators between UAS and Nancy Hollingsworth

TATA/ADE2 integrating vector

hhf2A4-19 HHT2/URA3 ARS CEN

HHF2 HHT2/URA3 ARS CEN

hhf2 (K120, K169) HHT2/ URA3 ARS CEN

hhf2 (K12Q, K169) hht2A4-30/URA3 ARS CEN

HHF2 hht 2A4–30/URA3 ARS CEN

HHF2/ HIS3 ADE2 ARS CEN

hhf2A4-23/ HIS3 ADE2 ARS CEN

mfaz:lac2/LYS2 integrating plasmid

mato:2:lacz/LYS2 integrating plasmid

2 pum URA3 vector (5)

TUPI/YEp24 (107)

SSN6/YEp24 (82)

TUPI + SSN6/YEp24
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The Bomber of Civilions,
Or

"The Useless Propeller"
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It Soon become obvious thot
Siegfried wos no Heldentenor.

º
So he joined a "flying club"

CC

27
Plus he got to blow things up,

which wos o lot of fun. /

The Belgions were not
much of d chollenge &T

&
But they spoke French, which is redson enough to shoot someone

There once wos o boy nomed Siegfried
Siegmund Notung Sochs. People felt sorry
for him, but Siegfried knew that even if this
isn't the best of oll possible worlds, it con
olwoys get worse

After ol, his mother could hove hoc o
thing for Strouss.

ond got a plane with bombs ond wing guns ondo cool dir siren
thot he could use to score the shit out of people on the ground.

J cºnca was ºr rººt
Pakatºº ºn J

/

Tu-H p.

C3 2-&

Siegfried wos cuick to moke his presence known
omong the femole holf of the occupied
populotion.

Three of the women who succumbed to
his dubious chorms were Mignon, the
monoger of d sweet shop,

Roxonne, on duto mechonic
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and in need of a good invosion

ond Evo, o Porison Freudenmödchen who
found her country to be highly overtoted There woso worgoing on though, ond internationo

relationships of this sort were frowned upon. When
Alled officio's found out obout Siegfried ond Evo.

they cut off Evo's hoir os punishment for
colobo■ oting with the enemy

ond shot the propeller off of Siegfried's plone.

Since Siegfried hod never pold
oll that much ottention to ony
port of Evo obove her neck.
he didn't seem to mind her

bod hoircut. 7

But for Evo, the offoir wo; over. Without his plane.
Siegfried woso threat to no one ond something of
on embo■■ ossment to boot.

fwrkt Gonna "A";
ov1. Twt was M 1146.

On 1 Hi Sitgfauto
Linº f

Evo had always thought the English were even
more ridiculous than the French, but she found
herself making eyes oto RAF pilot who flew a
Spitfire

otriri'D
•N Frtnch

P.
he took to honging out in cheap cotes,
singing cheesy coboret tunes,

Siegfried wos berett Grounded ond unloved.

3 werdid be der latern:
5tehn. wie ein■ t Fl

ond writing sentimento drive

He was halfway through Chopter Two of his It was Eva sporting a sneer and a strongey Aryan
memoirs when disultry voice behind him sold. hoir color, neither of which Siegfried found

porticulo■■ y ofttoctive

"You don't expect
onyone to publish
that do you?"

blored Siegfried.

S3

r

*Hmf, snifted Siegfried, "Just woit. People are going to
"why bless my soul, if it isn't Lonel Trilling!" poy me to redd obout this. You think it's just d dumbstory obout on di■ plone, And it is. But ■ tolso hoppens

to be very well written!"

Germon of the some time." sold Evo.
wiping her foce. "It's most unpledsont."

"Redly, deor, you mustn't shout ondspeak

*Yes, your penmonship is lovely," noted Evo earnestly

"It's got irony, it's got foreshodowing.
it's got nicely rounded vowels ond
delicote turns of phrosing. It works
on so many levels."
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For instonce," he continued, "which Ponzer Division wos the first to
cross the Meuse?"
"The Seventh," onswered Evo.
"How mony years did it toke Friedrich der Grosse to slop Europe into
shope?"
"Seven."

"Con it possibly be a coincidence that there were seven blodes on
my plane's propeller before those domned Iommies shot it off?
It’so sign Götterdämmerung is approaching"

|Evo wossilent.

"Let me fill in that blonkstore of yours," said Siegfried in his most smugly
Teutonic monner. "Seven is a mogic number. Seven doys in the week.
seven wonders of the world, seven seos to soil, seven continents to
conquer."

whof's the highest level of heaven?
How mony tiers ore ind ziggurot?
How mony soges laid the foundation
for Gilgamesh's city? How many sins
ore deodly? For how mony years does
scobies moke you itch? How mony
yeors bod luck do you get for brecking
o mirror? How mony doors ore in
Bluebeord's costle? How mony veils
ore in Solome's donce? How mony
somuroi does it toke to soved village?

ow mony swons
ore o-swimming?
whot times six is
forty two? Jowohl,
mein Herr, you've
goto seven-wott
Leitmotiv blazing
through this Lebens
werk of yours

"Don't you love English?" mused Evo. "How you con give words
significance just by copitolizing their first letter God, Hedven, o
Medning. You con't do that with Germon nouns."

"Don't try to be clever,"sulked Siegfried. "It's perfectly easy to be
clever. And speaking of mein hoir, whof's with the Evo Brdun do?
I think you're just too blonde to opprecigte that there's o Meoning
here."

"I'll bet it's becouse those stupid Amis need to be told which nouns
ore proper. meon, hove you ever tried to toke on Americon
onywhere? No sense of propriety whotsoever,

"Schiø, they cont
even figure out
which hond you're
supposed to use to
hold your fork."

"Um Gottes willen, will you shut up?" shouted Siegfried. "I'm talking
obout life, the universe, and everything, and you're bobbling about
grommofond etiquettel This isn't just a story obout you ond my
di■ plane, Evo. It has brood implications."

"Oh, I suppose you could soy that," consoled Evo. "And you
could probably even convince people thot it's true. People
will believe olmost anything."

"But you know whot I think?" she osked.
"wos?"
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"Der Mondist wielder Mond. Dos stoles
Wir wollenhineingehen."

º

: Jºi.
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