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ANALYSIS OF THE SIN1 AND SIN2 GENE PRODUCTS AND THEIR ROLE IN

TRANSCRIPTIONAL REGULATION IN SACCHAROMYCES CEREVISIAE
by Warren David Kruger

ABSTRACT

The SIN1 and SIN2 genes of Saccharomyces cerevisiae were
initially identified as negative regulatory genes involved in the

precise transcriptional control of HQ. Mutation in either SIN1 or
SIN2 allows HO to be transcribed in the absence of certain SW|
activator genes. | show here that SIN1 and SIN2 mutations also
allow transcription from other enfeebled promoters. | have cloned
SIN1 and found it to be identical to a previously identified gene
SPT2. | analyzed the sequence of SIN1/SPT2 and found that the
predicted protein has similarity to mammalian HMG1, a non-histone
component of chromatin. The SIN1 protein is concentrated in the
nucleus and binds to DNA with no detectable sequence specificity,
thus exhibiting properties similar to HMG1. | have also cloned and
determined the sequence of SIN2 and discovered that it is identical
to HHTI1, one of the two yeast genes which code for histone H3.
These studies indicate that chromatin proteins are involved in
regulation of transcription in yeast.

Null mutations in either SIN1 or SIN2 have less of an effect on
HQ transcription than do certain point mutations. These point
mutations, but not null mutations, are semi-dominant. These
findings suggest that an altered form of these proteins can interfere
with wild-type protein function. Since SIN2, and probably SIN1, are
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members of functionally redundant gene families, these
observations suggest that dominant interfering mutations affecting
chromatin components can be used to assign jn vivg function to
these products.

We have examined in detail the role of SIN1 in regulating HO
transcription. HQ is transcribed only in mother cells during the late
G1 phase of the cell-cycle. This transcriptional control is achieved
by the interaction of two large cis-acting regulatory modules, URS1
and URS2, which provide signals necessary for mother/daughter and
cell-cycle control, respectively. | show here that mutations in SIN1
cause deregulated HQ transcription by allowing activation of URS2 in
the absence of URS1 activation. Based on these observations, |
propose that SIN1 function is normally required for proper
integration of the mother/daughter and cell-cycle control
information at HO.
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CHAPTER 1

INTRODUCTION



Introduction

The work described in the following chapters concerns the
analysis of SIN1 and SIN2, two genes that were initially identified
as negative regulators of HQ transcription in Saccharomyces
corevisiaa (Sternberg et al., 1987). At the beginning of these
studies, essentially all that was known about SIN1 and SIN2 was
that mutations in either gene allowed transcription of HQ in
circumstances in which it was normally not transcribed. My goal
was to determine how these negative regulators functioned. At this
time we entertained the hypothesis that the SIN1 and SIN2 gene
products acted to repress transcription by being part of or affecting
site-specific DNA-protein comblexes at HQO. As our studies
progressed a second possible hypothesis emerged: the SIN1 and SIN2
gene products could negatively regulate transcription by being part
of or influencing chromatin structure. It should be noted that these
two models are not mutually exclusive: site-specific DNA binding
proteins could repress transcription by altering chromatin structure
in the local vicinity. In this introduction | will set the stage for the
later chapters by discussing in more detail illustrations of both -
types. of .negative regulation of -transcription, .emphasizing:.examples
from Saccharomyces caravisiae.

How. transoription: workss..the current view - . . -

Before discussing negative regulation of transcription, | shall.
first discuss the‘ transcription process in the absence of negative
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regulation. The key player in the transcription process is the RNA
polymerase enzyme. Transcriptional regulation is the process of
getting this protein to initiate transcription on the correct DNA
sequence only during proper conditions at the right time. How is
this done?

In prokaryotes, this process is in part determined by the
polymerase molecule itself in combination with an auxiliary subunit
known as a sigma factor (see Stragier and Losick, 1990). The
polymerase-sigma complex recognizes specific DNA sequences at
the promoter, binds, undergoes a conformational change, and then
begins to transcribe. Different sigma factors control the ability of
the polymerase-sigma complex to recognize specific DNA sequences
at the promoter. Thus the availability of different sigma factors
and the promoter sequence determines what genes are transcribed.

Site-specific DNA binding proteins also play a role in the
regulation of prokaryotic transcription. For example, the catabolic
gene activator protein-cAMP complex (CAP-cAMP) binds to specific
DNA sequences in several bacterial promoters and stimulates
transcription (see Reznikoff et al., 1985). The mechanism by which
CAP-cAMP stimulates transcription seems to depend on the
promoter context .At the ga].&]_ promoter CAP cAMP mcreases the
rate of the conformatnonal change in polymerase from the open to
the closed form (Herbert et al 1986) \vl/he'reas at the lac promoter
CAP cAMP mcreases the bmdmg affrmty of polymerase to the '
promoter (Straney et aI 1989) There are also many examples of
negative regulatlon of transcnptlon by sute specuflc DNA bmdmg

proteins in prokaryotes which are descnbed in the next section
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Site-specific DNA binding proteins also play an important role
in transcriptional control in eukaryotes. The sites to which these
proteins bind are found in transcriptional control regions know as
enhancers in higher eukaryotes or upstream activation sequences
(UAS) in yeast. Enhancers and UAS elements are functionally defined
by their ability to increase transcription from nearby promoters. It
is thought that the proteins which bind to these sites somehow
interact with other proteins in the general transcription machinery.
This general machinery (for genes transcribed by RNA polymerase |I
(Pol 1)) consists of the RNA polymerase Il enzyme as well as at
least six other auxiliary transcription factors (see Kadonaga, 1990).
Among these auxiliary factors is TFIID, the so-called TATA binding
protein. TFIID binds A-T rich sequences that are found near the
transcriptional initiation point for most Pol Il transcribed genes.
Studies show that the first step in creating an initiation complex
for RNA polymerase |l is binding of TFIID to the TATA sequences.
Later, TFIIA, TFIIB, Pol Il, and TFIIE/F bind respectively (Buratowski
et al., 1989).

Because TFIID binding is rate limiting in vitrg, it has been
proposed that enhancer- or UAS-binding proteins may work by aiding
TFIID binding.-in ¥iva -(Meisterernst and Roeder,. 1990). One idea is
that the . DNA sequences between the UAS and the. -TATA are .looped-
out in. order . for- factors bound.upstream to. help \stabilize TFIID. ...
binding by direct-or.indiract. contact. Recent experiments hava
shown that one. upstream activator protein, VP16, binds to TFIID
with -high affinity in yitrg, lending support. to- this model - (Stringer
and Greenblatt, 1990). However, as VP16 also binds with high
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affinity to TFIIB jn yitro, it is unclear which contact is important
for activation (Lin and Green, 1991). It should be noted that in vitro
most genes do not require upstream activators to initiate
transcription, but in yivo they do. This observation suggests the
presence of some inhibitory factors in vivo.

In the following sections this overview will provide a
framework to help understand some of the potential mechanisms of

negative regulation.

Negative regulation by site-specific DNA binding proteins.
There are many examples of negative regulation by site-
specific DNA binding proteins in bacteria. In these cases negative
regulation is thought to occur by steric hindrance of the polymerase
binding site at the promoter. Binding sites (operators) for repressor
proteins are located within promoters. When the repressor protein
is present RNA polymerase cannot bind; therefore transcription can
not occur. Examples of this mechanism occur at the Pr promoter by
A repressor and cro (see Ptashne 1987; Ptashne et al., 1980; Gussin
et al., 1983), in the regulation of SOS genes by LexA (see Gottesman
1984), and in the regulation of |lac P> promoter by cAMP receptor

protein (Reznikoff 1978; Malan and Mclure, 1984).

In eukaryotes there are two potential targets for negative
regulation: the RNA polymerase and associategl proteins (i.e. general
transcription machinery) and the upstream activator. proteins., An .
example of negative regulation of an upstream actiyatpr protein
occurs-.in the interaction between the GAL4 and GAL8O proteins of
yeast.. . The GAL4 activator, which binds to a 17-basepair sequence
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located upstream of many galactose inducible genes, is active only
when cells are grown in galactose (West et al., 1984; Giniger et al.,
1985). In the absence of galactose, negative regulation of GAL4 is
brought about by interaction with the negative regulator GALSO.
Mutations in the GAL8Q gene lead to constitutive activity of GAL4
(Nogi et al., 1977; Periman and Hopper, 1979). The GAL80 protein
has been shown to bind to the C-terminal end of GAL4 (Lue et al.,
1987; Johnston et al., 1987; Ma and Ptashne, 1987). The GAL80
protein appears constitutively bound to GAL4 but inhibits GAL4
activity only in the absence of galactose, possibly by undergoing a
conformational change (Parthun and Jaehning 1990; Chasman and
Kornberg, 1990). GALS80O can negatively regulate the UAS activity of
GAL4 binding sites but not other UAS sequences located nearby (see
Struhl, 1985, Table 2; E. Giniger, unpublished). These observations
suggest that GAL80 works by binding to GAL4 and "masking" its
activation sequences, thus preventing them from contacting their
normal targets.

In the above example the negative regulation is specific to a
single activator protein. Other repression mechanisms can act on
several different activators. An example of this occurs in the
repression of a-specific gene transcription by the MATa2 gene
product in yeast. The MATa2 gene product represses transcription
through a 32-basepair operator $equence- found upstream of all a-
specific genes (Johnson and Heérskowitz, 1985; Wilson and
Herskowitz, 1986). This operator $equence can repress -
transcription -from many different UAS sequences when placed either
between UAS and TATA sequencss, o when placed as far as a few
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hundred basepairs upstream of a UAS (Johnson and Herskowitz,

1985; Caroline Goutte, personal communication). The ability of the
a2 operator to function from a variety of locations suggests that the
a2 protein does not act by sterically hindering RNA polymerase
binding.

- The a2 protein binds to the a2 operator cooperatively with the
MCM1 protein jn vitra (Johnson and Herskowitz, 1985; Keleher and
Johnson, 1987; Keleher et al., 1989). Mutations in either MATa2 or
MCM1 abolish repression by these operator sequences in yivo,
indicating that both proteins are required for repression (Hall and
Johnson, 1987; Elble et al., submitted). Studies examining the
effects of a2-MCM1 on the binding of the site-specific activator
protein GAL4 show that the operator does not interfere with GAL4
binding in vivo (Micheal Redd, 'personal communication). Thus a2-
MCM1 does not appear to work by preventing site-specific activators
from binding. This observation implies that a2-MCM1 affects some
step downstream of activator binding in the transcription process.
For example, it may interfere with the ability of the activator to
contact the general transcription machinery or the ability of the
general transcription machinery to bind to DNA.

Although repression by the a2 operator can wark from a short
distance away from a UAS, repression by-the silencers at HMR and
HML can function over much greater distances. lSite-specific_ DNA
binding proteins play an important role in this type of repression.
Normally, genes located at HMRB or HML are not expressed due to the
actions of cis-acting silencar DNA sequences logcated nearby called E
(Brand et al.,, 1985). The E sequences are able to repress
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transcription of heterologous genes from distances as far as 2.5kb
away (Schnell and Rine, 1986; Brand et al., 1985; Buchman et al.,
1987; Shore and Nasmyth, 1987; Shore et al., 1987). The E region is
composed of three distinct regulatory elements, called A, E, and B
(Brand, 1986; Brand et al., 1987). These three elements appear to be
functionally redundant: mutation in any one does not destroy silencer
activity, but mutation in any two does. Site-specific DNA binding
proteins have been detected binding to all three of these elements
(Shore et al., 1987; Kimmerly et al., 1988). One of these site-
specific binding factors has been cloned and codes for an essential
protein named RAP1. An allele of BAP1 has been described which
causes derepression of the silent loci, indicating that RAP1 is
important for silencing (Kurtz and Shore, 1991). Thus at least one
site-specific DNA binding protein is essential for silencing. | will

discuss silencing further in the next section.

Negative regulation by chromatin structure: overview.
Chromatin refers to the complex of DNA and proteins found in
the chromosomes of eukaryotes. The main protein components of
chromatin are the histone proteins which form the nucleosome
particle, and HMG proteins which are non-histone components of
chromatin. | distinguish between chromatin proteins and site-
specific transcription factors by the former's lack of site-specific
DNA binding, relatively low DNA-binding affinity, and high abundance
(see Albérts et al). It is thought that the primary role of chromatin
proteins is to "package” the DNA so it will fit into the confining
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space of the nucleus. As described below, a second function may be
to help regulate transcription.

In thinking about the role of chromatin proteins in
transcription it is important to realize that the most of the DNA in
the cell is complexed with chromatin proteins. One might imagine
two mechanisms by which chromatin proteins could negatively
influence transcription: (1) they could interfere or compete with
DNA binding by activator proteins or the general transcription
machinery; or (2) they could interfere with protein-protein contacts
between bound upstream activators and the general transcription
machinery. In the following sections | will describe evidence which
supports the idea that chromatin proteins, in particular histones,

negatively regulate transcription.

The absence of chromatin proteins correlates with
increased transcription

In eukaryotes changes in chromatin structure of individual
genes have been correlated with expression. In Drosophila it has
been noted that genes which are transposed by chromosomal
rearrangement to locations in or near heterochromatin have reduced
expression (Baker, 1968; Spofford, 1983). Heterochromatin refers
to the regions of the chromosome which are highly condensed or have
a more compacted chromatin structure. Similarly, mammalian genes
located on the highly condensed X-chromosome in females, known as
the Barr body, are not expressed (see Gartler et al.,1983). These
observations suggest that certain higher ordered chromatin

structures can repress transcription.
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It is possible to examine the chromatin structure of individual
genes by examining their nuclease sensitivity. Nucleases, such as
micrococcal nuclease, are only able to cleave naked DNA and not DNA
complexed with other proteins. In general, it has been observed that
genes that are not expressed have a more micrococcal nuclease
resistant chromatin structure then expressed genes. In yeast it has
been observed that chromatin at promoters of repressed genes is
more resistant to cleavage by micrococcal nuclease than chromatin
at promoters of transcribed genes (see Perez-Ortin, 1989). One
example of this occurs at the PHQOS promoter in yeast. The PHQS
gene, which codes for a secreted acid phosphatase, is transcribed
only in cells grown in media containing low levels of inorganic
phosphate (Bergman et al., 1986). In repressing conditions (high
levels of inorganic phosphate), there are six precisely positioned
nucleosomes covering the upstream regulatory sequences of PHQS.
Upon induction, four of these nucleosomes are removed (Almer et al.,
1986). Two site specific activator proteins, PHO2 and PHO4, are
required for this change in chromatin structure to occur (Fascher et
al.,, 1990). However, these observations do not allow determination
of whether changing chromatin structure allows transcription or
whether transcriptioh causes cHanges in' chromatin structure.

LS IR PO S PR S L T 4 \ it

-

Chromatin' represses transcription in vivo

- Recently, i,nm"e'vidence has emerged that supports the view
that chromatin proteins negatively regulate transcription. The first
example of this was described for a HIS4 gene in yeast in which
transcription had been reduced by the insertion of a d element in its
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upstream regulatory sequence. The & element insertion, resulting
from Ty insertion followed by subsequent excision, causes a large
reduction in transcription from the normal promoter of the HIS4
gene. In the labs of Gerry Fink and Fred Winston, mutations were
isolated in genes (called SPT genes) which restored transcription of
HiS4 (Winston et al., 1984; Fassler and Winston, 1988). Two of these
genes, SPT11 and SPT12, were shown to be the same as HTA1 and
HIB1, two of the structural genes coding for histone proteins H2A
and H2B (Clark-Adams et al., 1988). Experiments examining the
dosage effects of the various histone genes suggested that altering
the ratio of H2A-H2B dimers to H3-H4 dimers was sufficient to
account for the SPT phenotype (Clarke-Adams et al., 1988; Sherwood
and Osley, submitted). Additional studies showed that chromatin
structure, as judged by nuclease sensitivity, was indeed altered in
cells carrying either deletions or duplications of genes coding for
H2A and H2B (Norris et al., 1988). These studies indicate that
alterations of chromatin structure can cause derepression of
transcription from from some promoters in yeast.

The mechanism of repression of the silent mating loci, HMRB
and HML, also suggests an important role for chromatin. Nuclease
sensitivity studies have suggested that the chromatin structure at
HML is different than the chromatin structure of the same DNA
sequences at MAT (Nasmyth 1982) Recently genetlc experiments
have conflrmed that chromatm plays an |mportant role in silencing.
In cells which produce a hustone H4 proteun Iackmg its N-terminal
residues, HML and HMR are derepressed (Kayne et al., 1988). Further
studies have specifically implicated lysine residues in this region

11



as being critical for repression (Johnson et al., 1990). Four genes,
SIR1-S1R4, have been shown to be required for silencing, but their
biochemical role is still unknown (Rine and Herskowitz, 1987).
Mutations in the SIR genes do not affect any of the site-specific DNA
binding activities described earlier (Buchman et al., 1988). One of
the SIR genes, SIR3, may be involved in influencing chromatin
structure as extragenic suppressors of the lysine mutations in
histone H4 described above map to SIR3 (Johnson et al.,, 1990). Thus
studies on silencing indicate that both site-specific DNA binding
proteins and chromatin structure are involved. It is thought that the
site-specific proteins somehow demarcate a "chromatin domain",
which has a unique chromatin structure. How these site specific
proteins influence the surrounding chromatin is unknown.

Recent evidence suggests that negative regulation of
transcription by chromatin occurs at almost all yeast promoters.
Experiments in which nucleosomes have been depleted in cells by
genetic means have shown that a wide variety of promoters are
activated even when their upstream activating sequences have been
deleted (Han and Grunstein, 1988; Han et al., 1988). These UASless
genes are transcribed at about 10-15% of their fully induced level.
Theseexperiments suggest that basal level transcription is
normally repressed by nucleosomes. These findings are cdnsistent
with the idea. that one of the roles of UAS- binding factors may be to
overcome repression. by nucleosomes.

Histones can repress transcription . in vitro - -

12



Studies on the effect of histones on transcription in yitro are
consistent with the in vivo studies. Specifically, nucleosomes
repress transcription jn yitrg. Studies on both class |l (transcribed
by RNA polymerase Il) and class Ill genes (transcribed by RNA
polymerase lll) have demonstrated that chromatin-associated DNA
templates are unable to be transcribed unless first incubated with
specific transcription factors. For example, transcription factor
TFIID allows jn yitro transcription of the adenovirus major late
promoter only if added before the template is assembled into
nucleosomes (Workman and Roeder, 1987). Analogous results have
been observed for TFIIIA in the transcription of 5S RNA genes in
vitro (see Brown, 1984). These results show that chromatin can
repress transcription jn yitrg by competing for DNA binding sites
with transcription factors. Using extracts in which transcription
and nucleosome assembly occur simultaneously, it has been observed
that USF, an upstream activator protein, stimulates transcription
better in the presence of histones th@n in their absence. The above
result is seen because induced transcription (i.e. in the presence of
USF) is repressed less efficiently by histones then is basal
transcription (Workman et al., 1990). This observation suggests one
of the functions of upstream factors may be to overcome repression
by ct;'ro!mautiun. | | .

. . )
1 4 PR

Négative regulation of transcription can involve two different
types of proteins; proteins involved in site-specific DNA binding and

chromatin proteins. In the following chapters | will show an
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analysis of the negative regulators encoded by SIN1 and SIN2 and
their role in regulating transcription of a variety of genes in yeast,
emphasizing their role in the regulation of HQ. This analysis will
demonstrate that these two proteins are chromatin proteins and that
their normal function is required for proper transcriptional
regulation. These studies reinforce the role of chromatin in the

process of transcriptional regulation.
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CHAPTER 2

A NEGATIVE REGULATOR OF HQ TRANSCRIPTION, SIN1 (SPT2), IS A
NONSPECIFIC DNA-BINDING PROTEIN RELATED TO HMG1

Warren Kruger and lra Herskowitz

(To be published in Molecular and Cellular Biology, August, 1991)
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Abstract

The SIN1 gene was initially identified because mutations in
SIN1 bypass the need for SWI1 to activate transcription of the yeast
HQO gene. We show here that transcription of HQ in swii- sini- cells
efficiently utilizes the normal start site. We have cloned SIN1 and
found that it is identical to the previously identified gene SPT2,
mutations in which allow transcription from certain mutated
regulatory regions. The predicted SIN1/SPT2 protein has a
distinctive amino acid composition (45% charged residues, 25%
basic and 20% acidic) and has similarity to the mammalian HMG1
protein, a non-histone component of chromatin. We show that SIN1
is concentrated in the nucleus and binds to DNA with little or no
sequence specificity in yitrg. It thus exhibits properties of an HMG
protein. Addition of random DNA segments to a test promoter alters
regulation by SIN1 in a manner similar to addition of a segment from
the HQ upstream region. Functional analysis of certain SIN1
mutations suggests that SIN1 may be part of a multiprotein complex.
Based on these results, we propose that SIN1 is a non-histone
component of chromatin which creates the proper context for
transcription. Because sinl mutants exhibit increased loss of
c,hromo,soqne‘. iU, SIN1 may also play a role in fidelity of chromosome
segregation. T
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Introduction
The Saccharomyces caravisiae HO gene provides an

opportunity to study how multiple inputs regulate gene expression.
HQO encodes a site-specific endonuclease necessary for initiation of
mating-type interconversion (20), the process by which yeast cells
convert between a and a cell types. Regulation of this process is
determined by transcriptional control of HQ (for review see 13). HQ
is expressed only in a and a cells, only in mother cells, and only
during the late G1 phase of the cell cycle (17, 31). Transcription of
HQ is controlled by a regulatory region that extends 1400 bp
upstream of the transcription start site and is functionally divided
into two sub-regions, URS1 and URS2 (32,33). URS1 is responsible
for mother/daughter regulation .of HQ (32, 53), whereas URS2 is
responsible for cell-cycle control (33). URS2 contains 10 copies of
a repeated sequence (PUNNPyCACGAAAA, the cell-cycle box, CCB),
which is sufficient to act as a UAS and confer cell-cycle-regulated
transcription in a test plasmid (2, 1).

| Six genes (SWI1-SWI6) that are required for transcription of
HQ and five genes (SIN1-SINS) that may code for negative regulators
have been identified (51, 53, 2). The SIN1.-gene was. identified
because mutations.in it relieve the requirement. of SWi1 for HO -
transcription and thus render HQ SW|-independent (53). We have
shown that the sini- mutation allows the CCB elements in URS2 to
function as a UAS (23; see 13 for review). We propose that in wild-
type strains, -SIN1 prevents the CCB.elements from functioning as a

27



UAS until appropriate conditions are satisfied (i.e. mother cells in
G1).

We show here that SIN1 is identical to SPT2, a gene
identified because mutations in it restore expression to promoters
inactivated by insertion of a Ty or § element (58, 8). The predicted
SIN1/SPT2 protein contains sequence similarity with the
mammalian HMG1 protein, a non-histone component of chromatin.
The SIN1 protein, like HMG1, is located in the nucleus and binds DNA
in yitro with little or no sequence specificity. As an in vivo
correlate, we demonstrate that promoters containing either URS2
sequences or random DNA sequences show similar SIN1-dependent
regulation. We also show that sin1- mutations restore HQ
transcription at the wild-type start site and cause an increased loss
of chromosome I|ll. Finally, we present genetic evidence that
suggests that SIN1 may be part of a multi-protein complex. Based
on these observations, we propose that SIN1 is a non-histone
component of chromatin that creates the proper chromatin context

for transcription.

Materials and Methoda

Genetic analysls
. vt o
Genetrc methods were performed as descrrbed (51 and
references therern) Matrng tests and pheromone productlon assays

were done as descrrbed (50 51)

Strai:ns
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The strains used in this study are presented in Table 1. The
swilA and swiSA alleles were constructed in vitro by Michael Stern
from cloned SWI1 and SWIS genes (52). Both alleles are marked
with LEU2. The siniA allele is marked by TRP1. The HQ-lacZ fusion
allele (43) was used to score HQ activity in crosses. Tester strains
for a-factor and a-factor assays were: RC757 (a gst2) and XMB4-
12B (a barl). The mating testers were 1793 (a lysi) and 227 (a
lys1). The chromosome loss tester was 333 (a thr4 lys2).

Cloning SIN1 and gin1-2

We failed in several attempts to find a plasmid able to
complement a sinil- mutant in existing libraries and thereby
entertained the possiblity that a DNA segment containing SIN1 may
be lethal in E. coli. This proved to be the case: SIN1 is adjacent to
the BAD4 gene, which has been shown to cause lethality in E. coli (9).
In order to circumvent this problem, we used a genomic library that
was used to transform yeast directly after ligation jn yitrg. The
genomic library was constructed by EcoRl partial digestion of total
yeast DNA from strain XJJ10-8B (MATq ade2 his4 leu2 ura3-52 lys2
nai6-1 HOL1; a gift from Joe Couto) and ligated into the EcoRI site
of pMR366 (obtained from Mark Rose), a vector similar to YCp50 but
containing the pSC101 origin which is’ maintained at low copy in
bacteria. The ligétién mix was used 'diredtly“ to transform yéast |
strain WK9A-4b, and 5000 colénies were then screened by filter:
assay for white colories. Two strains' that formed white' Golonies

,,,,,

isolated from tHese transformants and used to transform ‘E. coli -
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(MH6). Only one colony was obtained upon transformation, from
which DNA was isolated and used to retransform WK9A-4b. This
DNA (pSIN1) was capable of complementing both WK9A-4b (swiSA
sini-2) and WK1-1c (swilA sin1-2). Sequence analysis of a portion
of pSIN1 showed that the RAD4 gene had been inactivated by
insertion of a bacterial Tn1Q element, while the plasmid was
propagated in E. coli.

In order to confirm that pSIN1 actually contained the SIN1
locus, a 5 kb EcoRl| fragment from pSIN1 was sub-cloned into Yip5,
forming plasmid pYIpRI, linearized within the insert at a unique
Bglll site, and used to transform WK9A-4b. A cross was then
performed between this strain and WK10-1a (swiSA SIN1+) to see if
URA3 was linked to sin1-2. Upon dissection of ten tetrads, nine
were parental ditype and one was a tetratype, indicating tight
linkage between the cloned fragment and sini-2.

The sin1-2 allele was cloned by gap repair (36) of a SIN1-
containing plasmid in a sin1-2 strain. An Sphi- EcoRl fragment
containing SIN1 inserted in pMR366 (pASph) (see Figure 4c) was
digested with Xbal and Hindlll, releasing the 3' end of the.SJ_NJ_ gene.
This linear plasmid was then used to transform WKi-1¢, and
colonies -were- screened for-B-galactosidase -activity. - 53 of 154
colonies were blue: indicdting that the plasmid hat"beenrepaired by
the sint-2 locus.* Plasmid§ frdm four independent transfrrhdnts
contained identical inseftd as'’ judged by restriction mapping.' On¢g’

A N e Rl

representatwe was desigriated pSm‘l-z

Construction of a gin1 deletion allele
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A 3 kb Sphl-EcoRl fragment containing SIN1 (see Figure 4c)
was cloned into pUC18 (pUC-SIN1). This plasmid was then digested
with Xbal and Hindlll and the §' overhangs were filled in by T4 DNA
polymerase. An EcoRI| fragment containing the TRP1 gene previously
cloned into pUC18 (pUC18:TRP1, Bruce Patterson, unpublished) was
digested with Xbal and Hindlll, which released the TRP1 gene as well
as surrounding polylinker sequences. The ends of the released
fragment were filled in with T4 DNA polymerase and then inserted
into the digested pUC-SIN1. This plasmid, pUC-SIN1-TRP1, was
digested with Pstl, which eliminated more of the SIN1 coding region,
and was recircularized. The resulting construct, pUC-SIN1A-TRP1,
lacks 292 of the 333 amino acids of SIN1 (see Figure 4c). The
EcoRl-Sphl fragment of this construction was isolated and used to
introduce the siniA allele into different strains. All gene
replacements were done as described (36) and were confirmed by
Southern hybridization.

Plasmids

For the experiments described in Table 3, pBA147 (gift of
Brenda Andrews) was cut with Bglll, treated with calf intestinal
phosphatase, and 'subsequently ligated to total A DNA cut with |
S_au,aA Ten plasmlds were "analyzed for insert size by cleavage wuth
Xhol and EcoRl followed by PAGE (polyacrylamide.gei
electrophoresus) pBA147 was made by inserting the B.EAB.S. UAS! (
299 to -177) at posmon 178" upstream of me_LagZ as descnbed
in (23) 3 |
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The constructs used in Table 4 were created according to
(1), except for P2-1, which was constructed by Joe Ogas. In this
case, the CCB elements were first multimerized into the Xhol site of
pUC18-Bgl2, which contains the pUC polylinker flanked by two Bglll
sites (Brenda Andrews, unpublished). The Bglll fragment was then
subcloned into pASS-Bgl, which is pASS (10) with a Bglll linker
inserted into the Sall site (A. Mitchell, unpublished).

A plasmid which produced a truncated form of SIN1 missing
its first 43 amino acids was produced as follows. Two primers (5'-
GCATGCGTTGACAA-AGCGGAGGAAG; 5-
CTGCAGGCATAACTAAAATATTTCACT) were used to PCR amplify the
promoter region and the start codon of SIN1. This fragment was
then used to replace the Pstl and Sphl.fragment from pASph. This
plasmid is identical to pASph except that amino acids 2-51 of SIN1
are missing. This plasmid was tested for function by

transformation into WK1-4d, followed by filter B-galactosidase

assay.

Preparation of SIN1 antibodies

A Pstl-EcoRl fragment from SIN1 was cloned into pATH21 (a
gift of TJ Koerner and A. Tzagaloff) Synthesrs of the hybrrd
protein was unduced wuth mdoleacryluc acud and purmed essentrally
as prevuously descnbed (19)“ \"I'he proteun was |solated by gel
electrophoresrs and electroeluted protern was used to |mmun|ze
rabbrts (Babco Inc Berkeley, CA). Antubodues were affrmty purmed

against bactenally produced TrpE- SIN1 accordrng to (49)
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Immunofluorescence

WK30-5¢ and WK30-1b were fixed, and immunofluorescence
was performed essentially according to (12). Rhodamine-labelled
goat anti-rabbit antibodies were obtained from Cappell Inc. (Trenton
N.J.).

Immunoprecipitation assays

Cells producing either TrpE or TrpE-SlNi were induced as
above and then resuspended ir{ 1/50 the initial volume in cold buffer
A (100 mM Tris-HCI pH 8, 200 mM KCI, 1 mM EDTA, 0.1 mM DTT, 5%
glycerol). Cells were then lysed by sonication, and the insoluble
material was removed by centrifugation at 13,000 x g for 20 min.
Extracts were then frozen at -70° C.

S. aureus cells were coupled to antibodies as in (18). Anti-
TrpE antiserum was provided by Brenda Andrews. Anti-a2 antiserum
was provided by Cynthia Keleher.

For binding reactions, 10 ul of antibody-coupled S. aureus
cells were added to 25 ul of buffer B (25 mM Tris pH 7.0, 2 mM EGTA,
150 mM NaCl, 1% NP-40) and 5 ul of appropriate protein extract
containing approximately 1ug of TrpE or TrpE-SIN1. After 30 min. on
ice, S.'aureus cells were collected by centrifugation and washed
once with buffér A containing 0.5 M NaCl and once With 'buffer B.
Cells were then tesuspended in' buffér C (20 mM Tris pH 7.5, 50 mM
NaCl, 0.25 mM EDTA, 1 mM DTT, 10% glycefolj and approximately 5 ng
of radiolabeled DNA: was added, as well as any competitor DNA if
indicated. ' After 30 min. on ice, S. auraus cells were pelleted and
washed once with Buffer C, and then any bound DNA was purified
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away from the cells by phenol/chloroform extraction and ethanol
precipitation. Products were visualized by electrophoresis through
a 5% TBE gel followed by autoradiography. For a2 binding, the same
procedure was used except instead of bacterial protein extracts,

purified protein was added (a gift of Arkady Mak).

Assaying p-galactosidase
B-galactosidase assays of cells grown in culture were

performed as described (51, 28). Colonies were assayed for -

galactosidase by replica plating to filters as described in (1).

Primer extensions |

Primer extensiohs were performed using a modified version
of the protocol described in (26). The primer used to assay the HQ
transcript was 5' GGGATCTAACCTACCAG-GTTCACC. The primer used
to assay the URA3 transcript was S’CGTGCATGATATTAAATAGC.
Hybridization for HQ was at 60°C for one hr; for UBRA3, at 55°C for
one hr. AMV reverse transcriptase supplied by Boehringer Mannheim

(Indianapolis, IN) was used.

COmputer slmllarlty search 2 .

, A FASTP program (25) was utlhzed to search for sequences
sumllar to SPT2/SIN1.  The_highest optimized similarity score was.
observed.betweep S|N1 and bovine HMG1. The region of similarity
contains 20.4% idee,t_ity te.pqreine“a‘ng'vbov.ine HM¢1 over 191 amino
acids of S.INV1. In e;:c;ef o assess t!h%e\ ,ste_tie‘t_ica'lr,s‘ignificaqce of the
FASTP score, we ran the RDF2 progrem, which randomizes the region
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of SIN1 similar to HMG1 and recalculates the FASTP similarity
score. The original score was 4.81 SD away from the mean of the
random scores obtained in two hundred randomizations.

Determining the percentile rank of charged residues in SIN1
relative to the rest of the proteins in the NBRF database was done by
a search program developed by Robin Colgrove and Eric Fauman,

which is available on request.

Results
Cloning and sequence examination of SIN1

The SIN1 gene was cloned by screening a low copy number
yeast genomic library for plasmids able to complement a sini-2
mutation. The starting strain, of genotype swiSA sin1-2 HO-lacZ,
forms blue colonies on filters (see Materials and Methods), because
the sin1-2 mutation allows transcription of HQ in the absence of
SWIS. In contrast, a strain that. contains a complementing SIN1
plasmid should form white colonies. One plasmid, containing a 22 kb
insert, was recovered which produced this phenotype. In order to
ascertain whether the complementing plasmid actually contains
SIN1, a 5 kb internal fragment was sub-cloned into Yip5 and
integrated. inta the. chromosgme.by homolagqus: recombination. : .
Tetrad analysis shawed the: plasmid to be;integrated at the. SINY .,
locys :(see Materials and Metheds) and: thetefore..confirmed that the
ingert contains SINt. - The same DNA fragment was used as a«probe
on a:blot of separated yeast chromosomes -(45), ‘which indicated that
SIN1 mapped.to-chromosome V. (data not shown).
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In the course of studying the sini1-2 mutation, we discovered
an additional phenotype. In particular, we observed that sin1-2 was
able to suppress the lys2-128% mutation, an insertion of the 330 bp
3 element in the 5' coding region of LYS2 (47, data not shown). The
sin1-2 mutation thus exhibited the phenotype of spt mutations,
which suppress transcription defects due to insertion of Ty and &
elements in and near promoters. Several observations indicate that
SIN1 is identical to SPT2. First, both are located on chromosome V
and have similar restriction maps (58, 40, data not shown). Second,
sini1-2 and spt2-150 segregate as alleles: sporulation of -a diploid
formed by mating a spt2-150 strain (WK28-7a) to a sin1-2 strain
(WK21-1d) yielded 20 tetrads in which all four of the spores were
Sin-. Third, limited nucleotide sequence analysis from the cloned
SIN1 gene was identical to the published SPT2 sequence (data not
shown). From these analyses, we conclude that SIN1 and SPT2 are
identical. 7

SIN1/SPT2 contains an open reading frame of 333 codons
encoding a polypeptide that is extremely hydrophilic and highly
charged (40). The predicted sequence contains 25% basic residues
and 20% acidic residues, with the acidic residues tending to be
clustered rn two long acldrc stretches An examtnatlon of the NBRF
database (as of November 1990) revealed that SIN1/SPT2 was among
the top 1% of all the entries in percentage of charged resrdues (data
not shown see Matenals and Methods) Thrs group of hughly charged
protems was prlmarlly composed of vanous protamlnes, hrstones,
and HMG protems of thrs group only the HMG protems are nch in
both basrc and acrdrc resrdues
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We searched for sequences similar to SIN1/SPT2 in the
protein database (25, see Materials and Methods) and found that
SIN1/SPT2 has statistically significant sequence similarity to
mammalian HMG1 proteins. This similarity extends over 191 amino
acids in the C-terminal half of the predicted SIN1/SPT2 protein.
20% of the residues in SIN1/SPT2 are identical to porcine and bovine
HMG1. Figure 1 shows the sequence alignment of this portion of
SIN1 and an evolutionary cross-section of HMG1-like proteins from
pig, trout, yeast, and Tetrahymena which reveals significant regions
of similarity. 38% of the residues in this 191 amino-acid segment
are similar to at least one of the other proteins. The unusual overall
charge profile of SIN1, as well as the similarity between SIN1 and
HMG1 and the indicate that SIN1 is an HMG1-like protein.

Nuclear concentration of SIN1

To determine whether SIN1 is concentrated in the nucleus,
as expected for an HMG-like protein, we carried out | R
immunofluorescence analysis using affinity-purified antibodies
directed against SIN1 (see Materials and Methods). Cells were co-
stained with anti-SIN1 antibodies to visualize SIN1 location and
wuth DAPI to vnsuallze the nucleus As can be seen in Figure 2,
nuclear stammg wuth the antlbody is vusuble m S_LN_L cells and not in
cells carrymg a deletlon of S_I_NJ_ (see Matenals and Methods)
Sumular results were obtamed using antibodies agamst [3-
galactosndase to locallze a SIN1 LacZ hybrld that contams all but
the C-termmal segment of SIN1 fused to LacZ (data not shown)
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Although the antibody staining of SIN1 is somewhat diffuse, these

observations show that SIN1 is concentrated in the nucleus.

TrpE-SIN1 binds non-specifically to DNA

We next examined the ability of SIN1 to bind to DNA. Our
experiments were performed using a TrpE-SIN1 fusion protein
containing the C-terminal 282 amino-acid segment of SIN1 fused to
the C-terminus of the bacterial TrpE protein. We have shown that
this segment of SIN1 is able to6 complement a sini- mutation in vivo
(data not shown; see Materials and Methods). Extracts wére prepared
from bacteria that produced either the TrpE-SIN1 hybrid or TrpE.
TrpE-SIN1 and TrpE were immunoprecipitated from extracts using
anti-TrpE antibodies coupled to S. auraus cells, and then
radioactively labeled DNA fragments from a plasmid containing the
URS2 region of HQ were added. DNA fragments that associated with
TrpE-SIN1 and TrpE were recovered and analyzed by non-denaturing
PAGE. A typical experiment is shown in Figure 3A. Approximately
15 fragments were bound by the extract containing TrpE-SIN1 (lane
2); no fragments were bound by the extract containing TrpE (lane 3).
In general the higher molecular weight fragments were precipitated
by TrpE-SIN1 more efficiently: than the lowar molecular weight
fragments. This behavior is expected: for noh-spécific DNA :binding
because there are more. non-specific sites on- the largar fragments.
These observations indicate that the SIN1..portion of the hybrid-
confers DNA binding jn vitre-~ - © 0 N

To determine whether binding of  TrpE:SiN1..exhibited any:
sequence ‘specificity, we examined its. binding behavior- in- the .
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presence of increasing amounts of non-specific competitor DNA. If
any of the DNA fragments mixed with TrpE-SIN1 have strong specific
sites for SIN1 binding, they should be more resistant to competition
by non-specific DNA (see reference 5). As can be seen in Figure 3B,
addition of calf thymus DNA competes equally well for all the
plasmid fragments precipitated in the TrpE-SIN1 extracts. In a
similar experiment, we found that a 10-fold molar excess of poly
di:dC entirely competed all the observed binding (Figure 3A, compare
lanes 2 and 4). Experiments in which the ionic conditions and Mg++
concentrations were varied failed to reveal any indication of
specific binding (data not shown). These experiments show that
TrpE-SIN1 binds to random vector sequences and to URS2 sequences
with similar affinities. Thus the binding activity we have detected
is non-specific.

As a control for specific binding under the conditions used,
we examined binding of the sequence-specific DNA-binding protein
a2 (18) to a mixture of the same set of fragments to which an a2
binding site was added (See Figure 3c). As can be seen in lane 6, a2
clearly binds to its own operator with much higher affinity than to
the non-specific plasmid sequences, whereas TrpE-SIN1 shows little
or no specrfrcaty for the fragments contarmng UR82 (Iane 2) The
slight preference of a2 for one partrcular fragment of URSZ |s
probably due to the presence of two a1-a2 bmdmg sntes in URSZ (28)
and has been observed prevrously (A Johnson personal )
commumcatron)' “Th'rs analysrs demonstrates that under condrtuons
in whrch sequenoe-specnflc DNA bmdmg can be observed for a2 the

39



TrpE-SIN1 protein exhibited little or no sequence-specific binding to
DNA.

SIN1-dependent effects of random DNA fragments and URS2
on promoter activity in vivo

Because in yitrg we observed SIN1 binding to both URS2 and
random vector DNA fragments, we have determined whether random
DNA and URS2 exert similar SIN1-dependent transcriptional effects
in vivo. We have thus studied the effect of both random DNA
segments and a 540 bp URS2 segment that are added to an
otherwise-intact regulatory region, between the UAS of the BPA39
gene (59) and the TATA element of a CYC1-lacZ gene. A 540 bp URS2
fragment or Sau3A fragments from bacteriophage A were inserted
into a Bglll site at position -178 with respect to the mRNA start
site (see Figure 4A). Ten constructs were analyzed for insert size
and introduced into isogenic SIN1+ and sin1- strains by
transformation. As a control, these strains were also transformed
with an RPA39-CYC1-lacZ plasmid (RLO) containing no insert.

Insertion of the URS2 fragment in the SIN1+ strain reduced
transcription approximately 1200-fold, while the same insert in the
sini- strain reduced: transcription. only: 35-fold--(Table 2): - Thus. the
URS2 segment exertéd less' inhibition: of ‘transcription::in th® absente
of SIN1. The random DNA fragments. showed' similar behavior. : In<the
SIN1+ strain, insertion of ‘the random DNA- fragments reduced
transcription between 1800-fold: (for RL6)" and '13-foid (for ‘RL7).
Transcription was reduced to a lesser extent in the gini- strain:
RL6 exhibited a 77-fold reduction, and RL7 exhibited a 2.6-fold
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reduction. This experiment demonstrates that the random DNA
fragments show SIN1-dependent regulation similar to that for the
URS2 fragment. We have also discovered an unanticipated effect of
SIN1 on the plasmid carrying no insert. Activity from plasmid RLO
was 9-fold higher in the SIN1+ strain than in the gini- strain. This
observation suggests that SIN1 may also play a role in
transcriptional activation. The implications of these findings are
considered in the Discussion.

Other work (Kruger at él., in preparation) has indicated that
the CCB (cell-cycle box) elements in URS2 are inhibited by the SWI1
and SIN1 gene products. The regions of URS2 responsible for this
inhibition are not yet identified. Given the results above, we
entertained the possibility that the addition of random DNA
sequences to these CCB elements could confer regulation by SWI1
and SIN1. In order to test this hypothesis, we compared the activity
of plasmids whose UAS contained either two CCB elements alone
(P2), or two CCB elements and an adjacent a 43-basepair DNA
segment derived from the polylinker of PUC18 (P2-1) in isogenic
wild-type and swilA sin1A celis (see Figure 4B). As controls, we
examined the behavior of a plasmid (PU) whose UAS consists of a
segment of URS2 and a plasmid (P3) whose ‘UAS' consists three CCB
elemerits.” The results of this experiment are shown in Table 3. In
order ‘to account for any non-specific effects between the two
strains, we normalized the' activity' of the plasmids to P3 in each
strain. ' The normalized resiilts reveal that' PU 'shows’a 10-fold
increase in activity in- swil-sin1- cells relative to:its activation in
wild-type cells. P2 shows less than a 2-fold inérease inactivity
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between the two strains. Interestingly, P2-1 exhibits an 8-fold
increase in activity. Thus the addition of the 43-basepairs of
random DNA to two CCB elements causes the promoter to be
regulated in a manner similar to URS2. The parallel behavior of PU
and P2-1 suggests that the polylinker segment confers regulation by
SWI1 and SIN1 and recreates a situation like that in the native URS2

region.

sin1- mutations allow transcription at the wild-type start
site

As noted above, inactivation of SIN1 restores HQ
transcription to mutants lacking SWI1, SWI2, SWI3, or SWI5 (53).
We wished to determine whether this transcription utilized the
wild-type start site or another site. We have thus examined the HQ
transcript by primer extension from congenic SWi+ SIN*+, swil-
SIN+, and swil-sin1- strains. As can be seen in Figure 5a, the same
predominant start site is used in both the wild-type (lane 1) and
sSWwil- sini- (lane 3) strains. This analysis also demonstrates that
the efficiency of suppression due to the sin1-2 mutation is high: HQ
- RNA is present in roughly equal amounts in wild-type and swil-
sini-2 cslis. (relative .to.the LURA3:. transcript .controls). .These .
experiments indicate::that in the absence of SWI1, inactivation of
SIN1 allows efficient traoscription of HQ - from the normal start site.
A sin1 point mutation-has. .a :more severe phenotype than a
sin1 deletion and . is partially -dominant
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Cloning of SIN1 made it possible to construct a null allele of
SIN1 and determine its phenotype (see Materials and Methods). We
first noticed that expression of the HQ-lacZ gene was lower in the
sWilA sin1A strain than in the congenic swilA sini-2 strain (data
not shown). Primer-extension analysis of HQ RNA of congenic swiiA
sini-2 and swilA sin1A strains showed that this difference is
reflected at the level of transcription (see Figure Sb). In order to
examine this result in isogenic strains, we introduced low copy
(centromere-containing) plasmids with sin1-2 or no SIN allele into a
swilA sin1A HO-lacZ strain (WK44-9b). As shown in Table 4, the
SWilA sin1A strain carrying a control (vector) plasmid exhibited 1.3
units of B-galactosidase activity. In contrast, introduction of the
sini-2 plasmid into this strain caused activity to increase to 3.2
units. It thus appears that the sin1-2 mutation creates a more
severe Sin1- phenotype then the sinl deletion mutation. Waestern
analysis showed that the allele produces an apparently full-length
protein, suggesting that sin1-2 is most likely a missense mutation
(data not shown). These results indicate that the mutant sini-2
protein has a more severe effect than elimination of SIN1 protein.

The two sinl m_utations also behave differently in dominance
tests against 'QS'LN-L The s;ame sjm_,g and control plasmids described
above were introduced mto a wsjmug_mgz strain. As shown
in Table 4, expres$|on of s,m_zm a S_I.NJ, stram caused an mcrease
in LacZ levels relatuve to the. control plasmud (from 0.25 to 0. 60
umts) We have also observed that duplond Mﬂ_&stram_smthat |
carry both sm_]_z and S_I.N_]_ are, Lys+ ‘which mducates that the sini-2
mutation exhibits dprmnance‘ with respect to the Spt: phaqgty,pe
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(data not shown). These observations show that sini-2 is a

partially dominant allele.

SIN1 is required for proper mitotic stability of
chromosome Ili

Mutants defective in SIN1 exhibit an additional phenotype,
chromosome loss. Our first indication of this behavior came from
the observation that colonies formed by a sin1- cells secreted
detectable amounts of a-factor (see Figure 6A). We also observed in
mating assays that some of the cells in an « sini1- patch mated with
an a strain (Figure 6B). (Once again, the sin1-2 mutation caused a
more severe phenotype than the sin1A allele.) These observations
indicated that a-specific genes. were being expressed at a low level
in these a cells. One possible explanation for this behavior is that
the sin1- mutation affects repression of a-specific genes by a2.
Another explanation is that some of the cells in the colony lose
chromosome |ll and therefore lack MATq information. Such cells
exhibit the mating behavior of a cells (54) and thus secrete a-factor
and mate with a cells. Our observations favor the latter

explanation.

Y

ie . ' ’ R AN

L To determme whether ﬁlﬂl mutants show mcreased Ioss of
chromosome Ill, we performed rara mating assays (14). between
genetlcally marked o strams In thls analysus two, dnfferent o
strains with. complementary auxotrophlc mutatlons are muxed and
prototrophs are .selected. Prototrophic diploids can be formed‘m !
two ‘ways. The. first.‘is oy:ma‘ting:-'typ'e,-svyitching', ‘a';cvh.an'g'e_v fro‘m:
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MATa to MATa in either mating partner. Diploids can also be formed
by loss of MATqa, for example, due to loss of the entire chromosome.
Chromosome loss can be monitored by scoring loss of an additional
marker on chromosome Ill such as JTHB4. We have carried out two
such rare matings, using SIN1+ and sini-2 strains respectively (see
Table 5). In one mating (in which both partners are SIN1+), 174
diploids were obtained after mixing 107 cells of each parent.
Approximately 2/3 of these were Thr+, indicating that they resulted
from mating-type interconversion or from loss of MATa in the thr4-
parent. The other mating (in which one partner is sini-) yielded 8-
fold more diploids. Furthermore, the vast majority of these diploids
were Thr-, which indicated that they had acquired mating ability by

loss of chromosome Ill in the sini- parent.

A second test for chromosome loss involves the use of a/a
diploids. Loss of the chromosome containing MATa will result in a
cell that is phenotypically a, whereas losing the MATa chromosome
will result in a phenotypically a cell. We observed that a/a cells
homozygous for sin1-2 showed a ten-fold increase in mating
behavior as a and a compared with isogenic cells heterozygous for
sin1-2 (data not shown). These same diploids were also
heterozygous far.a rpcessivq. ganl- mutation-an chromosome V., .
which made it possible to- measure loss of chromogome: V. simply by
scoring canavanine-resistant cqlonies. . Wae observed. nq difference in
the frequency of .canavanine-resistant, colonies between these two
strains. . These abservations -taken together.indicate that wilditype
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SIN1 function is required for proper mitotic stability of chromosome

Il but apparently not for chromosome V.

Discussion

- We have shown that SIN1 is identical to a previously
described gene, SPT2, and that the predicted protein has similarity
to mammalian HMG1, a non-histone component of chromatin. We
have also observed that SIN1 is concentrated in the nucleus and
binds to DNA non-specifically in yitra. These findings indicate that
SIN1 is a non-histone component of chromatin. The SIN1 gene was
discovered because sini- mutations restore expression of HQ in
strains lacking SWI1 (53). We have shown here that this restored
transcription utilizes the same start site as in wild-type strains.
As discussed more fully elsewhere (13, 14), we believe that SIN1
prevents utilization of a specific UAS until the proper conditions
have been achieved. We have not yet identified a consensus sequence
for a SIN1 response element. Quite the contrary, we have found that
a large fraction of random DNA segments can confer regulation by
SIN1. We have also observed an additional phenotype of sini
mutants, loss of chromosome Ill, which suggests that SIN1 may also
be involved in maintaining thromosome stability. ‘
SIN1 is- HMG-like and is proposed to be ‘& non-histone:
component ‘of chromatin: - o

* 'SIN1 protein is highly ¢harged (25% basic and 20% acidic)
and'is 20% identical arid 33% similar to the ‘mammalian HMG1 protein
over ‘19t of thie 214 amino acids found in both-bovine and porcine”
HMG1. The HMG proteéins were originally described as non-histone
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components of chromatin which are extractable by 0.35 M NaCl or 5%
perchloric acid (for review, see 56). There are four major
mammalian HMG proteins (HMG1, 2, 14 and 17) as well as many minor
uncharacterized species; their function is unknown. The mammalian
HMG proteins, like SIN1, are highly charged (>45%), containing an
overall basic charge but having some highly acidic stretches. HMGH1
binds non-specifically to DNA (3, 44) and is found at a ratio of 1:10
relative to nucleosomes (24). Similarly, our studies show that SIN1
has little if any sequence speéificity and is found at approximately
10,000 molecules per cell (a 1:10 ratio to nucleosomes; W.K.,
unpublished observation). The sequence similarity between SIN1 and
HMG1, the location of SIN1 in the nucleus, and its ability to bind
non-specifically to DNA are all consistent with the notion that SIN1
is a non-histone component of chromatin.

Other sequence-specific DNA binding proteins involved in
transcriptional activation have recently been identified which have
some sequence similarity to HMG1 and define a motif termed the
"HMG box" (16). Though SIN1 has similarity to HMG1 over almost the
entire length of HMGH1, it does not contain any special similarity to
the HMG box. Our experiments do not exclude the possiblity that
SIN1 exhibits site-specific binding to a DNA sequence ‘that we have
not. tested. It is also possible that SIN1 interacts with other:
proteins to bind to- specific : DNA' sequénces. o ,

-« - HMG-like proteins: have been: isolated’ from yeast based:-on
the biochemical’ properties ‘-of mammalian HMG proteins (57, 22).
These include the NHP6A and NHP6B. proteins, which are ‘very similar
to each other and have approximately 40% amino-acid'fidqnﬂty to
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mammalian HMG1 (21). Another protein, ACP2, has been identified
by cloning its gene using degenerate oligonucleotides based on a
portion of HMG1-coding sequence as a probe (11). These HMG-like
genes are essential for yeast: deletion of ACP2 or of both the NHP6A
and NHP6B genes leads to inviability. The functions of these
proteins are not known.

There are some differences between SIN1 and other HMG1-
like proteins. SIN1 is somewhat larger than mammalian HMG1 (38 kd
versus 26 kd) and much larger fhan the 10-kd yeast NHP6A and
NHP6B proteins. The similarity between SIN1 and HMG1 extends only
over the C-terminal half of SIN1. Unlike other yeast HMG proteins,
SIN1 is not extractable from nuclei with 2% perchloric acid (W.K.,
unpublished). This behavior might reflect the addition of a segment
to SIN1 that affects its properties. The highly basic N-terminal half
of the protein has some weak similarity to mouse and nematode
histone H1. These differences suggest that aithough SIN1 appears to
be related to mammalian HMG1, it has diverged structurally and

perhaps functionally as well.

SIN1 may be necessary for setting the proper chromatin
context for gene regulation and other processes

The effect of a sin1 mutation can be seen in three different
situations in which transcription is altered: (1) in transcription of
the HQ gene, when certain positive regulatory proteins (SWI1, SWI2,
SWI3, or SWIS) are absent; (2) in transcription of LYS2 or HIS4 genes
whose upstream region has been partially inactivated by insertion of
a 8 element; and (3) in transcription of the INQ1 gene in strains
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carrying a truncation of the carboxy-terminal domain of the largest
subunit of RNA polymerase |I.

Inactivation of SIN1 allows transcription of HQ even in the
absence of SWI1, SWI2, SWI3, or SWI5 products. It appears that the
sin1 mutation allows utilization of the cell-cycle box sequences for
transcriptional activation. The key observation is that sini
mutations bypass the requirement for SWI1, SWI2, SWI3, and SWIS,
but they are still dependent on SWI4 and SWI6 (53, 23). As
described elsewhere (13, 23), we believe that SIN1 is involved in
maintaining these cell-cycle boxes in a quiescent state until the
appropriate conditions have been fulfilled. We imagine that the
inhibition exerted by SIN1 is relieved by SWI1,2,3 in mother cells,
which then frees the cell-cycle boxes for binding by the celi-cycle-
box factor.

Insertions of a 3 element in the upstream region of HIS4 or in
the beginning of the coding region of LYS2 greatly reduces
transcription of these genes. The precise reasons why these
insertions reduce synthesis of the normal HIS4 or LYS2 transcripts
are not clear and are likely to be complex. The his4-9123 insertion
causes production of an abundant new HIS4 transcript initiated from
the & element and reduction of the normal HIS4 transcript (46).
Apparently, removal of SPT2 (SIN1) allows more efficient
transcription from both the 3 element and the normal start site. (It
should be noted that mutations in other SPT genes, for example in
SPT15, lead to decreased transcription from the 3 element; 7.)

We have recently identified another situation in which SIN1
plays a role (38). Truncation of the 6arboxy-terminal domain (CTD)
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of the largest subunit of RNA polymerase |l leads to a defect in
transcription of the INQ1 gene and to cold sensitivity for growth
(34, 35). Deletion of SIN1 in these strains restores transcription of
INO1 and reduces the cold-sensitive growth defect. We interpret
these observations to indicate that the truncated CTD of RNA
polymerase Il is unable to initiate transcription of [INO1 due to some
action of SIN1. More specifically, we propose that SIN1 binding in
the upstream region prevents this enfeebled RNA polymerase from
functioning properly. ‘

In the cases just described, inactivation of SIN1 allows
enhanced or inappropriate transcription. We have also observed that
SIN1 in some cases plays a stimulatory role. The intact BPA39 UAS
carried on a test plasmid functions 10-fold better in a SIN1+ host
compared with a sini- strain (Table 2). A UAS derived from the
cell-cycle box elements is expressed approximately 2-fold better in
SIN1+ conditions (W.K., unpublished data). Similarly, an integrated
GAL1-lacZ fusion gene is expressed 5- to 10-fold better in a SIN1+
than in a sin1- strain (C. Peterson, personal communication). These
observations lead us to propose that the normal role of SIN1 is to
associate with DNA and provide a proper chromosomal context for
other. components of the -trangcription machinery to.functien.., We-
have recently made another observation that supports the view that
SIN1 affects chromatin structure (W. Kruger, unpublished): we have
found.that the SIN2 gene, which like SIN1 was identified as a bypass
suppressor .of swil- mutations..(53), is the HHIT1 gere,.one-of the
two genes coding.for histone H3 (48).
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SIN1 may also play a role in maintaining chromosome
stability. We observed a 10- to 100-fold increase in loss of
chromosome Il by sin1 mutants. The lack of effect of a sini-
mutation on behavior of chromosome V may reflect subtle
differences between the centromere regions of these two
chromosomes. Although we have not analyzed sin2- mutants for
their effects on chromosome stablity, imbalance of H3-H4 dimers
are known to lead to chromosome loss (27).

We have observed that a wide variety of DNA segments can
affect functioning of a UAS in a SIN1-dependent manner. In one
experiment, we observed that inserts of 93 to 520 basepairs within
a functional regulatory region (between the UAS and TATA)
decreased the level of expression from that regulatory region. Such.
reductions due to insertions of this type have been observed
previously (10). We observed two different effects of sini
mutations on the behavior of the intact and modified regulatory
regions: first of all, we observed that the intact regulatory region
(carrying no insert) exhibited a nine-fold reduction in activity in the
sini- strain in comparison with the SIN1+* strain. In contrast, the
activity from the regulatory regions containing inserts was only
decresed slightly or increased up to three-fold in the sini1 mutants.
There are- two ways to. view these data. According to one view, SIN1
plays an.essential stimulatory. . role in the -regulatory region lacking
an insert. According to this explanation, insertion of random DNA
segmants and the  URS2 segment somehow. eliminates this
stimulatory action of SINt, In the other. view, the URS2 segment and
the random DNA inserts contain a- SIN1 binding .site and thereby
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inhibit activity of the UAS. The inhibition exerted by these
segments thus can be viewed as an [n yivg correlate of our
observations on non-specific DNA binding by SIN1 jn yitra. A second
experiment, which examined the effect of a 43-basepair insert on
expression promoted by cell-cycle-box elements, is most easily
interpreted by proposing that the insert contains sites of SIN1 (and
SWI1) action. In fact, addition of this DNA segment adjacent to a
functional CCB element recreates the situation found in the native
URS2 region of HQ. We have suggested elsewhere that binding of
SIN1 to DNA might limit communication between proteins bound at
the UAS and the TATA element (38). If SIN1 indeed functions to set
the chromatin context for transcription (and other processes), then
we can expect to see complex.phenotypes of sin1 mutations.

Genetic behavior suggests that SIN1 may be part of a
multi-protein complex

We have observed that the gin1-2 mutation has a stronger
Sin- phenotype than a sini deletion mutation. This observation
suggests that the mutant protein produced by sini-2 strains
interferes with functioning of other SIN1-like proteins or inhibits
function of a complex involving other proteins. A further suggestion
that SIN1 may interact. with other proteiris comes from the
observation that gin1-2 is partially dominant, exhibiting both a Sin-
and Spt phenotype:irn sin1-2/SIN1 strains.. The dominant negative
behavior of many 'spi2 mutations had been previously noted (58, 40).

The SIN1 protein offers a great challenge: how to decipher
the functional role of a protein that appears to be a non-specific
DNA-binding component of chromatin. Why do mutations in SIN1
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affect some genes and not others or affect some chromosomes and
not others? We anticipate that further understanding of the role of
SIN1 will require direct analysis of interacting proteins and

chromatin structure.
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Table 1

Strain  Genotype source/comment

BDY12A- MATa HO-lacZ ley2=a his urad-52 Sternberg et al. (1987)
1c met

1368 MATa hg leu2= trp1 his ura3-52 Sternberg et al. (1987)

WK9A-4b MATa swibA sin1-2 HO-lacZ trp1 this work; derived from

leu2= his ura3-52 crosses between deriva-
tives of BDY12A-1¢c and
1368
WK21-1d MATa swidSA sini1-2:URA3 HO- "
lacZ trp1 leu2= his ura3-52 "
WK44-9b MATa swilA sin1A HO-lacZ trp1 "
leu2= his ura3-52 "
WK1-9a  MATe swilAHO-lacZ leu2= his "
WK1-4d  MATo swilAsini-2 HO-lacZ "
leu2= his ura3-52 "
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WKi1-1c  MATa swilA sin1-2 HQ-lacZ "

leu2= his urad-32 "
WK10-1a MATo swibA HO-lacZ trpi leu2= "

WK10-1aA MATo swiSA sin1A HO-lacZ trp1  isogenic to WK10-1a
leu2= his ura3-52

WK28-7a MATo swidA spt2-150 HO-lacZ  this work; segregant
trpl leu2= his ura from S573-7d x 095

S§573-7d MATa swiSA HO-lacZ ura4 leu2= Sternberg et al. (1987)

WK24-7¢ MATo swiSA HO-lacZ trp1 leu2= this work; segregant

his lys2-1285 ura3-52 from WK21-1d x L206
WK24-20d MATo swiSA sin1-2:URA3 HO- "

lacZ trpi leu2= his lys2-1288 "

ura3-52

WK30-5¢ MATa urad his4 leu2 trp1 ho Isogenic to EG123 from
P. Siliciano

WK30-1b MATa urad his4 leu2 trp1 ho Isogenic to WK30-5¢
sin1A
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WK36-4d MATo ho ura3d-52 lys2 ade2-101 Isogenic to YPH274
his3A200 leu2= from P. Heiter

CY110 MATo ho urad-52 lys2 ade2-101 Isogenic to WK36-4d
his3A200 leu2=sin1A

CYs8 MATa ho ura3-52 lys2 ade2-101 Isogenic to WK36-4d
his3A200 leu2= swilA

WK40-8c MATa ho ura3d-22 lys2 ade2-101 Isogenic to WK36-4d

his3A200 leu2= sin1A swilA

095 MATo spt2-150 ho lys2-1283 F. Winston
leu2=

L206 MATa lys2-1288 M.A. Osley

a lay2= is a double point mutation in the LEU2 gene.
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Table 2

Inserts of random DNA or a segment of URS2 cause
SiIN1-dependent alteration of promoter function

Plasmid (insert size)
RL6 (440bp)
RL1 (380bp)
RL2 (140bp)
RL8 (240bp)
RL3 (100bp)
RL10 (93bp)
RL4 (110bp)
RL5 (160bp)
RL9 (260bp)
RL7 (115bp)
URS2 (540bp)

RLO (no insert)

B-galactosidase activity

SIN1*

0.7 (0.05)
17 (1.3)
41 (3.1)
7.3 (0.56)
49 (3.8)
9.9 (0.93)
182 (14)
226 (17)
41 (3.1)
102 (7.7)

1.1 (0.08)

1311 (100)

sint-
1.8 (1.3)
29 (21)
67 (48)
12 (8.3)
74 (53)
21 (13)
123 (88)
124 (89)
22 (16)
53 (38)
4.0 (2.9)

139 (100)

Ratio
(sin1-/SIN1*+)

2.7 (26)
1.7 (16)
1.6 (15)
1.6 (15)
1.5 (14)
2.1 (14)
0.68 (6.3)
0.55 (5.2)
0.55 (5.2)
0.52 (5.0)
3.6 (36)

0.11 (1.0)

Random DNA fragments of the indicated sizes were inserted between
the RPA39 UAS and the TATA sequences of a CYC1-lacZ reporter gene
(Figure 4A). These constructs were then introduced into isogenic

wild-type (WK36-4d) and sini deletion (CY110) strains, and activity

was measured. Activity was measured from three separate

transformants for each construction and the average is given in
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Miller units. Standard deviations in this experiment were generally
<20%. Results in parentheses show the % of the activity exhibited by

each plasmid in relation to RLO in the same strain.
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Table 3

A polylinker segment can mimic regulation in URS2
B-galactosidase activity

(1] (21 [2)/[1]

SWIt+
Plasmid  UAS SIN1* sini-
P3 3xCCB 74 (100) 26 (100) 1
P2 2xCCB 1.6 (2.2) 1.0 (3.9) 1.8
P2-1 2xCCB + 0.3 (0.4) 0.9 (3.3) 8.3
polylinker
PU URS2 0.5 (0.6) 1.6 (6.2) 10.3

Fragments containing the indicated UAS were cloned upstream of
CYC1-lacZ lacking a UAS (Figure 4B). The plasmids were used to
transform an isogenic set of strains with the indicated genotypes,
and pB-galactosidase activity was measured. The strains used were
WK36-4d, CY110, CY58, and WK40-8c, respectively. Activity was
measured from three separate transformants and the average is
given in Miller units. Standard deviations in this experiment were
generally <20%. Results in parentheses are expressed as % of
activity observed for plasmid P3 in the same strain. The right-hand

column is the ratio of the normalized activities in columns 2 and 1.
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Table 4

Plasmid-borne locus

Genotype (-) SIN1 sinl-g
swilAsinia 1.2 0.20 3.2
swilASINi+  0.25 0.25 0.60

Yeast strains WK44-9b (swilA sin1A HO-lacZ) and WK1-9a (swilA
sin1A HO-lacZ) were transformed with pMR366 containing either no

insert, SIN1+, or sin1-2. Activity was measured from three
separate transformants and the average is given in Miller units.

Standard deviations in this experiment were < 16%.
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Table 5
Chromosome loss in 8in1- mutants

Thr phenotype of diploid
strains resulting from rare mating

Genotypes
Ihr+ Ihr

MATa THR4 SIN1+ X MATa thr4- SIN1+ 105 69
(WK10-1a) (333)

MATq THR4 sin1-2 X MATa thr4- SIN1* 112 1340
(WK9A-4b) © o (333)

Strains of indicated genotypes (and carrying complementary
auxotrophic mutations; not shown) were mixed and plated on
minimal medium sup-plemented with threonine to select for
diploids. These colonies were then replica plated to minimal
medium lacking threonine to determine the fraction that were Thr+.
Because MAT and THR4 are both on chromosome lil, Thr- strains can
result from loss of the chromosome Ill carrying THR4+ prior to
mating. Thr+ strains can result from loss of the chromosome il
carrying thr4- or from switching of MATa to MATa prior to mating.
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Figure 1. Similarity between the predicted amino-acid sequence of
SIN1 and HMG1-related proteins.

HMG1-like proteins are shown aligned with SIN1; pig HMG1 (55),
trout HMGT (37), yeast NHP6B (21), and Tetrahymena LG-1 (42).
Numbers in parentheses indicate amino-acid positions. Identities
between SIN1 and other HMG1:related proteins are indicated by bold
type and shading. Identities and conservative changes between SIN1
and other members of the group are boxed. Conservative amino acid
changes are grouped as follows: (F,Y), (K,R,H), (E,D), (Q,N), (I,L,V,A),
(S,T). Gaps introduced to magimize alignment are indicated by -.

£ .
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Figure 2 SIN1 localization

Isogenic SIN1 and siniA strains were fixed and stained with
affinity-purified anti-SIN1 antibodies from rabbit. Afterwards they
were stained with rhodamine-conjugated goat anti-rabbit IgG and
stained with DAPI. (A) SIN1+ cells visualized for DAPI. (B) is
identical to (A) except visualized on the rhodamine channel. (C) and
(D) correspond to (A) and (B) except that sin1A cells were used.

Strains used were WK30-5¢ and WK30-1b respectiviely.
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Figure 3 DNA binding properties of TrpE-SIN{

S. aureus cells coupled to anti-TrpE antibodies were used to
immunoprecipitate either TrpE-SIN1 or TrpE from bacterial extracts.
Cells were then incubated with labeled DNA fragments obtained from
SauldA digestion of plasmid pBA144 (See Materials and Methods).
DNA fragments bound to the cells were recovered and visualized by
PAGE and autoradiographed.

(A) Lane M shows 20% of the input DNA used in lanes 2-5.
Lane 2 shows recovered fragments using extracts containing TrpE-
SIN1. Lane 3 shows recovered fragments using TrpE extract. Lanes
4 and 5 are identical to lanes 2 and 3 except that 10-fold molar
excess of poly di:dC was added.

(B) Lane M shows 20% of input DNA used in lanes 1-5. Lane
1 contains TrpE-SIN1 extract with no competitor DNA. Lanes 2-5
show binding reactions in the presence of increasing amounts of
non-specific calf thymus DNA competitor (3-, 9-, 27-, 72-fold
molar excess).

(C) Lane M shows the same input DNA fragments as in (A)
and (B) to which has been added a 93 bp fragment containing an a2
binding site. Lane 1 shows recovered fragments using TrpE-SIN1
extracts. Lane 2 shows recovered fragments using TrpE extracts.
Lane 3 shows recovered fragments when no extract is added. Lanes
4-6 show immuno-precipitations using anti-a2 antibodies and

decreasing amounts of purified a2 protein (60, 30, 15 ng).
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Figure 4 Structures of various DNA constructs used in this study.

(A) Structure of the RPA39-CYC1-lacZ promoter segment of pBA147
and derivatives used in Table 2.

(B) Structure of CCB-CYC1-lacZ promoter segment of plasmid P2
and derivatives used in Table 3.

(C) Structure of the SIN1 region of plasmid pASPH and the structure
of the sin1A allele of plasmid pSIN1A:TRP1. Grey region indicates

SIN1 coding region. Black-striped region indicates TBP1 coding

region.
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Figure 5. Sin1- restores expression of HO-lacZ utilizing the normal

start site

A.) Primer extension analysis (see Materials and Methods) of HQ and
URA3 transcripts. Lane 1: wild-type yeast strain BDY12A-1c. Lane
2: swilA strain WK1-9a. Lane 3: swilA sin1-2 strain WK1-4d.

B) Primer extension analysis comparing suppression of swilA by

sini1-2 and sin1A. Lane 1: swilA sini-2 strain WK1-4d. Lane 2:
SWilA siniA strain WK44-9b.
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Figure 6 Unusual mating behavior of a sin1- mutants.

A) Patches of cells of the indicated genotype were replica plated to
a lawn of a sst2 cells, which are supersensitive to a-factor.
Production of a-factor is seen by a zone of inhibition surrounding

the patch. The strains used (from top to bottom) are: WK10-1a,
WK10-1aA, and WK9A-4b.

B) Patches of cells of the indicated genotype were replida plated to
a lawn of a cells containing a Jys2- mutation on minimal SD media.

Diploids formed by mating are able to grow and are seen as papillae.
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Figure 6
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CHAPTER 3

DOMINANT INTERFERING MUTATIONS AFFECTING HISTONE H3 ALLOW
EXPRESSION FROM ENFEEBLED PROMOTERS IN YEAST

by Warren Kruger, Craig Peterson, Anita Sil and Ira Herskowitz

To be submitted in revised form to Nature.
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Abstract
The sin2-1 mutation was identified because it restores HQ

expression to a strain that lacks the positive regulator SWI1. We
show here that sin2-1 is a point mutation in HHT1, one of the two
yeast genes coding for histone H3; it results in an arginine to
histidine change at amino acid 117 of histone H3. The sin2-1
mutation is partially complemented by low copy plasmids carrying
either HHT1 or the other histone gene, HHT2. In addition to its
effect on HQ, the sin2-1 mutation also suppresses traﬁsériptional
defects due to truncation of the carboxy-terminal domain of  RNA
polymerase Il and to insertion of a & element into a promoter. These
results indicate that alterations in chromatin structure can affect
gene expression in discrete ways in viva. The analogous mutational
change introduced into the HHI2 gene (hhit2-1) also confers a Sin-
phenotype. Sin2-1 and hht2-1 are partially dominant to wild-type
HHT1 and HHTZ2; additionally, the hht2-1 mutation gives a more
severe phenotype then deletion of HHT2. These observations
demonstrate the phenotypic consequences of dominant interfering
mutations in redundant gene families. Random mutagenesis of the
HHI2 gene has revealed two additional mutations which confer a
Sin- phenotype. This result suggests a general approach of using

yeast to identify dominant interfering mutations.
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Introduction

The SIN2 gene of Saccharomyces cerevisiae was initially
identified as a regulator of HQ transcription. Mutations in SIN2
(sin2-1) or in SIN1 allow HQ transcription in the absence of the

SWI1, SWI2, SWI3, or SWIS gene products (Sternberg et al.,1987). In
addition to affecting HQ expression, mutations in SIN1 are able to

reverse the transcription defects due to truncation of the carboxy-
terminal domain (CTD) of the Iérgest subunit of RNA polymerase |I
(Peterson et al., 1991) and & element insertions in the 5' region of
certain yeast genes (Kruger and Herskowitz, 1991). The SIN1 gene
codes for a protein with sequence similarity to HMG1, a non-histone
component of chromatin, and it has been proposed that SIN1 may also
to be a component of chromatin (Kruger and Herskowitz, 1991).

In this paper we show that SIN2 is identical to HHT1, one of
the two structural genes for histone H3. The sin2-1 allele is a point
mutation which results in an amino acid substitution at position
117. We have constructed the analogous mutation in the other
histone gene, HHT2, and show that this mutation also creates a Sin-
phenotype. Characterization of these mutations indicates that they
are semi-dominant and have transcriptional effects identical to
sin1- mutations. Random mutagenesis of HHT2 has identified two
additional mutations which cause a Sin- phenotype. These results
indicate it is possible to obtain informative mutations in
functionally redundant genes, and the feasibility of using random
mutagenesis of a cloned gene followed by phenotypic screening in
yeast to identify dominant interfering mutations. Additionally,
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these studies indicate an important role for chromatin in the

regulation of transcription.

Materials and Methods
Strains and general methodologies

Growth of yeast and general yeast genetic methods are
described in Hicks and Herskowitz 1976, and references therein.
Yeast were transformed as described (Ito et al., 1983). B-
galactosidase activity was quéntitatively measured in cells grown
in liquid media as described (Miller, 1972). B-galactosidase activity
of cells grown on plates was examined qualitatively by filters as
described (Andrews and Herskowitz, 1989).

Isolation and analysis of gin2-1 complementing clones

A genomic low-copy library (see Kruger and Herskowitz, 1991)
was used to transform yeast strain WK3-7c (relevant genotype: a
swilA sin2-1 HO-lacZ ura3-52) and approximately 5000 colonies
were screened for reduced P-galactosidase activity as described
(Kruger and Herskowitz, 1991). Forty-three candidates were tested
for plasmid dependence of the phenotype by selecting for loss of the
plasmid on..5-FOA (Boeke et al.,.1984) and. subsequent rescreening.
Only ane of the candidates: was plasmid dependant.. .This plasmid was
recovered, restriction .mapped,. and the indicated fragments in Figure
1 were . subclaned into: YCpQR0.: pHHT1: was constructed. by subcloning
a 7 kb Hindlil.fragment containing. HHT1 derived from. pMS191. ::
(Smith, - 1983)..into the HindJll -site of.YCpSA. The sin1-2 . containing
plasmid used in-Table 1 is pSini-2 described in Kruger and.
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Herskowitz, 1991. All of the plasmids described above were tested
for complementation in WK3-7c.

The Hindlll fragment contained in pH3-2 was further subcloned
into two BamHI-Hindlll fragments which were inserted into both
mp18 and mp19 for subsequent sequencing using Sequenaset™. The
partial sequence was analyzed and found to be already in the
database as part of the HHT2 gene (Smith, 1983).

In order to see if pSIN2c actually contained SIN2, a Hind!!!
fragment indicated by subclone 'pH3 was inserted into YipS and the
subsequent plasmid, pYipH3, was linearized with Bglil and used to
transform WK3-7c. A resultant transformant was mated with
WK10-8d, sporulated, and 17 tetrads dissected. Of the 12 swiiA
sin2-1 spores, only 7 were URA* indicating that HHT2 and SIN2 were
not tightly linked and therefore not the same gene.

Recovery and analysis of sin2-1

To recover the HHT1 loci from a sin2-1 strain we employed the
following procedure. First, A YCp50 plasmid was digested with
EcoRI, filled in with Klenow, and subsequently recircularized which
resulted in YCp50AR1. Into the Hindlll site of this plasmid was
insertdd- a:6 kb Hindlil fragment' isolated: froth pMB3EB1 (a gift from
M. Smith), which‘dontdins the HHT1 loci in which the HHTF1 coding
sequences have béen:dsleted and replaced with &n EcoRI site (see-
Smith and Stirlirig, 1988). : Thig 'résultant plasmid, designated
pHHTTA; was then digested with EcoRI and used to transform WK3-
7c. Four of the" resultant colonies were isolated and their ‘plasmids
recovered. Two of ‘plasmids' restriction maps -indicated that they
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had been repaired by the resident HHT1 loci. Subsequently these two
plasmids were used to transform WK1-9a. Both plasmids behaved
identically as the representative one shown in Table 2. The
recovered plasmid was designated phht1-1.

The Hindlll-Smal fragment containing hht1-1 (sin2-1) was
subcloned into mp18 and mp19 and the entire H3 coding region was
sequenced using the primers S’CTAAAACTGATGACAATCAA and
5'GAAAAACATCTAACATAAT.

Construction of hht2-1 and hht2A

Site directed mutagenesis of HHT2 was performed essentially
as described (Climie et al., 1990). The oligo used for the
mutagenesis was S’GATAGTAACATGCTTAGCGTG. An Eco RI-Bglll
fragment containing either HHT2 or hht2-1 was cloned into pRS314
(Sikorski and Hieter, 1989) which is a centromere based vector
containing the TRP1 gene. A The hht2A allele was constructed by
first subcloning the Hindlll fragment in pH3-2 into pUC18, followed
by digestion of the resultant plasmid with Accl and BamHI. A
BamHI-Smal fragment containing UBA3 derived from CY243 (S.
Michaelis, unpublished) was subsequently ligated into the above .
vector.. - The Hindlll fragment from the resultant plasmid, pUC:hhi2A.
was used. for gene-replacement :as- described (Orr-Weaver et al.,
1983) and was'confirmed by. Southern hybridization.

it EREC U O Lt

In vitro mutagenesis of HHT2 and screening. for .additional.

Sin- ‘alleles .. .-
b P S .~
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pH3-2 was mutagenized by treatment with hydroxlamine by the
procedure of Mendenhall et al., 1988, with the following
modifications. Ten micrograms of plasmid DNA in 100 microliters
of 1M potassium phosphate (pH 6.0) was treated with 100
microliters of fresh 1M hydroxylamine at 70°C for 1.5 hours.
Reactions were desalted over G-25 spin columns, ethanol
precipitated, and resuspended in 10 microliters of TE. Half of the
resultant pool of mutagenized plasmid DNA was used to transform
Cy240. Approximately 1500 transformants were obtained, which
were subsequently patched and tested for p-—galactosidase activity
by filter assay. A total of six suppressors were obtained. Growth on
5-FOA plates resulted in loss of the suppressor phenotype,
confirming that the phenotype was plasmid-dependent.

Five of the plasmids were recovered and the Hindlll insert
fragments were subcloned into mp18 and the HHT2 gene of each
insert was sequenced using the primers 5GGATGTTTGTATGATGTCCC
and 5TTCCCGCTTTATATTCATGA. The recovered plasmids were
subsequently retested by - transformation into WK1-9a.

INO1 primer extension analysis

- For-analysis ©of INQ1 transcripts, cells were grown: and RNA
was isolated as described: (Petarson et al., 1991); Primer extension
analysis was. performed on 20 micrograms of RNA as deseribed: ..
(Kruger and Herskowitz, 1891). -.-The. primer. used to measure INO1
transcripts was 5’GCTGTCTTCGTAACTACAGAC.
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Results

SIN2 is HHT1

The SIN2 gene was cloned by screening for low copy plasmids
able to complement a sin2-1 mutation. We expected only partial
complementation because we had observed that sin2-1 was partially
dominant to SIN2+ (data not shown; see Table 2). One plasmid was
obtained with this behavior and we designated it pSIN2c. The
structure of the insert of this plasmid is presented in Figure 1.
Subcloning experiments revealed that the complementing portion of
this plasmid lies on a 2.7 kb Hindlll fragment, and that a BamH1 site
lies in or very near the complementing region (Figure 1). Sequencing
of the DNA adjacent to the BamH1 site revealed that the
complementing region contained the HHT2 gene, one of the two genes
in yeast which code for histone H3 (Smith, 1983).

We next determined whether HHT2 was identical to SIN2. We
used a portion of the pSIN2c insert to direct integration of a URA3
gene to the HHT2 locus and then performed an appropriate cross (see
Materials and Methods) to examine whether URA3 was now tightly
linked to SIN2. The results of this cross showed that that UBAQ was
unlinked to'SIN2, indicating that SIN2 was not HHT2. ~ '

" Since there were two genes in yeast which coded for histone
H3, we reasoned that sin2-1'might be an atteration in the HHI1 gene.
Indeed, we observed ‘complementation of a sin2:1 mutatiori by both
HHT1 and HHT2 (Table 1).  Additionally, we Aoted that ‘@xpression of a:
semi-dominant allele of §in1-2 exacerbated the Sin- phenotype of
§_|_n2-_1 In otder 10 determiné whether SIN2 was actually tu:ﬂ'_1_ we
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recovered the HHT1 locus from a sin2-1 strain by gap repair (see
Materials and Methods). Since sin2-1 is semi-dominant, we
expected that a plasmid containing sin2-1 would confer a Sin-
phenotype to a SIN2+ strain. As shown in Table 2, the HHT1 locus
from a sin2-1 strain (designated hht1-1) has this behavior. These
experiments indicate that sin2-1 is a mutation in the HHT1 gene.
To determine the exact nature of the sin2-1 mutation, we
sequenced the recovered hhti-1 locus. The sequence revealed three
differences from the previously published sequence (Smith, 1983),
only one of which resulted in an amino acid change. This change

substitutes a histidine for an arginine at amino acid position 117.

8in2-1 and gin1- mutations show the same set of
transcriptional alterations

Because sin2-1 and sini- mutations show similar phenotypes
with respect to HQ transcription (Sternberg et al., 1987), we have
examined the effect of sin2-1 on other genes known to be affected
by sini1-. Transcription of the INO1 gene is very sensitive to
mutations in the carboxy-terminal domain (CTD) of the large subunit
of RNA polymerase Il (RPB1) (Nonet et al., 1987; Nonet and Young,
1989). Mut'ationvswiril, SIN1 partially reverse the. 100-fold effect of
these CTD, fnutation§ on INQ1 transcription (Peterson et al., 1991).
We therefore exat;nined whether sin2-1 had a similar effect.
. We measured INOQ1 RNA levels by primer, extension analysus in
|§ngn|c strams expressing wild-type and mutant alleles of RPB1 in

combination with plasmids expressing either nothing, sin2-1, or
sin1-2 (a semi-dominant allele of SIN1). The results of this
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analysis are presented in Figure 2. In the strain carrying the BPB1
truncation (rpb1-103) no INQ1 transcript was detected (lane 2).
When sijn2-1 is introduced, INO1 expression levels increased to
approximately 15% of wild-type levels (lane 3). A similar level of
suppression was exhibited by the strain carrying sin1-2 (lane 4).
This experiment shows that sin2-1 is able to partially reverse the
phenotype of a CTD truncation of RNA polymerase |II.

We also examined whether sin2-1, like sin1-, could suppress
the transcriptional defect caused by insertion of a yeast § element
in the 5' region of the LYS2 gene. This suppression ability is called
the Spt- phenotype (Winston et al., 1984). A strain containing a
lys2-1289 allele (WK51-5d) normally behaves as a lysine auxotroph
because insufficient LYS2 transcript is produced (Simchen et al.,
1984). However, transformation of this strain with a plasmid
containing sin2-1 converts the strain into a lysine prototroph (data
not shown). Thus sin2-1, like sini-, causes cells to exhibit an Spt-
phenotype.

These results show that sin2-1 and sin1- cells exhibit a
similar set of transcriptional defects.

Gerietic - analysis of a smail ‘muilti-gene - family °

-In"yeast there are two genes which encode identical histone H3
proteins, HHT1 and HHT2. Thus these two genes can be considered to
be part of a srhall 'maiti-gens ‘family. We were interested in
understanding the phenétypic consequences of mutations at-either of
the genes in this small gene family. Specifically, we wished to
determine whether a mutation that was analogous to sin2-1 in the

93



other histone gene (HHTZ2) would result in a Sin- phenotype. In
addition, we wanted to examine the phenotypes of isogenic cells
carrying mutant, wild-type, and null alleles of HHT2. The HHT2
alleles used in this experiment are shown in Figure 3a. Using site-
directed mutagenesis, we introduced a single base pair change into
HHT2 that should cause production of a histone H3 molecule with an
arginine to histidine substitution at position 117. We introduced
this allele (designated hht2-1) on a low copy number plasmid into a
yeast strain (WK50-2a) which céntained a deletion of HHT2 and
appropriate markers to score both the Sin and Spt phenotypes. As
controls, we also transformed strain WK50-2a with the vector
plasmid carrying no insert or the wild-type HHT2 gene.

Both Sin- and Spt phenotypes were observed in cells carrying
hht2-1 (Figure 3b). Quantitation of the levels of HQ-lacZ levels is
shown in Table 4. In cells carrying either the plasmid with no insert
or the plasmid with the wild-type HHT2 gene, no Sin-or Spt
phenotypes were observed. From this experiment we can draw two
conclusions: (1) production of mutant histone H3-sin protein from
either histone locus is sufficient to create both Sin-and Spt
phenotypes, and (2) deletion of one of the two histone genes is not
sufficient fo give these phenotypes. '

" In order to détermine the phenotype of a strain that produces
only histone H3-sin protein we attempted to generate a double
mutant strain containing both’ gin2-1 and hht2A . We constructed a
diploid (WK48-20a/WK48-6c) of the following genotype: st_AL_E_LLZ
/SWI1 hhti-1/HHT1 hht2A:URAZ/HHT2 HO-lacZ/HO"lacZ and
dissected 45 tetrads from ‘which we obtained 95 viable spores. In
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this cross we were only able to follow hhti-1 in swilA spores. None
of the 43 swilA spores contained both hht2A:URA3 and hhti-1,
indicating that the triple mutant combination is lethal.

Additionally, only 18 of the 52 SWI+ spores were URA+*+, which is
consistent with hht1-1 and hht2A:URA3 being a lethal combination
even in the presence of SWI1. The failure to recover hht1-1
hht2A:URA3 containing spores suggests a cell is not viable which

produces only histone H3-sin protein.

Identification ot additional Sin- alleles

We wished identify additional changes in histone H3 which,
like sin2-1, could give a dominant Sin- phenotype. We mutagenized
plasmids containing the HHT2 gene jn vitro (see Materials and
Methods) and then used the mutagenized plasmids to transform a
sWilA HO-lacZ strain. We subsequently screened the transformants
for plasmids which conferred a Sin- phenotype. We recovered five
plasmids that were sufficient to confer the Sin- phenotype. The
strength of the Sin- phenotype conferred by these plasmids fell into
two classes, strong and weak (See Table 4). Sequence analysis
revealed all three of the plasmids which conferred strong Sin-
phenotype contained the same mutation, designated hht2-3, which
results in a threonine to isoleucine’ change at amino aéid 119 . -~
Likewise, both ‘of the plasmids which gave a*weak Sif- phendtype
contained the same mutation, designated hht2-2, which results'in an
aspartate to lysine change at amino acid 109. A summary of the
changes ‘in the histone H3 protein which can cduse a Sin- phenotype
is' shown in Figure 4. All three of the changes which create a =
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thought to be a component of chromatin (Kruger and Herskowitz,
1991). In wild-type cells, SIN1 and SIN2 are thought to control
utilization of the cell-cycle box elements in the URS2 region of the
HQ promoter (Herskowitz, 1989; Kruger et al., in preparation). These
celi-cycle-box elements are required for the proper cell-cycle
regulation of HQ transcription, and bind a site-specific DNA-binding
factor called CCBF which contains the SWI4 and SWI6 proteins
(Nasmyth, 1985; Breeden and Nasmyth, 1987; Andrews and
Herskowitz, 1989). Certain mutations in SIN1 and SIN2 allow
inappropriate activation of these cell-cycle-box elements (Kruger et
al., in preparation), and bypass the need for SWI1, SWI2, SWI3, and
SWIS. The observation that both SIN1 and SIN2 are components of
chromatin suggest that chromatin structure may some how interfere
with CCBF formation or function. These observations also indicate
that the role of the SWI1, SWI2, SWI3, and SWIS gene products may
be to antagonize the negative influence of chromatin on cell-cycle-
box activation.

Alterations in histone H3 and SIN1 also derepress genes whose
promoters have been inactivated by insertion of 5 elements.
Insertion of a 3 element in the upstream region of HIS4 or in the
beginning of the coding region of LYS2 greatly reduces transcription
of these genes (Silverman and Fink, 1984; Simchen et al., 1984). The
precise reason why these insertions reduce transcription is not
clear and is likely to be complex. The SPT genes were identified
because mutations in these genes increased transcription from these
inactivated promoters (Winston et al., 1984; Fassler and Winston,
1988). SPT11 and SPT12 code for yeast histones H2A and H2B
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respectively (Clark-Adams et al., 1988). Experiments have shown
that altering the balance between H2A-H2B dimers and H3-H4
dimers inside the cell can create a Spt-phenotype. These
observations, as well as our own, indicate that promoters crippled
by insertion of a 8 element are very sensitive to alterations in
chromatin structure.

Alterations in SIN1 and histone H3 are also capable of
partially suppressing the transcriptional effects of truncation of
the carboxy-terminal domain (C‘l"D) of RNA polymerase Il at the INO1
promoter. The CTD consists of a conserved heptapeptide that is
present in 26 or 27 copies in yeast and in greater numbers in other
eukaryotes (Nonet et al., 1987). Deletion of this domain is lethal in
yeast, while truncation to 10 copies results in a temperature
sensitive phenotype and greatly reduced expression of the INQ1 gene
(Nonet and Young, 1989). Mutations in SIN1 have been shown to
alleviate some of the effects of the CTD truncation (Peterson et al.,
1991). The observation that sini- mutations alleviate the effects of
a shortened CTD has led to the proposal that function of the CTD may
be to antagohize the effect of chromatin structure at the promoter
(Peterson et al., 1991). " We have shown here that the sin2-1
mutation has a similar effect. We observe a 10- to 20-fold increase
in the levels of INQ1 transcript when histone H3-sinis produced.

How ddes production of histone ‘H3-sin effect trdnscription?
One possibility ‘is that' production of histone H3-sin results in
nucleosome ‘depletion. It is possible that & nucleosome ‘which -
contains a histone H3-sin molecule is- not functional, so that the

amount of nucleosomes in a cell producing both wild-type histone H3
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and histone H3-sin is reduced. Studies have demonstrated that
massive nucleosome depletion can result in gene activation for a
variety of genes and raises the possibility that some positive
regulators may function by mimicking this process (Han and
Grunstein, 1988; Han et al., 1988). Alternatively, it is possible that
histone H3-sin is incorporated into nucleosomes, but these
nucleosomes have altered properties. They may bind to DNA in some
abnormal way or fail to interact properly with other proteins. This
kind of explanation could also be used to explain the behavior of
cells which contain mutations in the N-terminus of H4. These celis
have partially derepressed transcription of HMLa and HMRBa, but do
not appear to have substantially reduced numbers of nucleosomes
(Kayne et al., 1988). The fact that all three histone H3-sin
alterations map to the same region of the histone H3 protein may
define a region of histone H3 important for protein-protein
interactions. Given the phenotypic similarity between cells
containing either sin2-1 or sin1-, an intriguing possibility is that
nucleosomes that contain histone H3-sin fail to interact properly
with SIN1, an HMG1-like protein. Interestingly, calf thymus histone
H3 has been shown to cross-link jn vivo to HMG1 (Stos, 1987).
Biachemical studies will be negessary to address these .,
possibiljties.

e Lot

Genetics ot redundant genes. T
_The genetic. interactions between the variouys alleles of the .
two different histone loci. are summarized in Table 5. Therg are

several, notable . points.. First, the arginine to histidine mutation at
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position 117 in either of the two loci is sufficient to create a Sin-
phenotype. Thus, this mutant form of histone H3 is dominant in
combination with the wild-type form. Second, deletion of one of the
two histone loci does not create a Sin- phenotype. This indicates
that the Sin- phenotype requires production of a mutant histone H3
protein, and not simply a reduction in the amount of wild-type
histone H3. Third, the ratio of wild-type to mutant genes affects
the strength of the Sin- phenotype. Sin2-1 strains containing an
extra wild-type histone H3 gene (either HHT1 or HHT2) on a low copy
plasmid exhibit a weakened Sin- phenotype (see Table 1). Together,
these observations indicate the histone H3-sin protein is interfering
with wild-type histone H3. For this reason, we refer to sin2-1 as a
dominant interfering mutation.

The ability to create dominant interfering mutations is
extremely useful in genetic analysis of redundant gene families. In
the case described here, a null mutation in HHT2 causes no phenotype
because the HHT1 gene is still intact and able to provide sufficient
amounts of histone H3. Deletion of both HHT1 and HHIZ2 is lethal and
therefore provides little information about the transcriptional role
of histone H3. In this situation, only the production of a mutant
histone'H3 protein that partially interferes with wild-type histone
H3 function creates an informative phenotype. In multicellular
organisms dominant interfering mutations have be,en_ ide'n’tifi,e.d‘ in
various_ge-n'e-fa‘mil-i‘es. In the nematode, dominar{t interferihg alleles
in the genes which code for myosin and actin have been identified
which affect movement (Waterston et al., 1984; Epstein, 1990). In
D_mmp_h.ua dominant interfering mutations in one of the genes
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coding for tubulin has been identified which affect sperm (Fuller,
1986). Thus when a gene is redundant, dominant interfering
mutations are an extremely useful way to get in yivg information
about gene function.

Use of yeast to identify dominant interfering mutations

It has been previously suggested that the use of dominant
interfering or dominant negative mutations could be useful in
providing information on the jn yivo function of cloned genes from
higher cells (Herskowitz, 1987)." Since the histone H3 prptein is
among the most highly conserved of all genes, 93% identical between
yeast and man, the mutations identified here may be useful in
analyzing the functions of histones in multicellular organisms. For
example, it would be possible to express histone H3-sin under the
control of a regulated promoter in Draosophila in order to study its
effects on development and differentiation.

In this study we were able to identify additional dominant
interfering alleles of histone H3 by random jn yitra mutagenesis of
the cloned histone H3 gene followed by phenotypic screening in
yeast. It should be possible to use a general version of this strategy
to identify dominant interfering mutations in other cloned genes.
The starting point in suchi a screen is a yeast strain. which expresses
a cloned gene of interest in such a way that its function is required
for some assayable phenotype in yeast. Into this strain randomly
mutagenized versigns of this cloned gene could be transformed and.
then subsequently the yeast could be screened. for plasmids.which
conferred a dominant interfering phenotype.. Recently, a  wide . -

variety of mammalian genes have been shown to function in yeast
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including steroid hormone receptors (Schena et al., 1989),
Neurotransmitter receptors (King et al.,, 1990), and G-proteins (Kang
et al.,, 1990). Thus the strategy described above may be generally
useful in identifying dominant interfering mutations in many

different kinds of genes.

N

102



Reterences
Andrews, B.J. and |. Herskowitz. 1989. Identification of a DNA

binding factor involved in cell-cycle control of the yeast HQ gene.
Cell 57: 21-29.

Archambault, J., Drebot, M.A., Stone, J.C., and J.D. Friesen. 1991.

Mutants of Saccharomyces ceravisia@ RNA polymerase |l impaired in
cell-cycle regulation. In Press.

Boeke, J., LaCroute, F., and G. Fink. 1984. A positive selection for
mutants lacking orotidine-5'-phosphate decarboxylase activity in
yeast: S5-fluoro-orotic acid resistance. Mol. Gen. Genet. 197: 345-
346.

Breeden, L. and K. Nasmyth. 1987. Cell cycle control of the yeast HQ gene:
Cis- and trans-acting regulators. Cell 48: 389-397.

Clark-Adams, C.D., Norris, D., Osley, M.A., Fassler, J.S., and F.
Winston. 1988. Changes in histone gene dosage alter transcription in
yeast. Genes Dev. 2: 150-159.

Climie, S., Ruiz-Perez, L., Gonzalez-Pacanowska, D., Prapunwattana,
P., Cho, S.W., Stroud, R., and D.V. Santi. 1990. Saturation site-
directed mutagenesis of thymidalate synthase. J. Biol. Chem. 265:
18776-18779.

103



Epstein, H.F. 1990. Genetic analysis of myosin assembly in
Caenorhabdites elegans. Mol. Neurobio. 4:1-25.

Fassler, J.S., and F. Winston. 1988. Isolation and analysis of a novel
class of suppressor of Ty insertion mutations in Saccharomyces
corevisiae. Genetics 118: 203-212.

Fuller, M.T., 1986. in Gametogenesis and the Early Embryo (ed. Gall,
J.G.) 19-41 (Liss, New York)

Han, M., and M. Grunstein. 1988. Nucleosome loss activates

downstream promoters in yivo. Cell 55: 1137-1145.

Han, M., Kim, U., Kayne, P., and M. Grunstein. 1988. Depletion of
histone H4 and nucleosomes activates the PHQS gene in
Saccharomyces ceravisiaa. EMBO J. 7: 2221-2228.

Herskowitz, I. 1987. Functional inactivation of genes by dominant
ngative mutations. Nature 329: 219-222.

itoh, Y., Fukada, K., Murata and A. Kimura. 1983. Transformation of
intact yeast cells treated with alkali. J. Bacteriol. 153: 163-169.

Kang, Y., Kane, J., Kurjan, J.,Stadel, J.M., and D.J. Tipper. 1990.
Effects of expression of mammalian Ga and hybrid mammalian-yeast

Ga proteins on the yeast pheromone response signal transduction
pathway. Mol. Cell. Biol. 10: 2582-2590.

104



King, K., Dohiman, H.G., Thorner, J., Caron, M.G., and R.J. Lefkowitz.
1990. Control of yeast mating signal transduction by a mammalian
B2-Adrenergic receptor and Gg a subunit. Science 250: 249-251.

Kayne, P.S., Kim, U., Han, M., Mullen, J.R., Yoshizaki, F., and M.
Grunstein. 1988. Extremely conserved histone H4 N-terminus is
dispenable for growth but essential for repreeing the silent mating
loci in yeast. Cell 55: 27-39.

Kruger, W., and |. Herskowitz. 1991. A negative regulator of HO
transcription, SIN1 (SPT2), is a non-specific DNA binding protein
related to HMG1. Mol. Cell. Biol. In press.

Mendenhall, M.D., Richardson, H.E., and S.I. Reed. 1988. Dominant
negative kinase mutations that confer a G1 arrest phenotype. Proc.
Natl. Acad. Sci. USA 85: 4426-4430, 1988.

Miller, J.H. 1972. Experiments in Molecular Genetics (Cold Spring Harbor,
New York: Cold Spring Harbor Laboratory).

Nasmyth, K.A. 1985b. A repetitive DNA sequence that confers cell- cycle

START (CDC28)-dependent transcription of the HQ gene in yeast. Cell 42:
226-235.

105



Nonet, M., D. Sweetser, and R.A. Young. 1987. Functional redundancy and
structural polymorphism in the large subunit of RNA polymerase Il. Cell
50: 909-915.

Nonet, M., and R.A. Young. 1989. Intragenic and extragenic suppressors of

mutations in the heptapeptide repeat domain of Saccharomyces cerevisiae
RNA polymerase Il. Genetics 123: 715-724.

Orr-Weaver, T.L., J.W. Szostak, and R.J. Rothstein. 1983. Genetic
applications of yeast transformation with linear and gapped plasmids.
Methods Enzymol. 101: 228-245.

Peterson, C.L.,W. Kruger, and |. Herskowitz. 1991. A functional role for the
C-terminal domain of RNA polymerase Il: Antagonism of the negative
regulator, SIN1. Cell 64: 1135-1143.

Schena, M., and K. R. Yamamoto. 1988. Mammalian glucocorticoid
receptor derivatives enhance transcription in yeast. Science 241:
965-967.

Silverman, S.J., and G.R. Fink. 1984. Effects of Ty insertions on HIS4
transcription in Saccharomyces ceravisiae. Mol. Cell. Biol. 4: 1246-1251.

Simchen, G., F. Winston, C.A. Styles, and G.R. Fink. 1984. Ty-mediated gene

expression of the LYS2 and HIS4 genes of Saccharomyces cerevisiae is
controlled by the same SPT genes. Proc. Natl. Acad. Sci. USA 81: 2431-

2434.

106



Smith, M.M., and O.S. Andresson. 1983. DNA sequences of yeast H3 and H4
histone genes from two non-allelic gene sets encode identical H3 and H4
proteins. J. Mol. Biol. 169: 663-690.

Smith, M.M., and V.B. Stirling. 1988. Histone H3 and H4 gene
deletions in Saccharomyces cerevisiae. J. Cell. Biol. 106: 557-566.

Sternberg, P.W., M.J. Stern, |. Clark, and I. Herskowitz. 1987. Activation of
the yeast HQ gene by release from muitiple negative controls. Cell 48:
567-577.

Stos, M. 1987. Binding of non-histone chromosomal protein HMG1 to
histone H3 in nucleosomes detected by photochemical crosslinking.
Biochem. and Biophs. Res. Comm. 147: 301-308.

Wells, D., and D. Brown. 1991. Histone and histone gene compilation and
alignment update. Nucl. Acid Res. 19: 2173-2188.

Winston, F., D.T. Chaleff, B. Valent, and G.R. Fink. 1984. Mutations affecting

Ty-mediated expression of the HIS4 gene of Saccharomyces ceravisiae.
Genetics 107: 179-197.

Waterston R.H., Hirsh, D., and T.R. Lane. 1984. Mutations affecting

muscle structure in Caenorhabditis alegans that map near the actin
gene cluster. J. Mol. Biol. 180: 473-496.

107



Table 1

HHT1 and HHT2 both can complement 8in2-1

Plasmid Insert HO-lacZ Activity (Miller units)

none 1.1
HHT1 0.4
HHT2 0.4
sin1-2 ‘ 2.1

Low copy-number plasmids (YCp50-based) containing the indicated
inserts were introduced by transformation into a swilA sin2-1 HO-
lacZ strain (WK3-7c). Three transformants were picked and fB-

galactosidase assays were performed. Averages are presented and
varied less then 15%. A swilA SIN+ HO-lacZ strain gave < 0.1 units.
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Table 2
The HHT1 locus from a sin2-1 strain confers
a Sin- phenotype

expression
WK1-9a swilA SIN2 none 0.1
WK1-9a swilA SIN2 HHT1 0.1
WK1-9a swilA SIN2 hht1-1 0.7
WK3-7¢ SwilA sin2-1 none 1.1

Low copy-number plasmids (YCp50-based) containing the indicated
inserts were used to transform the indicated strains and p-
galactosidase activity from three separate transformants was
measured. Averages are presented and varied less than 15%. The
insert designated hhti-1 contains the HHT1 locus recovered from
the sin2-1 strain WK3-7c by repair of a gapped plasmid (see
Materials and Methods).
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Table 3

Suppression of swiiA by hht2-1

Insert Activity
none <0.1
hht2-1 1.0
HHI2 © <01

The indicated inserts, carried on a low copy vector (pRS314), were
introduced by transformation into strain WK50-5¢ (swilA HO-lacZ
lys2-1285 hht24). Three colonies were isolated and liquid B-
galactosidase assays were performed. Averages are presented and
varied less then 15%.

110



Table 5
Summary of genetic interactions

at HHT1 and HHT2

HHT1 allele HHT2 allele Phenotype
1. HHT1+ HHT2+ Sin+
2. hht1-1 HHT2+ Sin-
3. HHT1+ " hht2-1 Sin-
4. HHT1+ hht2A ~ Sin+
5. hhti-1 hht2A inviablea
6. hht1A hht2A inviableb

a8 Unable to recover viable spores of this genotype
b Smith and Stirling, 1988
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Table 4
Strength of the Sin- phenotype of the different histone H3-

sin alleles

tivit
WK1-9a SWilA hhti-1 0.8
WK1-9a SWilA hht2-2 0.5
WK1-9a SWilA hht2-3 2.0
WK50-4c¢ SWI1 HHT2 5.0
WK1-9a SWilA HHT2 <0.2

Low copy-humber plasmids (YCp50-based) containing the indicated
histone H3 producing alleles were used to transform the indicated
strains and p-galactosidase activity from three separate
transformants was measured. Averages are presented and varied
less than 15%.
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Table 6

Strain

WK1-9a

WK3-7¢

WK10-8d

WKS0-2a

WK48-20a

WK48-6¢

CY240

JAY47

Yeast Strain List

Genotype Scource

o sWilA:LEU2 HO-lacZ  Kruger and Herskowitz,
urald-o2 ley2= 1991

o sWilA'LEU2 HO-lacZ This study
a HO-lacZ trp1-289 This study
urald-52 ley2=

a hht2A:URA3J lys2- This study
1288 ura3d-52 leu2= HO-

lacZ

o hht2A'URA3 urad-52 This study
leu2= HO-lacZ

aswilALEU2 sin2-1  This study
HO-lacZ leu2= ura3-52

a swilA:LEU2 HO-lacZ, This study
urad-52 ley2-

aleu2=trp1-1 ura3-1 Archambault et al.,
ade2-1 his3-11.15 1991
€ani-100 ho
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Figure 1

Structure of the plasmid inserts that partially complement sin2-1
in low-copy. The restriction sites shown are: R1= EcoRIl, H3=HindIll,
BH1= BamHI, Bgl= Bglll, and Smal= Smal.
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Structure of plasmid inserts that complement

sin2-1
Complementation
R H3 H3 H3 RI Lon
L — LRI psiN2c *
BH! Bgl H3 BH1
| | pBgl-BH 1 -
l | pH3 -1 -
' J pH3-2 *
H3 Smal H3
| s B | pHHTI +
1l
1Kb — histone H3 coding region

Figure 1

histone H4 coding region



Figure 2

Partial suppression of CTDA transcription defect of INQ1 by
sin2-1. Plasmids expressing either a wild-type RPB1 gene (RP112)
or rpb1-103 (Ry2203) which has a truncated CTD, were introduced
into JAY47. Into these strains were also introduced plasmids which
expressed either sin2-1, sin1-2, or nothing (YCp50 alone). These
strains were then grown in glucose under inducing conditions for
INO1 transcription. RNA was isolated and transcription of INOQ1 was
measured by primer extension analysis as described in Materials and
Methods. Lane 1 contains RP112 and YCp50. Lane 2 contains Ry2203
plus YCp50. Lane 3 contains Ry2203 plus phhti-1. Lane 4 contains
Ry2203 plus pSin1-2. |
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hht1-1 (sin2-1) can partially suppress transcription
defects at INO1 due to CTD truncation of Pol II.

M 4 2 3 4
‘ & & &
'.'!! } URA3
‘ -a*+— |NO |
- :

- .‘ -
‘hO .

Figure 2
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Figure 3a.
HHTZ2 alleles used in this study. The structure and locations of

the various HHT2 alleles used in Figure 3b are shown. The Hindlll
fragment shown is identical to that of pH3-2 shown in Figure 1. The

amino acid located at position 117 is shown in a different font.
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Figure 3b.

hht2-1 causes both Sin- and Spt- phenotypes. The alleles
described above were introduced into WK51-5d (genotype shown
above), and four colonies from each transformation were patched on
SD-URA (panel A), subsequently tested for growth on SD-Lys media
(Panel B), and B-galactosidase activity using a filter assay (Panel C).
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Substitution of Arginine to Histidine at amino acid 117
of HHT 2 causes both Sin- and Spt- phenotypes.

B.
P id A. C
vector
alone
vector +_>
vector + g
HHIZ2
SD -URA ab =L¥5 X-gal filter

Strain genotype: swilAHHT 1 hht2A HO-1acZ lys2-1288

Figure 3b.
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Figure 4

Analysis of the Sin- mutations in histone H3. The various
changes in the histone H3 protein which give a dominant Sin-
phenotype are shown above. The shaded area of the histone H3
protein (below) shows the region in which the three described

changes occur.
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Sin mutations in histone H3

(hhtl-1; sin2-1)
(hht2-1)
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Figure 4
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Chapter 4

THE URS2 REGION OF THE YEAST HQ GENE CONTAINS A REGULATED UAS
UNDER CONTROL OF SWI1 AND SIN1.

Warren Kruger, Brenda J. Andrews, and Ira Herskowitz

(To be published in Proceedings of the National Academy of Sciences
‘ USA)
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Abstract
The yeast HQ gene is transcribed in mother cells only during

the late G1 phase of the cell cycle. This transcriptional control is .
exerted by the interplay of genes coding for both positive (SWI) and

negative regulators (SIN) of HQ. These regulators exert their effects ﬂ
through a large regulatory region which can be functionally r
subdivided into two parts, URS1 and URS2. URS1 contains UAS

activity by two criteria: it is required for HQ expression, and it is

sufficient to drive expression from a heterologous promoter lacking
a UAS. In this study we show that URS2 contains a regulated UAS
that can also drive expression from a heterologous promoter. This
UAS is inhibited by the SIN1 and SWI1 genes and requires SWI4 and
SWI6. The UAS activity of URS2 is sufficient to drive HQ expression
in the absence of URS1, but this expression is no longer properly
regulated. These findings lead to a model in which URS1 and URS2

act sequentially to control HQ transcription.
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Introduction
The HQ gene codes for an endonuclease that initiates the

process of mating-type interconversion in Saccharomyces cerevisiae
(Kostriken and Heffron, 1984). HQ is transcribed only in haploid
mother cells during the late G1 phase of the cell cycle (Nasmyth,
1983). The regulated expression of HQ is sufficient to account for
the precise pattern of mating type interconversion observed in vivo
(Hicks and Herskowitz, 1976; Strathern and Herskowitz, 1979;
Nasmyth, 1983).

Transcriptional regulation of HQ is mediated by a 1.4 kb
segment upstream of the transcription start site. Previous studies
(Nasmyth, 1985a,b) have subdivided this region into two functionally
distinct segments, URS1 and URS2 (see Figure 1). URS1 has UAS
activity: deletion of URS1 inactivates the HQ promoter, and
insertion of URS1 upstream of a heterologous promoter lacking its
endogenous UAS allows expression. URS1 is responsible for the
mother/daughter control of HQ (Nasmyth, 1987). URS2 is
responsible for the cell cycle control of HQ but is not essential for
expression: deletion of URS2 causes HQ to lose cell cycle control
(Nasmyth, 1985b). This region of HO contains a repeated sequence,
PUPYCAGGAAAA, (knewn. a5 the cell cycle:bex; CCB) that.governs;
cell-cycle. regulation (see Figure 1). When this sequence is
multimerized and..placed upgtream of a-test promoter, it. exhibits .
cell-cyclp-regulated. UAS activity, (Breeden.and Nagmyth, 1987). .
This . expression occurs: at the. same time..in the. cell.cycle when HQ is
normally -expressed. . Studies have detected a DNA binding -activity,.

125



cell-cycle-box-factor (CCBF), which binds specifically to these
regions (Andrews and Herskowitz, 1989). However, these sequences
in the context of URS2 are not sufficient for UAS activity: a
chromosomal deletion of URS1 which leaves URS2 intact results in
almost undetectable levels of HQ transcript (Nasmyth, 1985a). This
observation suggests that other sequences in URS2 inhibit the
activity of the CCB elements.

At least eleven genes which control HQ expression have been
identified. The SWI genes (SWIi1- SWI6) were identified as
activators of HQ (Stern and Herskowitz, 1984; Breeden and Nasmyth,
1987). Mutation in any of these genes causes HQ to be unexpressed.
SWi4 and SWIE are required for expression from the multimerized
cell cycle-box sequences, as well as for formation of CCBF (Breeden
and Nasmyth, 1987; Andrews and Herskowitz, 1989). SWIS is
necessary for UAS activity of URS1; its product binds to sites
within this region (Stillman et al., 1988). Mutations in SWI1, SWI2,
and SWI3 decrease the UAS activity of URS1 and share the same set
of pleiotropies; therefore, the SWI1, SWI2, and SWI3 products are
thought to act together (Stern and Herskowitz, 1984; Sternberg et
al.,, 1987; C. Peterson, unpublished).

- The SIN genes: (SIN1-~SINS) were identified as mutations that
eliminate the need for various :SWI genes for HQ transcription.
These genes can be divided into two. groups based -on" the: ability to
suppress .different swi mutations.(Sternberg: et ai., 1987).:
Mutations-in ‘SIN1 and SIN2 bypass the need for SWI11, SWI2, SWI3,
and partially -alleviate the requirement for SWI5; they do not bypass
the fequirgmen't for SWIi4 (SWIE was not tested at this time). -
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Mutations in SIN3, SIN4 and SINS suppress mutations only in SWI5
(Sternberg et al.,1987). No mutations that genuinely relieve the

need for SWI4 have been identified (B. Andrews and J. Ogas,
unpublished).

Here we present a hypothesis that explains the paradoxical
behavior of the CCB element in functioning as a UAS by exploiting
our observations on the functional interactions between SWI| and SIN
gene products. This hypothesis relies on the observation that
inactivation of SIN1 alleviates the need for all the other SWI genes
except for SWI4 (and presumably SWI6). Since SWI4 and SWI6 are
the only two SWI genes required for UAS activity of the isolated CCB
elements, this observation leads to the view that the SIN1 gene
product is responsible for inhibiting the activity of the CCB
elements when they are located within URS2. A corollary of this
hypothesis is that the other SWI| genes (SWI11, SWI2, SWI3, and SWI5)
are normally required for overcoming inhibition by SIN1. These SWI
genes are thus responsible for controlling the ability of URS2 to
function as a UAS only under the proper conditions, i.e. in mother
cells.

In this paper we test the hypothesis that URS2 contains
regulated 'UAS activity. ‘W& show that SIN1 -inhibits’ this UAS
activity' and that' SWi4 and-SWI6 are requifed'for UAS activity. We
find, unexpectedly: that full inhibltion of' URS2 also' requires SWI1.
In addition,: we show that:mutations in SIN1°do not bypass the need
for SWIB. - Consistent with the above hypothesis, we show that
inappropriate activation of the 'UAS activity' in- URS2 (i swii-'sin1-
strains) léads to mating-type switching of daughtet cells. From
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these results, we present a unified model for regulation of HO

expression in which the role of URS1 is to allow activation of URS2.
Materials and Methods

Strains

The strains are described in Table 1. The swiiA and swiSA
alleles are gene replacements marked by LEU2, constructed in vitro
by Michael Stern from the cloned SWI1 and SWIS genes (Stern, 1985).
The siniA allele was constructed as described and marked by TRP1
(Kruger and Herskowitz, submitted). The swi4A and the gwi6A
alleles are gene replacements marked with HIS3 or LEU2 -
respectively and were constructed from the cloned SWi4 and SWI6
genes by Joe Ogas (unpublished). The HQ-lacZ fusion allele is
described by Russell et al. (1986). Genetic methods were performed
as described by Hicks and Herskowitz (1976), Stern et al. (1984),
and references therein.

Identification of awi6 sin1 HO-lacZ segregants
Smmsegregants from a diploid formed by mating JO223-2d

and. WK10-3c wera..identified - by. leucine prototrophy..: Six of these:
segregants containing MATo were. mated to strain D262-1a (see. .
Table 1), which .contains .a: cry1 mutation linked to MATAa; which:; ...
allows for subsequent.selection. of a/a dipleids. :.These. diploids. . ..
werea then. used to.score for HO-lacZ .as-degcrihed. (Sternberg. et al.,
1987). .The a/a diplpids were sporulated and .approximately- ten,. ..
tetrads were dissected for each cross. -The presence of sini-2 was
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inferred from the recovery of leucine prototrophs which contain B-

galactosidase activity.

Plasmids
All plasmids used in Tables 2 and 3 are derivatives of pAS S

(Hoar and Guarente, 1984). pCYCi-lacZ is p ASS with a Bglll linker
inserted into the Sall site (A. Mitchell, unpublished). pURS2inv-
CYC1-lacZ was created by inserting a BamHI fragment from pHO-
Lac-c12 (Russell et al., 1986), containing a portion of HQ and its
upstream region (-762 to +275), into the Bglll site of pCYC1-lacZ.
pURS2-CYC1-lacZ was created identically as above except that the
BamHI! insert was in the opposite orientation. This construct,
pURS2, was non-functional because the HQ transcription start-site
was present between URS2 and CYC1-lacZ. This region was
eliminated by digestion with Kpnl and Xhol and recircularization.
The resulting plasmid, pURS2-CYC1-lacZ, contains URS2 sequences
from -762 to -131. pURS1-CYC1-lacZ is described in Sternberg et
al. (1987), and contains sequences -1516 to -901 from URS1.
pRPA39-CYC1-lacZ was created by digestion of pLG699-Z (Guarente
and Hoar, 1984) with Xhol and Bglll, and insertion of a Bglll and Xhol
sagment: from PMRY0-299- (Rotenberg and Woolford, 1986). ‘. This
.construct: contains -promoter saquences (-299 to- <171) from BPA39
fused to CYC1-lacZ. pRP:URS2-CYC1-lacZ was created:by insertion
of a Bgli-Kpnl.fragment from' thé ‘HQ :prometer (-710-to- -131) in-
‘which.a, Bglit site-has been-added:to the Kpnl end; into pRPA39- -
CYCt-lacZ digested with Bagill. - - - = ..« -~ Lol r o

et B
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Assays of plasmid encoded activities

In the experiments presented in Tables 2 and 3, the indicated
strains were transformed using lithium acetate as described in
Hicks et al. (1978). At least three individual colonies were isolated
and B-galactosidase assays of cells grown in culture were
performed as described in Stern et al. (1984) and Miller et al.
(1972).

Pedigree analysis

Pedigree analysis was performed as described by Hicks and
Herskowitz (1976). Spores of the indicated strains were allowed to
germinate in the presence of a-factor provided by a streak of a cells
(strain 1793). Pedigrees of a spores were followed for 3 to 8
generations, using micromanipulation to separate mothers from
daughters. Cells from the strains heterozygous for the swiiA were
subsequently tested for leucine auxotrophy to determine which

pedigrees were derived from swil- and SWI1 spores.

Resulte oo =0~ Lp o
ain1-: does not--alieviate -the requirement of: SWIi6 for HO
expression . ..., ... .

Previous work: had:-shown that mutations in SIN1. bypass the
requirement 4ot SWI1, SWI2, SWI3, and-SWI5, but not SWi4-for HO
expression.. In order to- determine whether. sin1- bypasses the - need:
for SWI6, we crossed a strain (JO223-2d) containing a.swi6 deletion
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(marked with LEU2) to a strain (WK10-3c) containing a sin1-2
mutation (a very strong Sin- allele; Kruger and Herskowitz,
submitted) and an HQ-lacZ gene to assess HQ expression. If sin1-2
is able to suppress swi6, we would expect (assuming no linkage
between SIN1 and SWI6) one quarter of the swi6 segregants to
express HQ-lacZ. Nineteen tetrads were dissected from which 59
viable spores were obtained. None of the 25 swi6 segregants from
the cross expressed HQ-lacZ, suggesting that sin1-2 was unable to
suppress the swi6 deletion.

To confirm that a swi6- sin1- HO-lacZ strain had actually been
generated, we examined six of the slower-growing swi6 segregants
for the presence of HQ-lacZ (see Materials and Methods), and found
that three of these segregants did contain HQ-lacZ. We then crossed
these segregants to determine whether they contained sini-2 (see
Materials and Methods). All three segregants contained the sini-2
allele. These experiments show that sini-is not able to suppress a
swi6 deletion for HQ expression.

SIN1 and SWi1 inhibit UAS activity in URS2

The experiment above and previous work (Sternberg et al.,
1987) show that sinl mutations bypass the need for all of the SML[
genes except tor Sﬂu and Sw_lﬁ These are the only S.W.l genes |
requrrledyfor UAS actnvrty exhrbrted by the multnmerrzed CCB
elements when placed upstream of a test promoter (Andrews and
Herskowrtz 1989 Breeden and Nasmyth 1987) It had been ,
prevrously observed that the UR82 regron of ];LQ_. un the absence of
URS1 drd not contarn apprecrable UAS actlvrty even though it
contams ten ccs elements (Nasmyth 1985a) These observatrons
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imply that the CCB elements in URS2 are somehow inhibited by the
flanking URS2 sequences. We have examined whether the SIN1 gene
product inhibits the UAS activity of the CCB elements located in
URS2. If so, a sini- mutation would allow URS2 to act as a UAS and
thus bypass the need for URS1.

To test this hypothesis, we constructed plasmids which
contain a portion of the URS2 region inserted in two different
orientations upstream of a CYC1i-lacZ fusion gene lacking its own
UAS (see Figure 2). We then used these plasmids to transform wild-
type, swil  SIN1, SWI1 sini1-, and swil- sinl- strains and measured
promoter activity. (In these experiments the sini mutation used
was the sini-2 allele.) For controls, we included plasmids with no
UAS, the BPA39 UAS, or the URS1 region of HQ all inserted at the
same location. As can be seen in Table 2, the URS2 fragment in both
orientations shows a substantial increase in UAS activity in swil-
sin1- cells relative to that exhibited in wild-type strains. In the
normal orientation there is a five-fold increase in activity (6.3
versus 1.2), while in the inverted orientation there is an eighteen-
fold increase (18 versus 1.0). Surprisingly, the UAS activity
exhibited. by SWI1 sini- cells, although 3- to 5-fold greater than in
wild-type cells; is_still 2- tq 4-fold .lower then in swil- ginl-
cells. This, ;egplt,wés .unexpected because SW|1 bgggpyeg as.a |
positive . regulator for. the_ entire, HO, Pramoter and far URS1 (see line
3)., These ,experime_n,t;f show that both SIN1 and SWI1 inhibit UAS.
activity -of. URSZ N

The inhibitory effects of S_W_L]_ and S_I_NJ_ are qucmc to the
URS2 segment.. Neither. swil- qr,a!.nl mutations have a dramatic
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effect on the plasmids containing either the BPA39 UAS or no UAS.
Both SWI1 and SIN1 are required for maximal activity in URS1,
indicating that in URS1 they act as activators. These resuits
suggest that effects of SWI1 and SIN1 are context dependent.
SWIi4 and SWI6 are activators of URS2
We next wished to determine whether the UAS activity of URS2

was dependent on SWI4 and SWI6. For these experiments, we tested
pURS2-CYC1-lacZ (see Figure 2A) in a set of isogenic swid4-, swi4-
sini-, swi6-, swi6- sini1-, wild-type, and sin1- strains, which
contain deletion alleles of the indicated genes. We detected only
background levels (<0.1u) of activity in swi4-, swi4- sini-, swi6-
and -3wi6- gin1- ocells, but measurable activity for wild-type (0.39u)
and sin1- (0.6u) strains (Table 2, line 1). As a control for
specificity we included the CYC1-lacZ promoter containing its
endogenous UAS, which showed less than three-fold differences in
the diﬁérent strains. These results show that SW14 and SWI6 are
required for UAS activity from URS2. Given that maximal UAS
activity from URS2 is observed when both SIN1 and SWIl1 were
mutated (Table 1), we would have liked to examine UAS activity in a
swil- sini- strain also defective in SWIi4 or SWI6. However this
praved to- be:no} passible;-as swi4- and gwi6- mutations are. lethal
in- combination with. swi1~ (Stern and Herskowitz,.-1984;..this paper).

.. - Becausa- the -JAS: activity: of the URS2 - segment iis.so: low (Table
3,.line 1), we have analyzed this. sagment: of URS2;.inanother.context
te- -ascertain- whether ‘it confers. regulations by SWi4 and SWi46. In-this
case, we have: not assayed the:ability -of this: sagment to function as
a UAS hut rather-its effect on-an intact, functional UAS: (fromthe
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BPA39 gene). We have inserted the URS2 segment between the
BPA39 UAS and the CYC1-lacZ gene and assayed activity in different
strains. The BPA39 UAS functions well in swi4-and swi6- strains,
exhibiting 104% and 37% of the activity seen in wild-type strains
(Table 3, line 4). Addition of the URS2 segment (Table 3. line 3)
causes a great drop in UAS activity in wild-type strains -- from 597
units to 1.9 units. This residual activity is dependent on SWIi4 and
SWI6: activity is reduced to 0.40 and 0.24 units respectively in
swi4- and swi6- mutants. Although the nature of the inhibition of
the BPA39 UAS due to the URS2 segment is unknown, it appears that
the behavior of this segment is once again governed by the state of
the SWI4 and SWI6 genes.
Inhibitory roles of SIN1 and SWI1 on chromosomal HO-lacZ
We noted earlier the unexpected finding that the UAS activity
of a segment of URS2 is greatest in the absence of both SIN1 and
SWIi1. Although SWI1 is ordinarily a positive regulator, needed for
transcription from the intact HQ regulatory region, it appears that it
functions as an inhibitor in the absence of URS1. We wished to
examine the UAS activity of URS2 in another situation in which URS1
is not functional.. This situation can be created by inactivating the
SWI5 gene, whigh.is: necessary. for-function of the URS] region . -
(Sternberg: et al, 1987; Nasmyth, 1987). . As shown in Table 4 (lines
1'and 2), inactivation of SIN1 incfeases expression of HQ 4.5- fold in
a gwid~ mutant, as. measured by. the B-galactasidase. activity of an
HO-lacZ fusion: gene- (Russell et al,, 1986), A striking finding is, that
inactivation. of .the,;SWI1 gene. in-the swi- sini- strain leads.to. a
further. 3-fold increase. in:expression of HO (Table .4, line 3).. .
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Expression of HQ in a swil- sin1- strain is independent of SWI5
(Table 4, lines 3 and 4). Examination of the levels of URA3 and HO-
lacZ mRNA in these strains indicate that these effects are specific
to the HQ containing transcripts (data not shown). These findings
are fully consistent with our earlier observations and indicate that
the UAS activity in URS2 is independent of URS1 and is inhibited by
SWi1.

Etfect of gsin1-and awil- sin1- mutations on the pattern of
mating type switching

Previous work has shown that URS1 is responsible for
mother/daughter regulation of HQ (Nasmyth, 1987). |f activation of
URS2 UAS activity is entirely responsible for HQ expression in
sSwii- sin1- cells, we expect that HQ should be expressed in
daughter cells as well as mother cells and thus that daughter cells
should be able to switch their mating types. To determine if sini-
daughter cells can switch mating types, we performed pedigree
analysis on wild-type, sin1-, and swil- sin1- cells (see Materials
and Methods). In swil- sin1- cells, URS1 is largely inactive, but
URS2 is derepressed, and this should result in mostly deregulated
switching. For these experiments, we analyzed two different
mutatians, a. deletion .allele. of SIN1 and the sini-2 . -point -mutation,
the- latter which exhibitsa stronger Sin- phenotype--(Kruger. and
Herskowitz, submitted).

As seen in:Table 5 (line 1), wild-type -daughter cells never.: .
undergo mating type. switching, whereas- a .few .daughters switch -
(~4%).in.the sin1A mutant (line;2). In contrast, mother and daughter
celis that are swil- sinlA exhibit almost the same: rate of
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switching (16% versus 9%) (line 3). Similar results are observed in
the strain carrying the sin1-2 allele (Table 5, lines 4-6). In this
strain, wild-type daughter cells again exhibit no switching (line 4),
whereas sin1-2 daughters show low levels of switching (9%; see
line 5). In swil-sini- cells, daughters again exhibit rates of
switching similar to mothers (41% vs. 47%; see line 6). These
observations support the view in swil- sin1- cells, URS2 is
functioning as a UAS independently of URS1. Once again, we observe
that SWI1 exhibits an inhibitory effect on the UAS activity of URS2
seen in sini- mutants. |
Discussion

The HQ gene of Saccharomyces cerevisiae is transcribed only
in mother cells during the G1 phase of the cell cycle. This precise
transcriptional control is exerted by a large regulatory region
extending 1400 base pairs upstream of the transcriptional start
site. Previous studies have demonstrated that this control region
can be functionally dissected into two parts, URS1 and URS2. URS1
contains sequences necessary and sufficient for mother/daughter
control of HQ expression, while URS2 contains sequences necessary
for cell cycle regulation (Nasmyth 1985a,b). URSH1, in the absence
of URSZ ‘'exhibits UAS actrvuty as defined by its abmty to promote
transcrrptlon from a heterologous prornoter Iackmg an endogenous
UAS. We have shown here that the URS2 reguon of HO also oontams
UAS activity that is’ controlled by ‘the SWI1, Sﬂlﬁ, S_w_l_ﬁ and S_LNJ_
gene products The observatlon that both URST and URS2 contarn
UAS activity leads to the followmg questron Whuch UAS is actually
responsrble for dnvrng ]:LQ_ transcnptuon? We propose that URS2
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contains the UAS used to promote transcription, and that the URS1
UAS activity is used to regulate URS2 activity. The evidence leading

to this sequential activation model is summarized below.

Both URS1 and URS2 have regulated UAS activity

Previous work has demonstrated that URS1 has UAS activity.
When URS1 is placed upstream of a CYC1-lacZ fusion gene lacking its
endogenous UAS significant activation of transcription is observed
(Sternberg et al., 1987; also Table 2). This UAS activity is normally
under mother/daughter control. Deletion of URS2 results in HQ
transcription in mother cells only, but it is no longer properly celi-
cycle regulated (Nasmyth, 1985a,b). UAS activity of URS1 normally
requires the SWI1, SWI2, SWI3, and SWIS gene products (Sternberg
et al., 1987; C. Peterson, unpublished information).

In this paper we showed that a segment containing URS2 when
placed in either orientation upstream of the CYC1-lacZ fusion gene
carried on a plasmid could activate transcription. This activation
was minimal in wild-type cells and maximal in swil-sini- cells.
Interestingly, it is necessary to have both SWI1 and SIN1 inactivated
for maximal UAS activity. We initially thought that the inhibition by
SWI1 of URS2 may have been an artifact of the plasmid assay,
because SWI1 acts as an activator for the intact HQ promoter and for
URSH1 in isolation, but this does not appear to be the case. A
chromosomal HQ-lacZ fusion gene in which URS1 function has been
eliminated by a deletion of SWIS is expressed better when both SWI1
and SIN1 are deleted. Additionally, mating type switching
experiments indicate that both SWI1 and SIN1 inhibits HO expression
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in daughter cells. These results indicate that URS2 UAS activity is
negatively regulated by both SWI1 and SIN1.

The CCB elements appear to be the source of the UAS activity
in URS2. These sequences when multimerized and placed upstream
of a reporter gene exhibit cell-cycle-regulated UAS activity
(Breeden and Nasmyth, 1987; Andrews and Herskowitz, 1989). This
UAS activity is dependent on only two of the SWI| genes, SWI4 and
SWI6. These two genes are the only SWI genes which are still
required for HQ expression when SIN1 is altered or deleted. Thus
SWI4 and SWI6 are required for UAS function even in the absence of
SIN1. Our results here demonstrate that SWI4 and SWI6 are
activators of URS2, both in the presence and absence of SIN1 (see
Table 3). Taken together, these observations imply that the Cell-
Cycle Boxes are the source of UAS activity exhibited by URS2.

UAS activity of URS2, but not URS1, is essential for HO
transcription.

The observation that both URS1 and URS2 can exhibit UAS
activity as judged by their ability to stimulate transcription from a
minimal pramoter.(i.e.- TATA and initiation sequences) does not
necessarily. imply that-these two elements are both- acting :as UAS
elaments in:the intact HQ promoter. Since the molecular
mechanisms of UAS activity are not understood, it is difficult to
know. how the observed UAS- activity of-URS1 and URS2 .sequences in
isolation relates to- the activation of HQ transcription in. the .intact
promoter. . Some:'sequence -elements exhibit UAS activity when
placed upstream of a heterologous promoter, but do not have UAS
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activity in their native contexts. For example, the RAP1 binding site
has UAS activity when placed in front of a test promoter, but is
essential for transcriptional repression as part of the HMR-e
silencer (Brand et al., 1987; Shore et al., 1987). A similar
relationship may exist at HQ. It is possible that the UAS activity
exhibited by either URS1 or URS2 in isolation is not actually used to
promote transcription directly. One way to address this question is
to examine the effects of mutations in the regulators of URS1 and
URS2 UAS activity, in order to see which UAS is absolutely required
for transcription from the intact HQ promoter. In cells containing
swil, URS1 is inactive and intact HQ is not expressed. However, in
cells containing both swil and sin1 URS1 is still inactive (see Table
2), but HO is expressed. This result indicates that URS1 UAS
activity is not absolutely required for transcription. In contrast,
URS2 UAS activity is absolutely required for HQ transcription. In
swi4 cells, URS2 UAS activity is inactivated and HQ is unexpressed,
even though URS1 UAS activity is intact (W.K. unpublished data).
Additionally, no mutations which can bypass the need for SWi4 in HQ
expression have been identified, even though they have been screened
for extensively (B. Andrews and J. Ogas, unpublished data). These
observations suggest that SWI4 dependent UAS acti\}'ity from URS2
is absolutely required for HQ transcription. Thus it appears that
URS2 is the actual UAS for the HQ promoter. ~~ =~~~ ' =
How URS1 and' URS2' act togethet to regulate HO

If URS2 UAS activity is normally critical for HQ expression,
what is the role of URS1? Deletion analysis has shown that in wild-
type cells URS1 is essential for HQ expression (Nasmyth, 1985a).
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URS2 UAS activity is normally repressed by the action of the SWI1
and SIN1. A logical hypothesis is that URS1 activity normally
controls the utilization of the UAS activity of URS2. According to
this hypothesis, the UAS activity observed by URS1 in isolation, is
actually an activity involved in controlling the "real” UAS located in
URS2. We call this hypothesis the sequential activation model for
HQ regulation (see Figure 3).
This model can be utilized to explain the precise

transcriptional control of HQ. According to this model, URS1 would
be inactive (Nasmyth, 1985a,b) in daughter cells, and therefore URS2
UAS activity would also be inactive primarily because of inhibition
by SIN1. This results in no HQ transcription in daughter cells. In
mother cells, URS1 is active which then causes SWI1 to inhibit SIN1,
thus allowing activation of the cell cycle boxes in URS2 by SWI4 and
SWI6. Alternatively, activation of URS1 could increase SWI4 and
SWI6 activity, enabling them to overcome inhibition by SIN1. In
either case, this results in HQ expression only in the correct cells at
the proper time during the cell cycle. Thus by allowing URS1 to
control URS2 activity, the HQ gene is able to be under both
mother/daughter and cell cycle control at the same time. The idea
of using one regulatory module to control the activity of another
module may be of gérieral use in the confrol of compléx 'gene
expression.* . oLt T el e

- How dbes URS1 regulate activity of URS2? The SWI1 gene may
play an important role in this process. SWI1 has sites of action in
both URS1 and URS2. In'UAS assays SWI1 acts as anactivator of
URS1, but as an inhibitor 6f URS2. This suggests -that the function of
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SWI1 is context dependent. The fact that SWI1 has a site of action
in both URS1 and URS2 suggests it could be invoived in
communication between the two. One possibility is that in the
intact promoter activation of URS1 changes the SWI1 function
observed in URS2 from inhibitor to activator (as shown in Figure 3).
This activating function may then work to inhibit SIN1 function, and
allow utilization of the cell cycle box elements as a UAS.

The model described above is oversimplified in that it does not
take into account the roles of any of the other SWI and SIN genes.
Given the similarity in phenotypes exhibited by cells confaining
sSwil, swi2, or swi3, as well as the ability of gsin1 to suppress many
of these phenotypes, it is likely that all-three of these genes have

the same role in regulating HQ expression. Similarly, sin2
mutations, like sin1 mutations, are able to bypass the requirements
for SWI1, SWI2, SWI3, and SWIS, but not SWI4. Thus, it is likely
that these other genes contribute to the functions attributed to
SWI1 and S_l,N_f in the model. The other described SIN genes (SIN3,
SIN4, and SINS) only suppress mutations in SWI5, and are probably
involved in regulating activity of URS1.

It should be noted that the model described above does not
attempt to explain the molecular mechanisms by which these
genetic interactions occur. For this we need to understand the
biochemical relationships between the various proteins interacting
at these sequences. We have some preliminary information. SWIS
encodes a site-specific DNA binding protein which binds to
sequences in URS1 (Stillman et al., 1988). SWI4 and SWI6 are both
part of a.site-specific DNA binding complex which binds to the CCB
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elements in URS2 (Andrews and Herskowitz, 1990; B. Andrews,
personal communication). The SIN1 gene product is a non-specific
DNA binding protein with sequence similarity to mammalian HMG1,
and is thought to be a non-histone component of chromatin (Kruger
and Herskowitz, submitted). The SWI1 gene has been cloned, and
recently has been shown to be identical to ADRGE, a regulator of the
ADH1 and ADH2 genes (C. Peterson, personal communication). The
SWI1/ADR6 gene product is nuclear localized, but its predicted
protein sequence does not reveal similarity with any proteins of
known biological function (O'Hara et al., 1988). Understanding the
complex biochemical relationships between these various proteins
will be required in order to understand the molecular basis for the
interactions between URS1 and URS2.
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Table 1

Strain
1369

S172-8a

IC134-3a

IC104-11¢

WK36-4d
CY110

WK36-9d
WK38-4a
WK37-5d
WK39-1b

X10-1b
(1879)

Relavent Genotype
o ho ley2=2 yra3d-52 frpi-

o ho swilA leu2=yrad-52

o ho swilA sini-2 leu2-
urad-52

o ho sin1-2 leu2= ura3d-52

o ho urad-52 his3A200
leu2= trp1

o ho ura3d-52 his3A200
leu2= trp1 sin1A

o ho ura3d-52 his3A200
lou2- trp1 swidA

o ho ura3-52 his3A200
leu2= trp1 swi4A sin1A

o ho urad-22 his34200
leu2= trp1 swi6A

o ho urald-32 his3A200
leu2= trp1 swi6A sinlA

a/a HO/HO ura4/ura4
leu2=/leu2=
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Source/Comment
Sternberg et al. (1987)

3

Isogenic to YPH274
from P. Hieter

Hicks and Herskowitz
(1976)



1875 a/c HO/HO urad/urad Sternberg et al. (1987)

leu2=/lgu2= sin1-2/sini-
2

1875sw a/a HO/HOQ yra4/uras This study
leu2=/leu2= sin1-2/sini-
2 swilA/SWI1

WK31-1b a/a HO/HO leu2=/leu2= "
trp1/trpi

WK31-1bs a/a HO/HQ leu2=/leu2= "
trp1/trp1 siniA/siniA

WK31- a/a HO/HO leu2=/leu2= "

1bssw trp1/trp1 siniA/siniA
SWilA/SWI1

WK44-1a o SWiSA swilA HO-lacZ This study
trpi leu2= ura3-52

WK44-9a a swidA HO-lacZ leu2= "
ura3-52

WK44-4a a sWidA sin1A HO-lacZ "
leu2= uyra3-52

WK44-5b a sWidA swilA sin1AHO-
lacZ leu2= ura3-52

WK44-2a a swilA sin1A HO-lacZ "
leu2= ura3-52

WK10-3¢ a sin1-2 HO-lacZ leu2= This study
ura3-52
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D262-1a acryl swilAHO-lacZ ura4 Sternberg et al. (1987)

J0223-2d a swibA:LEU2 ho |eu2= J. Ogas
urad

a A double point mutation in the LEU2 gene.
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Table 2

UAS activity of URS2

Insert

URS2
URS2i

URSt

none

RPA39 UAS

SWi1

SIN1
1.2

1.0
23
0.2
313

B-galactosidase activity

swil-
- SIN1

0.4
0.7
1.4
0.3
280

SWI1
sin1-
3.2
5.3
7.3
0.2
150

swil
sint-
6.3
18
3.4
0.3

200

Fragments containing the indicated inserts were cloned upstream of
a CYC1-lacZ promoter lacking its endogenous UAS (see Figure 2).

The plasmids were used to transform congenic strains with the

indicated genotypes, and activity was measured in four separate

transformants.
and IC104-11c.

units. Variation between transformants was less than 20%.
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The strains used were 1369, S172-8a, 1C134-3a,

Results shown are averages expressed in Miller
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Table 4

Relief of swiS- defect by mutations in SWI1 and SIN1

Strain Genotype Expression of
HO-lacZ

1) WK44-9a SWI1 swiSA SIN1 0.21

2) WK44-4a SWI1 swidSA sinlA 0.90

3) WK44-5b SWilA swidA siniA 2.6

4) WK44-2a swilA SWIS siniA 30

5) WK44-1a swilA swiSA SIN1 0.18

6) WK44-1b SWI1 SWIS SIN1 12.0

B-galactosidase activity of each of the above strains was measured
in triplicate and the average is presented above. Standard

deviations were less than 20% of the averages.
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Figure 1. Diagram of the regulatory sequences of HQ.
URS1 is shaded, while URS2 is unshaded with the Cell-Cycle

Boxes indicated by thick black vertical lines.
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HQ upstream regulatory sequences

|~ HO

-1400 -1000 -900 -200
l
H T 1T 1T NIT 1
|
URS1 URS2 '
Mother/Daughter Cell-cycle control l =CCB
control

Figure 1
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Figure 2. Structures of the upstream regulatory regions of CYC1-
lacZ used in Tables 2 and 3.

The DNA segments used are drawn to scale and the same
shading pattern is used as in Figure 1. The diagonal stripped region

represents the BPA39 UAS sequences.
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UAS inserts

pURS2-CYC1-lacZz

W oot

-178

B) pURS2inv-CYC1-lacZ

— fJIﬂ;ﬂ;q

-178

pURS1-CYC1-lacZ

C)
— N — cvoacz

-178

D) pRPA39-CYCi-lacZ

W CYC1-lacZ

-178

E) pRPA39-URS2-CYCi-acZ

NNNNNNN B ]I__I" CYCt-iacZ

-178

pCYCi-lacZ
rﬁ—r> CYC1-acZ

-178

" Figure 2
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Figure 3. Sequential activation model for control of HQ
transcription.

The situation in mother cells is shown above, while the
situation in daughters is shown below. In the daughters, URS1 is
inactive and URS2 is also inactive due to inhibition of SWI4 and
SWI6 activity by the combined actions of SIN1 and SWI1. In
mothers, URS1 becomes activitated by SWI5, and this activation of
URS1 leads to an alteration in the function of SWI1 in URS2. This
alteration in SWI1 results in its inhibiting SIN1, such that there is
no longer anything inhibiting of SWI4 and SWI6 from activating
URS2. The arrows eminating from both URS1 and URS2 represents the
"UAS" activity measured by the plasmid assay. The numbers next to
the arrows indicate the sequential nature of the actions taking
place. The role of SWI1 in URS1 activation has been left out for

simplification.
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Daughters

Mothers

SWil4/6
/ SIN1 'O
URSH1 URS2
(inactive) (inactive)
SIN1
1.
2.
SWIS /N
SWi4/6
=
URSH1 URS2
(active) (active)
Figure 3
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Conclusion

The SIN1 and SIN2 genes were originally identified in a screen
designed to discover mutations in genes which encoded negative
regulatory proteins involved in HQ transcription (Sternberg et al.,
1987). It was found that mutations in either SIN1 or SIN2 can
alleviate the need for the SWI1, SWI2, SWI3, and SWI5 activators. In
addition to HQ, SIN1 or SIN2 can also affect transcription of other
yeast genes. Specific mutations in either SIN1 or SIN2 allow
expression of HIS4 or LYS2 génes inactivated by & insertions in their
5' regulatory sequences and also allow expression from the [NO1
gene in cells lacking SWI1, SWI2, SWI3, or the C-terminal domain of
RNA polymerase Il (Peterson et al.,, 1991). In this dissertation |
have characterized SIN1 and SIN2 and discovered that they encode
for proteins which are components of chromatin. SIN1 codes for a
protein with similarity to HMG1, while SIN2 codes for histone HS3.
These findings imply that chromatin is intimately involved in
transcriptional regulation.

Specific point mutations in either SIN1 or SIN2 have stronger
transcriptional affects than deletion of these genes. In the case of
SIN2 the reason for this is apparent: since there are two genes in
yeast which code for identical histone H3 proteins, simply deleting
one gene has no effect because the other gene produces sufficient
quantities of histone H3 for the cell to function properly. Given the
similar genetic behavior of SIN1 and the existence of multiple
HMG1-like proteins in higher cells (Walker, 1982), | think it is likely
that there exist other SIN1-like proteins in yeast. The simplest
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explanation for the genetic behavior of SIN1 and SIN2 is to suggest
that slightly mutated SIN1 and histone H3 protein is incorporated
into the chromatin complex but fail to make all the proper contacts
with other chromatin proteins or DNA. Thus they may be viewed as
altering chromatin structure. Since a major disruption of chromatin
structure appears lethal (Han et al., 1988), it is probable that
mutations in SIN1 and SIN2 are altering chromatin structure only
slightly.

The idea that mutations in SIN1 and SIN2 cause only slight
alterations in chromatin structure is consistent with their very
discreet effects on transcription. The genes which are derepressed
by mutations in SIN1 and SIN2 have all been enfeebled in some way,
either by loss of a transactivator protein or by a cis-acting
promoter insertion. It should be noted that not all enfeebled genes
are derepressed by mutations in SIN1 and SIN2. For example, sini
and sin2 mutations derepress the HQ promoter enfeebled by loss of
SWI1 but not by loss of SWI4. A similar observation is observed at
the INO1 promoter: sinl suppresses the loss of SWI1 but not of INQ4
(Peterson et al., 1991). In these cases, | believe that SWI4 and INQ4
are the "essential” activators and that mutations in SIN1 and SIN2
allow these activators to activate in the absence of help from other
gene products. This idea suggests that the other activator gene
products’' (e.g. SWI1, SWI2, SWI3, SWIS, and the CTD of Polll)
function is to help an essential activator in some fashion, perhaps
by aiding it in binding to DNA or.in interacting with the general
transcription machinery. The fact that mutations. in SIN1 and SIN2

are able to partially alleviate the need for these gense products
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suggests that these "helper" products' function is to help overcome
the effects of chromatin at the promoter.

The observation that at some intact promoters mutations in
SIN1 cause decreased transcription is also explainable in this light.
It seems likely that all promoters must have a mechanism to
antagonize the effects of chromatin. In cells which contain a
slightly altered chromatin structure due to alterations in SIN1 or
histone H3 this "chromatin neutralization” machinery might not
function quite as well. Such a machinery might be designed for
optimal "neutralization” of normal chromatin, and may not interact
quite properly with altered chromatin. This weakened interaction
with altered chromatin could result in reduced transcription of
these genes.

At the time | began these studies the role of chromatin in
transcriptional regulation had largely been ignored. Essentially,
even though chromatin proteins make up the bulk of DNA-binding
proteins in the cell, they were treated as invisible entities in the
process of transcriptional regulation. This study, and work by
others, now clearly show that the role of chromatin cannot simply
be ignored and must be factored into the process of transcriptional
regulation. Future studies, hopefully, will focus on the molecular
details of the interactions between chromatin proteins, site-
specific DNA binding complexes, and the general transcription

machinery.
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APPENDIX

ANALYSIS OF SIN1 PROTEIN
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Summary

We have used anti-SIN1 antibodies to examine whether the
levels or modification of SIN1 protein change in several mutant cell
types. We have determined that there are approximately 105
molecules of SIN1 protein per cell and that these levels are
unaffected by mutations in SWI1, SWIi2, SWI3, SWIS, SIN2 and SIN3.
We also show that the sini1-2 allele produces an apparently full-
length protein, while the sin1-1 and sin1A alleles produce no
detectable SIN1 protein. We demonstrate that full-length SIN1
protein produced in bacteria and native SIN1 migrate similarly in
SDS-polyacrylamide gels. This observation suggests that there are

no gross modifications of the SIN1 protein in yeast.
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Introduction

Mutations in SIN1 are able to bypass the requirement for the
SWI1, SWI2, SWI3, and SWIS gene products for expression of HQ
(Sternberg et al., 1987). Thus in formal genetic terms, the role of
these SWI gene products is to inhibit the function of the SIN1 gene
product. Because of these observations, we were interested in
determining whether these SWI genes had an influence on the state
or levels of SIN1 protein. Additionally, the hypothesis that SIN1
encodes an HMG1-like protein (see Chapter 2) predicts that SIN1
protein should be found at moderately abundant levels. In order to
address these and other questions, we generated anti-SIN1 protein
antibodies and performed immunoblot analyses shown in this

appendix.

Materials and Methods
Strains and extract preparation

Yeast and bacterial strains used in this study are described in
Table 1. Yeast extracts were prepared from logarithmically growing
cells by beadbeating in SDS sample buffer as described (Current
Protocols in Molecular Biology, 1989). E. coli extracts were made by
resuspending cells in cracking buffer as described (Klied et al.,
1981).

Preparation of antibodies and glutathione transferase-SIN1
Preparation of SIN1 antiserum and affinity purification was

performed as described (Kruger and Herskowitz, 1991). Preparation
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of glutathione transferase-SIN1 was done as described (Peterson et
al,, 1991).

Gels and immunoblotting

Samples were run on 8% SDS protein gels and then transferred
to nitrocellulose as described (Andrews and Herskowitz, 1990). The
blots were probed with either a 1/1000 dilution of the crude anti-
serum, or a 1/500 dilution of the affinity-purified serum, followed
by incubation with goat anti-rabbit antibody conjugated to alkaline
phophatase.

Results

Antiserum raised against TrpE-SIN1 recognizes SIN1
produced in yeast.

Antiserum which recognized SIN1 was produced by injection of
TrpE-SIN1 fusion protein into rabbits (Kruger and Herskowitz, 1991).
This TrpE-SIN1 fusion protein contains all of SIN1 except the N-
terminal 51 amino acids. After several boosts we examined the
serum to see if it was capable of recognizing native SIN1 produced
in yeast. We used the serum to probe immunoblots which contained
total yeast extracts run on gels from wild-type and siniA cells. As
can be seen in Figure 1a, there is one distinct band present in the
SIN1 lane but absent in the siniA lane, 'although the serum also
recognizes several other bands present in both lanes. The SIN1-
specific band migrates as a 43 kDa protein, which is close to the 37
Kda predicted molecular weight of SIN1. In order to confirm that

168



this band was actually SIN1, we affinity purified the antiserum
against a glutathione transferase-SIN1 fusion protein (g-SIN1)
purified from bacteria (Peterson et al., 1991). As can be seen in
Figure 1b, the affinity purified serum still recognizes the 43 kDa
protein, but not most of the other cross-reacting bands.
Interestingly, a 70 kDa band is also recognized by the affinity-
purified antiserum that is present in both SIN1 and sin1A extracts.
The nature of this cross-reacting band is not known. These

experiments identify a 43 kDa band as SIN1.

The effect of sin- and swi- mutations on SIN1.

Given the genetic interactions between SIN1 and SWI1, SWI2,
SWI3, and SWI5 (Sternberg et al., 1987), it was possible that
mutations in these genes could affect the amount or state of SIN1.
Therefore, we examined SIN1 in cells containing mutations in these
genes. Since mutations in SIN2 give the same phenotype as
mutations in SIN1, we also examined SIN1 in gin2- cells. In Figure
2, we show immunoblot analyses of SIN1 in cells containing swil-,
SWi2-, swi3-, swiS-, sin2- and gin3- mutations. None of the swji-or
sin- mutations tested have a noticeable effect on the amount or
mobility of SIN1. These experiments suggest that the mutations
tested do not exert their phenotypes by affecting SIN1.

We also have examined the behavior of a full-length SIN1
protein produced in bacteria. As can be seen in Figure 2, a full
length SIN1 protein produced from the bacterial T7 promoter
produces a SIN1 protein which migrates with the same mobility as
yeast SIN1. There is also a major 25 kDa SIN1 degradation fragment
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not observed in yeast. This observation suggests that the SIN1
protein is not grossly modified in yeast.

To determine how the various characterized SIN1i alleles
affected SIN1 protein, we examined the state of SIN1 in strains
containing different SIN1 alleles. We were especially interested in
the state of SIN1 in strains containing the sin1-2 allele, because
SWilA cells containing this allele actually transcribe HQ better than
sSWilA cells containing a null allele of SIN1 or the sin1-1 allele
(Kruger et al., 1991; Sternberg et al., 1987). In Figure 3, cells
containing either siniA or sin1-1 do not produce any detectable SIN1
protein, but the sini1-2 allele produces full-length SIN1 at a slightly
reduced level from wild-type or sin2-. This analysis, along with the
semi-dominant genetic behavior exhibited by sin1-2, suggests that
the sin1-2 allele contains a missense mutation (or a non-sense

mutation very near the C-terminus of the coding region).

Quantitation of SIN1 in yeast

Given the hypothesis that SIN1 encodes a yeast HMG1-like
protein, we would expect SIN1 to be moderately abundant. In
mammalian cells HMG1 is found at approximately a 1/10 ratio to
nucleosomes. We were interested in determining whether SIN1 was
in roughly the same abundance in yeast. In order to quantitate the
amount of SIN1 in yeast, we performed an antibody titration
experiment, comparing the signals attained from a known amount of
purified glutathione S-transferase-SIN1 fusion protein to the signal
in extracts made from a determined number of yeast cells. Data are

presented in Figure 4. First, we determined the concentration of our
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glutathione transferase-SIN1 fusion protein (g-SIN1) by comparison
to a BSA standard (Figure 4a). This gel shows that some of the
glutathione-SIN1 is partially degraded, with a major degradation
product running at 26 kDa. This degradation product cross-reacts
with the SIN1 antiserum (see Figure 4b), and it is the same size as
the degradation product observed for full-length SIN1 expressed in
bacteria. Therefore, we believe that it is composed entirely of SIN1
and refer to this fragment as proteolyzed SIN1 (p-SIN1). These
experiments indicate that our glutathione-SIN1 solution contained
approximately 5ng/ul of both g-SIN1 and p-SIN1.

We next compared the signals obtained on an immunoblot
between SIN1 protein contained in total cell extract from a known
amount of yeast cells and SIN1 present in the glutathione
transferase-SIN1 preparation. The signal obtained from 10Qul of
yeast extract (107 cells) is about the same as that obtained for
approximately 10ng of g-SIN1 or p-SIN1. In order to rule out the
possibility that the yeast extract was somehow affecting the signal,
we performed a mixing experiment shown in Figure 4c. This
experiment confirms that the signal obtained from total yeast
extract from 107 cells is approximately equal to that obtained with
either 10ng of g-SIN1 or p-SIN1. Because of the size differences
between these two molecule53 the amount of calculated SIN1 present
varles between 8,500 per cel‘l (usmg gSlN1) ‘and 20,000 per cell
(using pSIN1). This estlma’le é‘uggests tha\ there is approximately
one molecule of SIN1 per ﬂve or ten nucleosomes (assuming one

nucleosome per 200 basepairs). This ratio of one molecule of SIN1
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for every five to ten nucleosomes is comparable to that of HMG1

found in mammalian cells.

Discussion

We have analyzed the gross state and levels of SIN1 protein in
various swj-and sin- cells and have found no detectable changes in
cells containing mutations in SWI1, SWI2, SWI3, SWI5, SIN2 and
SIN3 within the sensitivity of our assay. It is possible that there
are slight modifications of SIN1 that are not detected by one-
dimensional electrophoresis in SDS. However, our results argue that
mutations in the above genes do not grossly affect SIN1 protein.
These results suggest that the formal genetic antagonism exhibited
by SWI1, SWI2, SWI3 and SWIS of SIN1 does not occur by gross
changes in the SIN1 protein. We also found that cells containing
either the a siniA or a sin1-1 allele do not produce any detectable
SIN1, indicating that these are true null alleles. Cells containing
the sin1-2 allele produce slightly lower amounts of an apparently
full-length SIN1 protein. This observation is consistent with the
dominant genetic behavior of sin1-2 (Kruger and Herskowitz, 1991).

A full-length SIN1 protein produced in bacteria has the same
mobility on a one-dimensional SDS-gel as SIN1 produced in yeast.
This observation indicates that SIN1 does not undergo any gross
modifications in yeast, such as glycosylation or extensive
phosphorylation. Again, however, we cannot rule out less extensive
modifications which were not detected by our assay.

Using antibodies and a bacterially produced glutathione

transferase-SIN1 fusion protein, we have estimated the amount of
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SIN1 to be between 8,500 and 20,000 molecules per cell . This
amount represents about one SIN1 molecule per 1000 bp of DNA, or
one for every 5 nucleosomes. This ratio is very similar to the ratio
for HMG1 protein calculated in mammalian cells (Kuehl et al., 1984).
This finding is consistent with SIN1 encoding an HMG1-like protein.
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Table 1

WK44-9b o swWilA sin1AHQ-lacZ Kruger and Herskowitz,
trp1 leu2= his urad-92 1991.
WK30-5¢ a urad his4 leu2=trpl
ho .
WK30-1b o yrad his4 ley2=trpl
ho sin1A
1368 a ho leu2- trp1 his "
WK1-4d o SWilA sin1-2 HO- "
lacZ leu2- his ura3-52
WK2-11a a ho |eu2= his ura3-52 This study
sin2-1
WK3-7¢ a swilA HQ-lacZ leu2= Chapter 3
D271-5a acrpl swilA his ura4 Sternberg et al.,, 1987.
sin1-1
CY70 a yrad lys2 ade2 trp1  C. Peterson
his3 leu2
CY55 o SWIiDA sindA urad C. Peterson
lys2 trp1 his3 leu2
ade2
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CY93 a sSWilA swi2A swidA C. Peterson

urad lys2 trp1 hisd
leu2 ade2
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Figure 1. Immunoblot analysis of SIN1.
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