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Abstract

The chromatin structure at a promoter can define how a gene is regulated. Studies of two yeast
genes expressed in the G1 phase of the cell cycle, HOand CLNZ, have provided important
paradigms for transcriptional regulation. Although the SBF (Swi4/Swi6 Box Factor) transcription
factor activates both genes, the chromatin landscapes that regulate SBF binding are different.
Specifically, the CLNZpromoter is constitutively available for SBF binding, whereas /O has a
complex two-step promoter in which chromatin changes in one region allow SBF to bind at a
downstream location. These studies reveal the role of chromatin in defining the regulatory
properties of promoters.

Key Terms
cell cycle; chromatin; promoter; gene activation

Transcriptional regulation of genes within the cell cycle

Chromatin structure has long been implicated in gene transcription regulation. Here we
examine the regulation of HOand CLNZ, two yeast genes expressed in G1 phase of the cell
cycle. These two genes are activated by the same transcription factor, SBF, which is
composed of two subunits, Swi4 and Swi6. HO encodes an endonuclease that cleaves at the
MAT locus to initiate mating type interconversion. HO is tightly repressed, as inappropriate
expression of an endonuclease could be toxic. The CLNZ2gene encodes a G1 cyclin required
for the G1/S cell cycle transition, and it should be expressed every cell cycle.

Although HOand CLNZare activated by the same transcription factor, the regulatory
properties of these two genes is totally different due to the chromatin structures of their
promoters. The HO gene is difficult to activate because of its chromatin structure, whereas
the chromatin structure at the CLA2promoter ensures that the gene is reliably activated
every cell cycle. We understand the molecular mechanisms which dictate how chromatin
defines regulatory properties of these promoters, and these paradigms can provide insights
for other regulatory systems.
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Regulation of the HO gene

Chromatin has long been known to repress transcription, with transcriptional activators
required to overcome this repression [1]. Genetic screens for regulators of HO expression
identified important chromatin regulators such as SWI/SNF, Gcnb5, and Sin3 [2-4].
Molecular studies have revealed a complex choreography of factors acting on chromatin at
the HO promoter as a prelude to transcriptional activation [5, 6].

HOis under complex regulation, and the HO promoter incorporates motifs that produce
three forms of transcriptional signals. (1) Binding sites spread throughout the /O promoter
are recognized by the al/a2 heterodimeric repressor, composed of subunits expressed from
both the MATa and MATa alleles. This ensures that HO is expressed in haploid but not in
diploid cells, as diploids have no need for mating type interconversion [7]. (2) Budding
yeast divide asymmetrically, and binding sites for the Ash1l protein ensure that HO is not
expressed in daughter cells following mitosis. This asymmetric expression of HO explains
why only mother cells switch mating type. (3) HO'is cell cycle regulated, being expressed
only in late G1l/early S phases after the commitment point for the cell cycle (Box 1).

The promoter for HOis large compared to the average yeast gene, with the nearest gene
more than 3 kb upstream. Two major promoter regions have been identified: URS1 and
URS?2 (Fig 1). URS1 extends from 1000 to 1900 bases upstream of the HO transcriptional
start site,, and URS2 from 200 to 900 bases upstream. URS1 contains two binding sites for
the Swis! transcription factor, which is required for HO expression. Swi5 is cell cycle
regulated; it enters the nucleus and binds DNA after cells progress through anaphase in
mitosis. Swi5 binds DNA only briefly, as it is rapidly degraded. Thus Swi5 is not present at
the promoter at the time in G1/S when HOis transcribed. This suggests that although this
DNA-binding factor may be required for gene activation, it may not be at the promoter at the
time of transcription. Interestingly yeast contains another zinc finger protein, Ace2, that has
a DNA-binding domain and DNA-binding specificity nearly identical to that of Swi5, and
shows similar cell cycle regulation as Swi5 [8, 9], although Ace? is present only in daughter
cells [10]. However, although Ace2 does recognize sites in the HO promoter in vitro, it does
not activate /O and does not bind to the HO promoter /n vivo [8]. It is believed that HO
chromatin is structured to prevent Ace2 from binding while still allowing Swi5 to bind,
although the mechanism is unclear.

URS?2 contains eight binding sites for the SBF DNA-binding factor, which also activates
CLNZ. SBF is cell-cycle regulated in several ways. Phosphorylation by the Cdc28 Cyclin
Dependent Kinase (CDK) regulates nuclear localization of Swi6, so that SBF can only bind
DNA from early G1 through early S phase [11]. Additionally, SBF activity is inhibited
during early G1 by two factors, Whi5 and Stb1, until phosphorylation by CDK terminates
their inhibition, allowing SBF to then activate transcription [12-15]. There is also a second
G1 specific factor, MBF, that does not regulate /O but does contribute to CLANZ2activation
[16].

Normally HOis expressed exclusively in mother cells because the Ashl protein prevents
HO expression in daughter cells [17]. ASHI encodes a DNA-binding protein that recruits
the Rpd3(L) histone deacetylase complex to promoters to repress transcription [18]. ASHI is
expressed transiently in late M phase, and ASHZ mRNA is transported to the bud tip in
daughter cells where it is translated into protein. This mRNA transport results in a much
higher concentration of Ashl in daughters compared to mothers, effectively blocking HO

lin yeast, the wild type gene is upper case and italicized, i.e. SW/5. A mutant gene is lower case and italicized, i.e. swi5. A protein is
not italicized, with only the first character in upper case, i.e. Swi5.
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expression. Ash1l is often described as the “daughter-specific” repressor, but this term is not
fully accurate as Ashl is not localized exclusively in daughter cells. Quantitation of Ashl
localization by immunofluorescence microscopy shows that Ashl is present in both mother
and daughter cells, but with substantially more protein present in daughters [19]. Ashl may
affect HO expression in mother cells, as an ashZ mutation results in increased frequency of
mating type switching in mother cells [19] and an as#Z mutation allows HO expression in
mothers in the absence of the normally required Gen5 acetyltransferase [20]. Thus, Ashl
acts in both daughter and mother cells, but has a quantitatively more significant role in
daughters. The high concentration of Ashl in daughter cells effectively blocks HO
expression, whereas in mother cells Ashl merely contributes to making chromatin in the HO
promoter repressive without precluding the possibility of expression, as described later. The
genetic interactions between the Gen5 acetyltransferase and Ashl, which recruits a
deacetylase, suggest control of histone modification is critical in regulating HO expression.

Thus, HO has a complex promoter with binding sites for various factors to ensure
appropriate expression at the correct time in the correct cells. However, the sequence-
specific DNA-binding factors, alone, are not sufficient to overcome the repressive chromatin
barriers, and additional coactivators are needed.

Chromatin factors regulate HO

In addition to the Swi5 and SBF sequence-specific DNA-binding factors, the SWI/SNF
chromatin remodeling complex, the Gen5 histone acetyltransferase, the Mediator complex,
and the Rpd3(L) HDAC are also required for HO expression, demonstrating the importance
of chromatin in regulation of HO. A landmark paper by Cosma et al [5] used cells
synchronized within the cell cycle to show that DNA-binding and chromatin factors are
sequentially recruited to distinct regions of the /O promoter. This study pioneered the use
of chromatin immunoprecipitation (ChIP) assays to study events at a complex promoter, and
developed the paradigm of sequential recruitment of factors that was subsequently observed
for many other promoters [21, 22].

Swib binds to the promoter first and recruits SWI/SNF, which the Gen5-containing SAGA
(Spt-Ada-Gcen5-Acetyltransferase) complex, whose acetyltransferase activity permits the
SBF activator to bind. Although this simple linear pathway of Swi5 — SWI/SNF - SAGA
— SBF is attractive, subsequent studies showed that this model is not adequate [6, 20]. The
original study used strains with an as/Z mutation, presumably to increase the sensitivity of
the ChlIP assay, allowing promoter events that occur in both mother and daughter cells to
both contribute to the ChiIP signal. Although daughter cells contain much more Ash1 than
mothers, there is Ash1 protein in mothers, and the data suggest the absence of Ashl affects
the fine balance of chromatin acetylation at /O in mother cells [18, 20]. For example, in an
ashl mutant SWI/SNF recruitment to /O occurs despite a gcn5 mutation, but in an ASHZ
strain with the wild type ASHI gene Genb5 is required for SWI/SNF recruitment. Thus,
instead of the Swi5 — SWI/SNF - SAGA pathway seen in the ashZ mutant, in ASH1
strains SWI/SNF and SAGA are mutually dependent on one another for recruitment.
Similarly, the original study placed SBF at the end of the pathway because disruption of the
Swi6 subunit of SBF in an as/ mutant strain did not affect recruitment of SWI/SNF or
SAGA to URS2 [5]. By contrast, an experiment conducted in a swi6 ASH1 strain shows that
SBF is required for SWI/SNF and SAGA recruitment to URS2 [18]. The presence of Ashl
therefore alters the mechanism of HO activation significantly: in an asAZ mutant SAGA is
required to allow SBF to bind, while in the wild type strain SBF recruits SWI/SNF and
SAGA to URS2.
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Sequential changes at the promoter during the cell cycle

HO promoter activation involves sequential actions, first a set of contemporaneous events at
URS1, followed by series of events at URS2. Not only are multiple DNA-binding and
chromatin-remodeling factors important for regulation of HO expression in wild-type cells,
but the order of recruitment is also crucially regulated (Fig 1; Supplemental Movie). In the
G2 phase of the cell cycle nucleosomes are positioned at the promoter, such that the two
Swib binding sites at —1800 and —1300 within nucleosome depleted regions [23, 24]. The
SWi5 gene is transcribed in S phase and G2, but the protein is phosphorylated by the Cdc28
CDK during those phases, masking the NLS of Swi5 and resulting in its retention in the
cytoplasm [25]. Entry into anaphase triggers release of the Cdc14 phosphatase which
removes the inhibitory phosphorylations from the NLS of Swi5, allowing it to enter the
nucleus and bind DNA [26]. Genetic evidence suggests that an interaction between the two
Swib binding sites in the O URS1 is required for gene activation [27]. Swi5 interacts
directly with three chromatin complexes, SWI/SNF, SAGA, and Mediator, and recruits them
to HO URSL1 contemporaneously [6]. None of these chromatin complexes are bound at HO
in a swi5 mutant, and therefore Swi5 is required for their recruitment. Eviction of
nucleosomes from URS1 is also observed at this time when Swi5 binds. Mutant analysis
shows that Swi5 and SWI/SNF are absolutely required for nucleosome loss, while gcn5and
gall1 mutations (affecting the SAGA and Mediator complexes, respectively) alter the
kinetics of nucleosome eviction. ChIP assays show acetylation of H3 and H4 tails also
occurs at this time. The acetylation might mark nucleosomes that are to be evicted soon, or it
may reflect marking of nucleosomes neighboring the eviction site, as the resolution of the
ChIP experiment was not high enough to distinguish occupying and nearby nucleosomes.

Interestingly, mutations in any one of the three coactivator complexes reduces binding of the
other two complexes, indicating that coactivator binding is interdependent. Coactivator
recruitment by Gen4 and Adrl has also been shown to be interdependent at the ARG and
ADHZloci [28, 29]. Finally, although Mediator is recruited to the /O promoter as both an
early and a late event in promoter activation [30], and Mediator mutations reduce HO
expression, Mediator’s exact mechanistic role is not clear.

At the same time as these events at URS1, the FACT (Facilitates Chromatin Transcription)
histone chaperone is recruited to the upstream end of URS2, some 500 bp away [6]. FACT
is able to modify nucleosome structure, but unlike classical remodelers, FACT changes
nucleosomes in the absence of ATP [31]. FACT binding is very transient, and subsequently
nucleosomes are depleted at the upstream end of URS2. Importantly, mutations in the FACT
complex reduce HO expression and nucleosome eviction at URS2, suggesting that this
nucleosome eviction at URS2 is necessary for HO expression. Slightly later in the cell cycle
the Asf1 histone chaperone binds to the downstream end of URS2, and at about this time
nucleosomes are evicted from this region, implicating that Asfl evicts nucleosomes at the
downstream end of URS2. An asfZ gene disruption results in decreased HO expression and
in decreased nucleosome loss at the downstream end of URS2; nucleosome depletion at the
upstream end of URS2 is not affected in the asfZ mutant, suggesting that nucleosome
eviction events at the upstream and downstream ends of URS2 are independent. The use of
two distinct histone chaperones at different times and different sites suggests a sequential
modification of nucleosomes with distinct properties that require different methods to
overcome each type of repression.

There are eight SBF binding sites within URS2, but SBF does not bind equally to all of
these sites /n vivo [32]. SBF first binds to the sites at the upstream end of URS2, and only
later does it bind, much more weakly, to the downstream end. It appears that nucleosomes
inhibit SBF binding, as mutations that reduce nucleosome eviction result in decreased SBF
binding. /n vitro DNA-binding experiments show SBF binds equally well to sites from the
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upstream and downstream ends of URS2, suggesting chromatin differences limit binding.
This idea is supported by ChIP experiments showing much lower SBF occupancy at HO
compared to other promoters. The sequential binding of SBF first to the upstream and then
to the downstream sites in URS2 is because SBF nucleosomes are sequentially evicted from
each region. The SWI/SNF, SAGA, and Mediator coactivators are recruited to URS2 by
SBF, as disruption of the SW/6 gene encoding a SBF subunit eliminates coactivator
recruitment. Importantly, the sw/76 mutation does not affect coactivator recruitment to the
distal URS1 region, and thus events at URS1 are independent of those at URS2, once again
supporting a sequential, step-wise removal of chromatin barriers. One might think that the
chromatin coactivators recruited by SBF facilitate nucleosome eviction from upstream
URS2; however the eviction occurs before the coactivators are recruited (Fig 1). Genetic
experiments suggest that the chromatin changes at URS1 facilitate FACT binding to
upstream URS2, producing the nucleosome eviction; the underlying mechanisms here
remain a major unanswered question.

Many studies have demonstrated a role for FACT in transcriptional elongation, but at HO
URS2 FACT functions to promote nucleosome eviction as a prelude to transcription
initiation. FACT does not contain a sequence-specific DNA-binding domain, so a major
question is how FACT is recruited specifically to the upstream end of HO URS2. Genetic
analysis shows that chromatin reorganization at URSL1 is required for FACT to bind at
upstream end of URS2, as swi5and swi2 mutations affecting URS1-specific transcription
factor and SWI/SNF, respectively, eliminate FACT recruitment [6]. Although SWI/SNF is
recruited to upstream end of URS2, this occurs subsequent to FACT binding, and thus
FACT recruitment requires SWI/SNF actions in URS1. FACT binding is delayed in strains
with gal11 or gen5 mutations affecting Mediator or SAGA, suggesting that these factors
contribute to FACT recruitment. Biochemical experiments show that FACT interacts
directly with the Swi6 subunit of SBF, providing a DNA-binding protein that can recruit
FACT. However, a swi6 mutation results in only a modest decrease in FACT binding,
suggesting that other factors or events at /O contribute to FACT recruitment. Thus, FACT
recruitment depends upon both SBF binding as well as SWI/SNF-dependent changes at
URS1.

A recent report using microcopy to examine HO expression in single cells demonstrated that
mutations affecting the SWI/SNF chromatin remodeler and the Gen5 histone
acetyltransferase do not affect the firing amplitude of the /O promoter [33]. Instead, in
these mutants there are two populations of cells; most of the cells do not express HO, and a
small fraction express HO at wild type levels. Additionally, certain mutants exhibit exhibits
short-term epigenetic memory of HO expression that persists through mitosis.

In summary, HO has an exceedingly complex promoter, with waves of nucleosome eviction
occurring along the promoter as the cell cycle progresses. Nucleosomes are lost from four
distinct regions of the promoter, and distinct factors and events are required at these regions.
SWI/SNF might contribute to all of these nucleosome eviction events, as a swi2 mutation
blocks the subsequent binding of FACT and Ashl and also transcriptional activation. HO
functions as a two step promoter: chromatin events at URS1 are required for the subsequent
events at URS2, and then transcription is activated by SBF bound at URS2. Finally, HO
expression is dependent on SAGA. Interestingly, HO expression is also reduced in faf (TBP-
associated factor) mutants, which is unusual as most genes can be classified as either TAF-
dependent or SAGA-dependent, in terms of their regulatory properties, once again
underlining the stringent nature of the regulation of H/O[34].
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HO Expression is regulated by TBP binding

Several observations suggest that /O activation is limited by the TATA-binding protein
(TBP) binding weakly to the promoter. The TBP site identified at HO (TCTAAATG) has a
mismatch from a generous consensus that allows degenerate nucleotides at three of the eight
positions [35], and its location within a nucleosome may make it difficult for TBP to bind.
The SAGA complex proteins Spt3 and Spt8 interact directly with TBP [36], and Spt3 has
been shown to activate transcription at some promoters by stimulating TBP binding [37, 38].
In contrast, Spt3 functions as a negative regulator at /O, as an spf3 mutation allows HO
expression despite mutations in SWI/SNF remodeler components or the Gen5 histone
acetyltransferase, which would normally block HO expression [20, 39]. This suggests that
SWI/SNF and Gcen5 function at HO, at least in part, to overcome the repression by Spt3.
Gcenb and Spt3 are both part of SAGA, and thus two proteins in the same regulatory
complex can have opposing roles in transcriptional regulation. /O expression and TBP
binding are both very brief during the cell cycle, but an spf3 mutation results in prolongation
of both HO expression and TBP binding [39]. The importance of TBP binding is also
supported by experiments with specific alleles of TBP and Spt3 that show allele-specific
suppression [39]. HO expression was reduced in a gcn5 mutant, but the gen5 defect in HO
expression was largely suppressed by a TBP point mutation that reduces physical interaction
with the Spt3 subunit of SAGA [40]. Importantly, an additional mutation in Spt3 that
restores binding to TBP also eliminates HO expression in the Gen5 mutant [39]. These
results, along with ChIP data, support the hypothesis that Spt3 inhibits TBP binding to HO.
Additionally, HOs not expressed in a swi2 SWI/SNF mutant, but this defect can be
partially suppressed by a VV71E substitution in TBP [20]. In summary, the /O promoter is
regulated by having a suboptimal TATA site coupled with several mechanisms for
discouraging stable binding of the TFIID complex containing TBP and Tafs; all of these
must be overcome to achieve transcription.

Sequential recruitment of the Rpd3(L) histone deacetylase to the promoter

The Rpd3(L) histone deacetylase represses HO transcription, as an rpd3 mutation allows HO
to be expressed in the absence of either the Swi5 DNA-binding protein or the Genb histone
acetyltransferase. The Rpd3(L) complex is recruited to the HO promoter twice during the
cell cycle: first to URS1 by the Ashl DNA-binding protein, and subsequently to URS2 by
SBF [18] (Fig 2). SBF interacts with Rpd3(L) via two intermediary proteins, Whi5 and Stb1
[18, 32, 41, 42]. Rpd3(L) is recruited independently to these two promoter regions [18].
Rpd3(L) functions to repress transcription, and its recruitment to two promoter regions by
different factors emphasizes the strong repression at HO.

Ash1l binds only at URS1 and an asA1 mutation results in increased binding of SWI/SNF and
Mediator to URS1. An ashZ mutation also suppresses the defect in SWI/SNF binding caused
by a gen5 mutation.

An ashl mutation also has marked effects on events at URS2 and the TATA box, which are
distant from the Ash1 binding site at —1250. There is increased binding of SBF to URS2 in
the ash1 mutant, as well as increased recruitment of SWI/SNF and Mediator. A swi2
mutation results in a defect in SBF binding to URS2, but this defect is suppressed by an asA1
mutation. This suggests that chromatin inhibits SBF from binding at URS2, and that SBF
binding is regulated in an opposing fashion by SWI/SNF and Ash1, despite the fact that the
Ashl and SBF binding sites are separated by 500 bp. Finally, it is worth noting that Rpd3(L)
can also act globally, without being targeted by specific DNA-binding proteins [43].
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Binding of the Ash1l repressor occurs after URS1 activation events

Ashl is cell cycle regulated, and the timing of its expression raises major conceptual issues
regarding how it has such a profound effect on HO expression. ASH1 is activated by the
Swib transcription factor, which also initiates the events leading to HO transcription. Swi5
enters the nucleus in late M/early G1 and binds to both the ASHZ and HO promoters. SWI/
SNF, SAGA, and Mediator are recruited to #O URS1 by Swib5 at this time. Swi5 also
promotes ASHI expression, and the newly transcribed ASHZ mRNA is transported mostly
to daughter cells and translated: Ashl protein then enters the (primarily daughter cell)
nucleus [17]. Ashl inhibits SWI/SNF and Mediator binding to URS1, yet ChIP experiments
show that Ash1 binds to HO URS1 only after Swi5 and the coactivators have already left
the scene [18]. Ashl is an unstable protein and is present only briefly during the cell cycle
[18, 44]. Ashl inhibits SWI/SNF and Mediator binding to URS1, but Ash1 is present in the
nucleus only after these coactivators have left HO URS1. Thus, Ashl must have had its
effect during the previous cell cycle. Ashl most likely affects subsequent gene activation by
recruiting the Rpd3(L) histone deacetylase, and these modifications likely persist through
the next cell cycle to affect binding of SWI/SNF and Mediator. This provides an interesting
model to study epigenetic control of transcription.

Regulation of CLN2

The CLNZ2G1 cyclin gene is important for cell cycle progression and has been studied
extensively. Although the mechanism controlling CLNZ expression was at one time
controversial [45, 46][47, 48], work by the Cross lab was able to establish conclusively that
a positive feedback loop regulates CLNZ2expression [49]. This single cell microscopic
method has been recently used to characterize how CLNZ expression is activated by the SBF
DNA-binding transcription factor [50]. This is the same SBF factor that functions at /O, but
the regulation of these two genes is very different. The CLN2promoter is free of
nucleosomes to ensure that the gene is efficiently expressed in every cell cycle, while the
chromatin at /O makes the gene very difficult to activate.

Chromatin determines the probability of CLN2 activation

Using a destabilized GFP reporter under the control of the CL A2 promoter to determine
when CLNZis expressed, Bai et al. [50] found that CLAN2-GFPwas reliably expressed every
cell cycle. The three SBF sites in the CLA2promoter lie within a 300 bp nucleosome
depleted region (NDR), and as expected CLANZexpression is eliminated by mutations in
these SBF sites (Fig 3). When the authors reintroduced new SBF sites so that they were
present under a nucleosome, they found that the resulting promoter had markedly different
properties. The promoter was activated in only 75% of cell cycles, while the native promoter
is expressed in 100% of cell cycles. Importantly, the chromatin environment of the biding
site did not affect the level of expression, and thus the chromatin environment of the binding
site affects the probability that the gene would be activated in any individual cell cycle.
These results suggest that nucleosomes can limit the accessibility of a transcription factor to
bind and thus the likelihood of gene activation.

Recent work addresses the question of what generates the NDR at CLANZ2[51]. In addition to
SBF sites, the CLA2NDR contains evolutionarily conserved binding sites for other factors,
including sites for Reb1, Mcm1, and Rsc3. Mutating all of these binding sites eliminated the
NDR, leading to the expected decrease in SBF occupancy. Unlike the native CLNZ promoter
which is expressed every cell cycle, this CLAN2no-NDR) promoter is unreliably expressed,
with transcriptional activation occurring in about 20% of cell cycles (Fig 3). It is not clear
why CLNZ2with nucleosomal SBF sites (Fig 3, line 3) is expressed more efficiently than the
CLNZAno-NDR) derivative (Fig 3, line 4). It could because one promoter has the SBF sites
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closer to the TATA, the different placement of the TATA, or the stability of these
nucleosomes in vivo.

Comparing HO and CLN2

The CLNZ2and HO promoters both contain SBF sites, but the SBF sites in CLA/2are in an
NDR while those at HOare covered by nucleosomes. ChlP experiments show much more
SBF binding to the CLNZ2 promoter than to the HO promoter, suggesting that SBF has
difficulty binding to nucleosome-occupied sites [18]. A hybrid CLN2-HO promoter was
constructed in which a 534 bp region of #O URS2, including 8 SBF bhinding sites, was
inserted into a CLAZ2promoter lacking its native SBF sites [50]. The SBF sites in this hybrid
promoter are covered by nucleosomes, and this CLN2-HO hybrid promoter drove
expression in only 8% of cell cycles. This was much less than was seen for the CLNAno-
NDR) promoter, suggesting that the nucleosomes at #O URS2 create a stronger barrier for
SBF binding than those at the CLN2Ano-NDR) promoter (Fig 3). The Swi4 subunit is the
limiting factor in SBF, and increasing expression of Swi4 resulted in an increased fraction of
cells expressing the CLN2-HO hybrid promoter. This result is consistent with the model that
repressive nucleosomes covering /O URS2 make it difficult for SBF to bind and induce
gene activation.

The CLNZand HO promoters show regulatory differences, presumably because of the
differences in nucleosome occupancy of the SBF binding sites, which affects the amount of
SBF that binds. Although SBF recruits SWI/SNF and Gen5/SAGA to both the HO and
CLNZpromoters, the two genes have different coactivator requirements for activation. HO
expression requires the SWI/SNF chromatin remodeler and the Genb histone
acetyltransferase, while CLNZ2 expression is largely unaffected by swiZor gen5 mutations.
The difference is that CL A2 has a simple promoter, where SBF binds within an NDR,
whereas for the HO promoter the SBF binding sites are embedded within extremely
repressive chromatin. HOis a two step promoter, where chromatin events at URS1 are
required to evict nucleosomes at URS2 to permit SBF to bind; the chromatin changes at
URS1 require SWI/SNF and SAGA.

Concluding Remarks

Although the studies of HOand CLNZhave provided important insights into gene
regulation, there remain important questions about how chromatin determines regulation of
these genes. It is not understood how factors binding at CL A2 create an NDR, and why HO
nucleosomes are much more repressive than nucleosomes from the CLA2(no-NDR) mutant
promoter. HO activation requires two distinct histone chaperones at different times and
different promoter positions, suggesting these nucleosomes have different properties.
Further work is needed to explain why unlocking these nucleosomes to permit eviction
requires different machinery. HO clearly functions as a multistep promoter, but we do not
understand how chromatin events at URS1 cause subsequent changes at the distal URS2
promoter element, including recruitment of FACT. Similarly, it is not clear how promoter
binding by the Ash1 repressor can affect SBF binding to sites 500 bp away. The genetics
suggest that histone acetylation plays a critical role in the regulation of HO expression, but
this is not understood at the mechanistic level. Although both are expressed at the same time
in the cell cycle, CIn2 and Ho have different cellular roles: CIn2 is a G1 cyclin that promotes
cell cycle progression, whereas Ho is an endonuclease whose expression is tightly restricted.
The CLNZpromoter ensures that the promoter fires each cell cycle while /O has multiple
layers of chromatin with different properties, making accidental activation highly
improbable and allowing better control over intentional activation. Based on previous work
in the transcription field, it seems likely that regulatory paradigms such as these, found in
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yeast, will also be found to contribute significantly to the regulation of gene expression in
metazoans. The same transcriptional machinery is used in all eukaryotes, and there are the
same types of chromatin modifications and positioning. Thus far, only in yeast has it been
possible to dissect out the molecular mechanisms at complex promoters to understand how

ch
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Supplement

romatin can make one promoter activated efficiently every cell cycle while for another
tivation requires specific circumstances. It seems probable that NDRs and repressive
romatin will be identified as important regulatory features in promoters in metazoans.

ary Material

Refer to Web version on PubMed Central for supplementary material.
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A zinc finger protein that functions as a sequence-specific DNA-binding
protein. Swi5 is present in the nucleus briefly in late G1 and early G1. It
binds to sites within HO URS1, but HO expression occurs only later in the
cell cycle

A sequence-specific DNA-binding factor composed of two subunits, Swi4
and Swi6. The Swi6 subunit is present in the nucleus only bind DNA from
early G1 through early S phase. SBF is inactive as a transcriptional activator
during much of this time, due to interactions with the Whi5 and Stb1
proteins that recruit the Rpd3(L) histone deacetylase. The Cyclin Dependent
Kinase relieves this inhibition as cells progress past START, the
commitment point for the G1/S transition

A transcription factor related to SBF. MBF contains two subunits, Mbp1 and
Swi6. Mbp1 is inhibited by the Nrm1 factor, instead of by Whi5 and Stb1.
MBF and SBF both activate CLNZ2expression, but MBF does not activate
HO

SWI/SNF A multiprotein complex that contains an ATP-dependent chromatin

remodeler that repositions nucleosomes in vivo. Mutations in SWI/SNF
subunits reduce HO expression and prevent nucleosome eviction at the HO
promoter. Swi5 interacts directly with SWI/SNF and recruits it to URSL.
SBF recruits SWI/SNF to HO URS2, but it has not been determined whether
this is a direct interaction

SAGA A multiprotein complex that contains an acetylation module with the Gen5

histone acetyltransferase. Mutations in GCN5 reduce HO expression. SAGA
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contains other modules including the Spt3/Spt8 module that interacts with
TBP, a histone deubiquitinase module, and an architectural module that
includes proteins that interact with activation domains. Swi5 interacts
directly with SAGA and recruits it to URS1. SBF recruits SAGA to HO
URS2, but it has not been determined whether this is a direct interaction

A multiprotein complex that interacts with both transcriptional activators
and the basal transcription machinery. The major function of Mediator is to
help recruit RNA pol 11 to promoters. A mutation affecting the Gal11
subunit of Mediator reduces HO expression. Swi5 interacts directly with
Mediator and recruits it to URS1. SBF recruits Mediator to /O URS2, but it
has not been determined whether this is a direct interaction

TAFS are TBP Associated Factors, subunit of the TFIID multiprotein
complex that contains TBP (TATA Binding Protein). Activation of some
promoters requires TBP, alone, while others require TBP in the context of
the larger TFIID complex. The fact that HO expression is reduced in a TAF
mutant demonstrates that /O activation requires TFIID

FACT is chromatin reorganizer, meaning it can modify nucleosome
structure; unlike classical remodelers, FACT changes nucleosomes in the
absence of ATP. FACT is composed of two subunits, Spt16 and Pob3, and
its activity is supported by the small HMG box protein Nhp6. FACT is also
described as a histone chaperone, a protein that shields histones from
inappropriate interactions and facilitates nucleosome assembly

Asfl is a histone chaperone that specifically interacts with H3-H4 dimers

The Rpd3(L) complex contains the Rpd3(L) histone deacetylase, the Sin3
structural component, as well as other subunits that allow it to interact
specifically with sequence-specific DNA-binding proteins

Whi5 and Stb1 both function as intermediaries between SBF and Rpd3(L),
allowing SBF to recruit Rpd3(L) to promoters. Phosphorylation of Whi5 and
Stb1 by CDK ends this interaction and allows transcriptional activation by
SBF

Ashl is a sequence-specific DNA-binding protein that transiently interacts
with Rpd3(L) and recruits it to promoters

Spt3 is a subunit of the SAGA complex that, with Spt8, interacts directly
with TBP. Although Spt3/8 stimulates TBP binding at many promoters, at
HO Spt3/8 inhibit TBP binding and thus limit the duration of promoter
activation.

Trends Biochem Sci. Author manuscript; available in PMC 2014 September 01.



Stillman Page 13

Trends Biochem Sci. Author manuscript; available in PMC 2014 September 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Stillman

Page 14

-2000 -1000 +1
Sam  URST a URS2 H——
- . PEFFEEPE—— ;
Swib site Swib site SBF sites TATA
. -2(|)00 -1000 +1
0 min
+1
20 min
+1
25 min 212871,

e
-2000 -1000 SESESBP) +1

omn “m x w10 Q000

NS
-200 -1000 SESESBPD +1
omowm 1 C .

— = =
- L] 0wy O w ou U

35 min

S

-2000 -1000 @'5: +1
4omn M L ER 1 T T " T

0 uwd 0O wu ou U

S

"

200 -1000 (SESESBP SBD *
ssmin mZR7mE 1 C - - -

: Vediato

ol 71

‘g

Fig. 1. Sequence of binding events at the HO promoter

The top panel shows the structure of the HO promoter including the URS1 promoter element
(blue), with two Swi5 binding sites (blue-filled squares), and the URS2 promoter element
(yellow) with eight SBF binding sites (yellow-filled squares). The lower panels show
nucleosome eviction events as well as binding by factors at time points following release
from the G2/M arrest. The G2/M arrest is at 0 min, and at 25°C cells pass START, the
commitment point for the G1/S transition, at 30-40 min following release. At 20 min Swi5
binds and recruits SWI/SNF, SAGA, and Mediator, leading to nucleosome eviction within
URSL (indicated by grey dashed-lined nucleosomes). FACT recruitment at 20 min facilitates
nucleosome loss and SBF binding at 25 min at the upstream part of URS2, and subsequent
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recruitment of SWI/SNF, SAGA, and Mediator at 30 min. At 35 min Asfl-dependent
nucleosome loss at the downstream end of URS2 permits subsequent SBF binding in this
region. The partial repopulation of nucleosomes at URSL1 is indicated by grey solid-lined
nucleosomes. Finally, at 45 min the gene is transcribed.
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Fig. 2. Rpd3(L) isrecruited twice to the HO promoter during the cell cycle

The Rpd3(L) histone deacetylase is first recruited to #O URS1 by Ash1, at about 25 min
after release from G2/M arrest. Later in the cell cycle, Rpd3(L) is recruited to the URS2
region of the HO promoter by the SBF DNA-binding factors and the intermediary proteins
Whi5 and Stb1. There is no evidence that Rpd3(L) shifts its position along the promoter or is
handed from one factor to another. It is more likely that Rpd3(L) binding at URS1 ends
when Ash1 is degraded, and that a new molecule of Rpd3(L) is recruited by SBF/Whi5/
Stb1. The HO promoter is labeled as described in Fig 1.
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Fig. 3. Ashlrepression at URSL persists from the previous cell cycle

During G2 phase Swi5 binds to /O URSL1, recruiting coactivators that alter URS1
chromatin. Concurrently, Swi5 binds to the ASHZ promoter, and the expressed ASH1
mMRNA is transported to daughter cells and translated. Swi5 is quickly degraded ending the
coactivator presence at URS1. Ashl binds to URSL1 after cytokinesis, and is quickly
degraded. Thus, the effects of Ash1 revealed through genetic analysis, occur in the second
M phase, whereas Ash1 was bound to the promoter much earlier in the cell cycle. START,
in late G1, refers to the commitment point for the G1/S transition
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Fig. 4. Nucleosomes from the HO promoter are very repressive when placed at CLN2

The native CLNZ promoter has SBF binding sites within a nucleosome depleted region, and
the gene is expressed in 100% of cell cycles (top line). Mutating the SBF sites eliminates
expression (line 2), while replacing the SBF sites, but within a nucleosomal context, reduces
the fraction of cell cycles in which the CLANZ2 promoter fires (lines 3 and 4). Inserting a
region of the HO promoter with SBF binding sites (indicated by orange nucleosomes) into
CLNZpromoter lacking its SBF sites results in a hybrid promoter that expresses in very few

cell cycles (line 4). The region of the HO promoter where the DNA with these three
nucleosomes originates is indicated.
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