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ABSTRACT

The induction of repair genes upon DNA damage is conserved among all the
living organisms examined to date. In the yeast Saccharomyces cerevesiae, these genes
are repressed by Crt1, which recognizes the DNA damage response elements (DREs) and
recruits the global co-repressor complex Ssn6-Tup1.
Nucleosome positioning has been known to be important for gene repression for
decades, but how it is achieved and maintained in vivo is still elusive. One factor, Ssn6Tup1 has been identified and is believed to cause nucleosome positioning by binding to
the tails of histones and spreading across the repressive chromatin domain. This is called
the “extended scaffold” model. Previous work from our lab has shown that Ssn6-Tup1 is
responsible for nucleosome positioning at the DNA damage inducible gene RNR3. In an
attempt to determine the mechanism of nucleosome positioning at RNR3, we first
thoroughly characterizated the chromatin structure of the RNR3 locus using nuclease
mapping strategies. We found that the entire RNR3 coding sequence and the upstream
regulatory sequence (URS) (2.9 kb in length) is embedded in 19 well positioned
nucleosomes, and DNA damage or deletion of CRT1 or TUP1 cause identical disruption
of the positioning. Surprisingly, we, and others, have shown that Ssn6-Tup1 crosslinking
is restricted to the upstream regulatory sequence (URS), yet nucleosome positioning
extends far into the coding region. Thus, the extended scaffold model cannot explain how
Ssn6-Tup1 positions nucleosomes at RNR3. We investigated the role of known yeast
chromatin remodeling factors in regulating the chromatin structure at RNR3 and found
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that the imitation SWItch (ISWI) family member ISW2 is required for the nucleosome
positioning. In comparison with TUP1 deletion, ISW2 mutation causes equal nucleosome
disruption from the TATA box to about +2 kb into the coding sequence, but the regions
further upstream (where Crt1-Ssn6-Tup1 binds) or downstream (~+2.0 to +2.7 kb) of that
resembles the wild type and are disrupted upon induction. We determined that Isw2p can
be specifically crosslinked across the RNR3 gene using the ChIP assay. Interestingly, the
crosslinking of Ssn6-Tup1 and Isw2 are independent of each other, suggesting
collaboration of these two factors is necessary for the maintenance of the repressive
chromatin structure. The Imitation SWItch (ISWI) chromatin remodeling factors have
been implicated in nucleosome positioning in vivo. In vitro, they can mobilize
nucleosomes bi-directionally, making it difficult to envision how they can establish
precise translational positioning of nucleosomes in vivo. It has been proposed they
require other cellular factors to do so, but none have been identified thus far. By showing
the dependency on Tup1 for ISW2 mediated nucleosome positioning at a subset of
promoters, we revealed a novel collaboration between two nucleosome positioning
activities in vivo.
In contrast to the dramatic increase in transcription observed in ∆crt1 or ∆tup1
strains, only slight derepression was detected in an ISW2 deletion mutant, although the
nucleosomes embedding the TATA box and the coding sequence were disrupted.
Chromatin immunoprecipitation (ChIP) experiments demonstrated lack of TBP
recruitment and preinitiation complex (PIC) formation. Thus, Tup1, which is localized to
the URS independently of ISW2, can block PIC formation and repress transcription in the
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absence of nucleosome positioning. In addition to nucleosome positioning, HDAC
recruitment and direct interference with activator or Mediator have been proposed for
Ssn6-Tup1 repression. A clear analysis of the contribution of each repression pathway
has not been described, however, mainly due to the challenge of separating the
nucleosome positioning activity of Tup1 from the others. Our finding that in the absence
of a functional ISW2 complex (and effective nucleosome positioning), Ssn6-Tup1
maintains the majority of the repression function over the DNA damage inducible genes,
made it possible to specifically disrupt the nucleosome positioning ability of Ssn6-Tup1.
We showed the remaining repression is mediated by histone deacetylase Hda1 and the
Mediator complex subunits. Similar to ISW2 deletion, mutation of HDA1 or various
Mediator subunit genes individually only slightly increased the transcription of the DNA
damage inducible genes. Only in triple mutants simultaneously disrupted in ISW2, HDA1
and Mediator genes could significantly high levels of transcription be observed. We
confirmed the association of Ssn6-Tup1 to the promoters in the various mutants. Thus
multiple, redundant mechanisms are utilized by Ssn6-Tup1 in the regulation of the DNA
damage inducible genes. Redundancy was also observed at other Ssn6-Tup1 target genes,
with relative contributions of each mechanism varying. We propose that Ssn6-Tup1 has
developed multiple mechanisms in order to function as a "global" co-repressor, and
different groups of genes have developed different strategies to utilize Ssn6/Tup1 in
repression.
We further analyzed the function of the sequence specific DNA binding protein
Crt1 in the regulation of the DNA damage inducible genes. Recruitment of Ssn6-Tup1 is
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mediated through a Crt1 N-terminal domain, which also interacts with the TFIID
coactivator. The function of Crt1 C-terminus was unknown. We identified a Crt1 Cterminal repression domain which is, in contrast to the N-terminal domain, independent
of Ssn6-Tup1 and histone deacetylases. We also further mapped the N-terminal
repression domain and distinguished it from that required for TFIID interaction. Crt1
mutants were then constructed in an attempt to disrupt TFIID interaction but preserve
Ssn6-Tup1 recruitment. All of the mutants repressed the DNA damage inducible genes,
but most of them, called “derepression-defective” mutants, failed to release the repression
upon DNA damage. Further characterization of the derepression defective mutants
indicated that they are specifically blocked after corepressor release but before or during
coactivator recruitment. These results imply a two-step activation model of the DNA
damage inducible genes. The implications of this and the Crt1 conservation to its higher
eukaryotic homologues, is discussed.
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Chapter One

CHROMATIN AND TRANSCRIPTION REGULATION
OF YEAST DNA DAMAGE INDUCIBLE GENES
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I. CHROMATIN AND TRANSCRIPTION

As the packaged form of eukaryotic genetic material, chromatin plays a pivotal
role in transcription regulation (Kornberg and Lorch, 1999). The basic repeat of
chromatin, the nucleosome, is composed of 160 ~ 220 base pair of DNA and a histone
octamer containing two each of the evolutionarilly conserved core histones, H2A, H2B,
H3, and H4. Depending on the organism examined and other factors, less conserved
linker histones, referred as H1 and H5, may or may not participate in the nucleosomal
repeat. Besides histones and DNA, chromatin is very likely to contain large amounts of
tightly associated non-histone proteins (Griesenbeck et al., 2003), whose functions
largely remain to be understood.
Extensive studies have been carried out during the last three decades focusing on
two aspects of chromatin structure and their roles in transcription regulation: nucleosome
positioning/chromatin remodeling and histone covalent modification. Nucleosome
positioning refers to the preferred location of a nucleosome over a certain DNA fragment.
It is affected by the intrinsic nature of the DNA sequence and the existence of other
protein factors. Due to the intensive contact with the core histones (Luger et al., 1997),
the DNA sequence embedded in a nucleosome is usually unavailable to the factors that
would otherwise recognize it. From this point of view, nucleosomes positioned at a
certain locus could block sequence-specific transcription factors and basal machinery and
negatively regulate transcription. Chromatin remodeling refers to the process of making
the “hidden” sequence available to transcription factors by changing the DNA-histone
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contacts within a nucleosome or moving the nucleosome to different locations. Both
nucleosome positioning and chromatin remodeling can be facilitated by multiple-subunit
complexes in an ATP-driven manner.
In addition to chromatin remodeling, chromatin structure can be covalently
modified by attaching small modules to residues of the core histones. These
modifications, initially thought to affect DNA-histone contact by changing charges on the
histone tails, turned out to be surprisingly complicated and intriguing, in that they provide
epigenetic marks to be recognized by various transcriptional cofactors and basal
transcription machinery (for reviews see Cheung et al., 2000; Jenuwein and Allis 2001;
Fischle et al., 2003; Zhang et al., 2003; Hampsey and Reinberg 2003).

ATP-driven chromatin remodeling complexes

Nucleosome positioning and chromatin remodeling are largely carried out by a
variety of multiple- subunit nucleosome remodeling complexes. Based on the homology
of the ATPase containing subunits, these complexes can be categorized into four groups:
the SWI/SNF group, the Imitation SWItch (ISWI) group, the recently characterized
INO80/SWR group, and the Chd/Mi2 group (reviewed in Kingston and Narlikar, 1999;
Vignali et al., 2000; Langst and Becker, 2001; Narlikar et al., 2002; Becker and Horz
2002). A summary of the chromatin remodeling complexes purified and their catalytic
subunits is presented in table 1-1.
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SWI/SNF group

ISWI group

Chd/Mi-2 group

INO80/SWR1 group

Saccharomyces

SWI/SNF

ISW1a (Isw1)

(Chd1)*

INO80 (Ino80)

cereviasiae

(Snf2/Swi2)

ISW1b (Isw1)

RSC (Sth1)

ISW2 (Isw2)

SWR1 (Swr1)

yCHRAC (Isw2)
Drosophila

Brahma (Brm)

melanogaster

NURF (ISWI)

unknown

unknown

unknown

ACF (ISWI)
CHRAC (ISWI)

Homo

Human SWI/SNF

hRSF (hSNF2h)

NURD

sapiens

(hBRM or hBRG1)

hACF (hSNF2h)

(CHD3, CHD4)

hCHRAC (hSNF2h)
hWICH (hSNF2h)

Table 1-1 List of chromatin remodeling complexes and their ATPase subunits (in
parentheses). See the text for more detail. This table is adapted from (Vignali et al., 2000)
with some modification. (* Chd1 might predominantly exit as a dimer in yeast.)

SWI/SNF group
The SWI/SNF group includes the yeast SWI/SNF (Côté et al, 1994; Cairns et al.,
1994; Peterson et al., 1994) and RSC (Cao et al., 1997; Cairns et al., 1999), Drosophila
Brahma complex (Dingwall et al., 1995), and human BRM (hBRM) or BRG1 (hBRG1)
containing complexes (Wang et al., 1996a, b). The catalytic subunit of this group, with
the yeast Snf2 ATPase as the orthologue, contains a C-terminal bromodomain in addition
to the ATPase domain (Workman and Kingston, 1998). The bromodomain is a module
found in many transcription factors that can bind acetylated lysine residues (Vignali et
al., 2000). In addition to the characteristic ATPase subunits, this group of chromatin
remodeling complexes also contain actin or actin-related proteins (Arps) as structural
components (Wang et al., 1996a; Cairn et al., 1998), and they generally contain more
than 10 subunits and have a size of about 1MDa.
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The prototype of the SWI/SNF group is the yeast SWI/SNF complex. Many of its
subunits were initially identified as gene products required for mating type switching
(SWI) or glucose repressed (sucrose non fermenting, SNF) gene transcription. It was first
purified ten years ago as a complex that can stimulate the binding of GAL4 derivatives to
nucleosomal DNA in an ATP-dependent manner, and is required for enhanced
transcription (Côté et al, 1994; Peterson et al, 1994; and Cairns et al, 1994). Although the
SWI/SNF complex can bind to DNA and nucleosomes nonspecifically (Quinn et al,
1996; Côté et al, 1998), it only affects the expression of a small part of the yeast genome
(Holstege et al, 1998), and can be recruited to its target genes by DNA-binding activators
(Cosma et al., 1999; Yudkovsky et al, 1999; Neely et al, 1999; Hassan et al, 2001). It also
can be co-purified with the RNA polymerase II holoenzyme complex (Wilson et al,
1996), and may be recruited to the DNA damage inducible RNR3 promoter by the basal
transcription machinery (Sharma et al., 2003). Although both up-regulation and downregulation of gene transcription were observed in microarray studies, most of the known
roles of SWI/SNF in transcription are during activation, and the evidence about its direct
participation in repression is rare (Martens and Winston, 2002).
The RSC complex (Remodel the Structure of Chromatin) is highly related to the
SWI/SNF complex, with many homologous subunits, and at least two identical subunits
(Cairns et al, 1996; Cairns et al, 1998). It has at least 15 subunits and the catalytic subunit
is Sth1p, a homologue of Snf2p (Du et al, 1998). While none of the SWI/SNF subunit
genes is essential, STH1 and other RSC subunit genes are essential for viability (Cairns et
al, 1996). Like the SWI/SNF complex, the RSC complex also has high affinity for DNA
and nucleosomes (Lorch, et al, 1998). No activator or repressor has been discovered to
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recruit the RSC complex to a certain gene, but its location changes globally in response to
stress, and its association with promoters correlates with both repression and activation
(Damelin et al., 2002; Ng et al., 2002). In addition to transcription regulation (Moreira
and Holmberg, 1999; Angus-Hill et al., 2001; Damelin et al., 2002; Ng et al., 2002), the
yeast RSC and its mammalian homologue PBAF may function directly at kinetochores
during mitosis and their loss of function cause cell cycle arrest at G2/M phase (Cao et al.,
1997; Xue et al., 2000; Angus-Hill et al., 2001; Hsu et al., 2003). Although the
mechanism is not clear, perturbation of the RSC function through mutation of the Sth1
bromodomain or reduced expression of the S T H 1 gene increased DNA damage
sensitivity in yeast (Koyama, et al., 2002).

ISWI group
The ISWI group got its name because the founding member of its catalytic
subunits, Drosophila ISWI (imitation switch) protein was initially isolated based on its
similarity to the fly Swi2/Snf2 homologue, Brahma (Elfring et al., 1994). This group of
chromatin remodeling complexes are smaller in size and have less (about two to five)
subunits, in comparison with the SWI/SNF group. Their catalytic subunits, the drosophila
ISWI protein and its homologues, don’t have a bromodomain, but C-terminal to the
ATPase domain, have a SANT domain (conserved in Swi3, ADA2, N-CoR, and TFIIB)
which may be important for interactions with histone tails (Boyer et al., 2002).
This group of complexes was first purified from Drosophila as NUcleosome
Remodeling Factor (NURF, Tsukiyama et al., 1995), ATP-utilizing chromatin assembly
and remodeling factor (ACF, Ito et al., 1997), and chromatin accessibility complex
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(Varga-Weisz et al., 1997), all of which share the same catalytic subunit imitation switch
(ISWI, Elfring et al., 1994). Similar complexes have also been purified from mammalian
cells, including the human remodeling and spacing factor (hRSF, LeRoy et al., 1998),
human CHRAC (hCHRAC, Poot et al., 2000), human ACF/WCRF/(hACF, LeRoy et al.,
2000; Williams sydrome transcription factor-related chromatin remodeling factor, Bochar
et al., 2000), and the Williams syndrome transcription factor-ISWI chromatin remodeling
complex (WICH, Bozhenok et al., 2002). These human ISWI complexes have the
common catalytic subunit which has a somehow misleading nomenclature, human SNF2
homologue (hSNF2h).
There are two genes in yeast coding for the homologues of the drosophila ISWI
protein, ISW1 and ISW2 (Tsukiyama et al., 1999). The yeast Isw1 protein is found in two
complexes, ISW1a and ISW1b, with distinct functions (Tsukiyama et al., 1999; Vary et
al., 2003). Yeast Isw2 ATPase is also likely to participate in two complexes, ISW2
(composed of Isw2p and Itc1p, imitation switch 2 complex subunit 1) (Tsukiyama et al.,
1999; Gelbart et al., 2001) and yCHRAC (composed of Isw2p, Itc1p, Dls1, and Dpb4)
(Iida and Araki, 2004). Deletion of ISW1 and ISW2 genes causes derepression and
chromatin structure change at some promoters, suggesting they might be involved in
transcription repression in vivo (Goldmark et al., 2000; Kent et al., 2001; Sugiyama and
Nikawa, 2001; Fazzio et al., 2001). Recent studies suggested more complexity in their
function in that Isw1p indirectly binds to di- or tri-methylated H3 (K4) tail in actively
transcribed regions and the ISW1b complex is required for proper transcription
elongation and termination (Alen et al., 2002; Santos-Rosa et al., 2003; Morillon et al.,
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2003). The Isw2p containing yCHRAC complex is also shown to be required for
transcription at subtelomeric regions of the chromosome (Iida and Araki, 2004).

Chd/Mi-2 group
The catalytic subunits of this group contain the self antigens in the human disease
Mi-2 dermatomyositis and their homologues which all have these three kind of motifs:
chromo domains, an ATPase/Helicase domain, and DNA binding domains (Woodage et
al., 1997). In addition to the ATPase subunit, this group of complexes also contains
histone deacetylase (HDACs) and methylated DNA binding domain proteins (MBPs)
implicating them in repression and DNA methylation mediated silencing (review in
Knoepfler and Eisenman, 1999). Although not much is know, their potential role in
development and cell differentiation is intriguing.
No homologous complex has been purified from yeast. Trial purification of
complexes containing the sole Saccharomyces cerevisiae CHD protein, Chd1p, suggested
that it might exist primarily as a homodimer, and this Chd1p dimer has ATP-dependent
chromatin remodeling activity (Tran et al., 2000). Deletion of CHD1 is synthetic lethal
with a SNF2 or SWI1 deletion, indicating its overlapping or complementary function with
the SWI/SNF complex (Tran et al., 2000). Because there is no DNA methylation in the
budding yeast, its Chd1 fucntion might be different from the homologes in higher
eukaryotes. Recent work showed yeast Chd1 protein interacts with RNA polymerase II
elongation factor Spt5 and is involved in elongation and termination (Alen et al., 2002,
Simic et al., 2003).
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INO80/SWR1 group
The yeast INO80 and SWR complexes are considered as a distinct group in that
the ATPase domains in their catalytic subunit, Ino80p and Swr1p, respectively, are
“split” (Shiratori et al., 1999; Mizuguchi et al., 2004). Both of them have ATPase activity
stimulated by DNA or nucleosomes, and contain shared subunits including Act1 and
Arp4 (Shen et al., 2000; Mizuguchi et al., 2003). When recruited by an activator in vitro,
the INO80 complex showed an ATP-dependent chromatin remodeling activity and
stimulated transcription (Shen et al., 2000). Inactivation of its ATPase subunit resulted in
hypersensitivity to DNA damage agents, but the transcription of the DNA damage
inducible genes were not affected. It was proposed that INO80, might directly facilitate
the repair process (Shen et al., 2000). SWR1 complex can specifically replace histone
H2A from chromatin with the variant H2A.Z in an ATP dependent manner in vitro and is
required for H2A.Z deposition and transcription at certain loci in vivo (Krogan et al.,
2003b; Mizuguchi, et al., 2004).

Distinct strategies and results of chromatin remodeling

Extensive work has been done addressing the mechanism of chromatin
remodeling, mainly focusing on the SWI/SNF and the ISWI group of complexes. It is
generally accepted that these two groups use distinct strategies in chromatin remodeling
(reviewed in Narlikar et al., 2002). Remodeling by the SWI/SNF can cause a substantial
increase in accessibility of nucleosomal DNA to nucleases and transcription factors
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(Peterson et al., 1994; Cote et al., 1994; Imbalzano et al., 1994; Cairns et al., 1996;
Owen-hughes et al., 1996). The remodeled nucleosomes are relatively stable and have
been isolated (Lorch et al., 1998; Schnitzler et al., 1998). Analysis of the remodeled
nucleosomes showed that they contain a full complement of histones and DNA, thus
chromatin remodeling can be achieved through “conformational change” without losing
core histones. Remodeling by SWI/SNF and RSC complexes can also result in histone
octamer eviction or relocation in trans (Owen-hughes and Workman 1996; Lorch et al.,
1999). These two different results could result from similar processes during which the
DNA-histone contact within nucleosomes is significantly disrupted (Lorch et al., 1999;
Kassabov et al., 2003). In contrast, remodeling by the ISWI group is considered as
“sliding” in that no apparent disruption of nucleosomal structure has been detected
(Hamiche et al., 1999; Langst et al., 1999; Kassabov et al., 2002; Fan et al., 2003). In
contrast to SWI/SNF2, ISW2 remodeling does not increase the nuclease sensitivity of the
internal, nucleosomal DNA (Kassabov et al., 2002). Direct comparisons between hBRG1
(the human homolog of yeast Swi2/Snf2) and hSNF2h (the human homolog of ISWI)
also point to the same conclusion. Although both hBRG1 and hSNF2h could remodel a
nucleosome array, only hBRG1 could function on mononucleosomes with no significant
linker DNA (Aalfs et al., 2002). So hBRG1 can directly function on the DNA that is
tightly wrapped around the core histones, while hSNF2h function requires some linker
DNA as a “handle”. In support, when a nucleosome is flanked by two neighboring
nucleosomes stably positioned by 5S DNA sequence, hBRG1 could create a loop on it,
while its sliding (and thus remodeling) by hSNF2h was greatly restricted (Fan et al.,
2003).
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The result from ISWI remodeling is also distinct from that of SWI/SNF. Although
members of the ISWI group can disrupt local chromatin structure and increase nuclease
accessibility when added to activator bound nucleosome array (Tsukiyama et al., 1995;
Varga-Weisz et al., 1997; Ito et al, 1997; Tsukiyama et al, 1999), many ISWI complexes
also has the intrinsic ability to space or organize nucleosome arrays. Nucleosomes are
located at random positions in arrays prepared by depositing core histones onto long
fragments of DNA by salt dialysis or histone chaperon. The drosophila CHRAC, ACF,
and yeast ISW1 and ISW2 complexes can work on these substrates and create regularly
spaced nucleosome arrays in an ATP-dependent manner (Varga-Weisz et al., 1997; Ito et
al, 1997; Tsukiyama et al., 1999). Furthermore, only ATP-dependent nucleosome spacing
activity, not disruption of the nucleosome array, has been detected in the drosophila
CHRAC and yeast ISW2 complexes (Varga-Weisz et al., 1997; Tsukiyama et al., 1999).
These in vitro results are consistent with the in vivo findings where ISWI complexes are
required for establishing repressive chromatin structure (Goldmark et al., 2000; Kent et
al., 2001; Fazzio and Tsukiyama, 2003; Fyodorov et al., 2004), while SWI/SNF is
required for chromatin remodeling at promoters where nucleosomes are tightly positioned
(Gavin and Simpson, 1997; Gregory et al., 1999; Sharma et al., 2003).

Regulation of chromatin remodeling

Like any other biological process, chromatin remodeling is regulated by cellular
factors. Based on what we know, regulation of chromatin remodeling complex function
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can be categorized into three mechanisms: (1) recruitment by transcription factors, (2)
retention by histione modifications, and (3) global association, with adjustment by local
factors.

Recruitment by transcription factors
Sequence specific transcription factors, including activators and repressors, play
an important role in targeting chromatin remodeling complexes to specific promoters.
Multiple acidic activators directly interact with the yeast SWI/SNF complex and are
capable of bringing SWI/SNF remodeling activity to chromatin templates (Neely et al.,
1999; Natarajan et al., 1999; Yudkovsky er al., 1999; Hassan et al., 2001). Similarly,
targeting of mammalian SWI/SNF homologues has also been demonstrated (for example,
Kowenz-Leutz and Leutz 1999). Recruitment can also be a mechanism in targeting the
ISWI group of chromatin remodeling activity. For example, the largest subunit of NURF,
NURF301, can interact with drosophila GAGA factor and Heat Shock Factor (HSF)
(Xiao et al., 2001), and could be responsible for targeting NURF to the chromatin
template by GAGA factor (Tsukiyama and Wu, 1995). The yeast Isw1 and Isw2
containing complexes have been found to interact with sequence specific transcription
factors Cbf1 and Ume6 in vitro, respectively (Goldmark et al., 2000; Moreau et al.,
2003). Isw1 protein has been show to be enriched at some promoters, including the Cbf1
targeted PHO8 promoter, suggesting its recruitment by Cbf1 (Moreau et al., 2003;
Morillon et al., 2003).
In addition to being recruited by sequence specific transcription factors,
chromatin remodeling complexes might also be targeted to specific loci through
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interaction with basal transcription machinery. In some RNA polymerase holoenzyme
preparations, components of yeast SWI/SNF complex have been detected, suggesting
their association with general transcription factors (Wilson et al., 1996). Research from
our lab also indicates that SWI/SNF recruitment at the DNA damage inducible RNR3
promoter is dependent on TFIID, Mediator and RNA polymerase II (Sharma et al., 2003).
In a proteomic analysis, yeast Isw1 was found to be co-purified with some TBP
containing complexes (Gavin, et al., 2002), and it was proposed to associate with basal
transcription machinery in the regulation of the PHO8 promoter (Moreau et al., 2003).
The yeast Chd1 protein has been implicated in transcription elongation (Krogan et al.,
2003a; Simic et al., 2003). It is also shown to interact with RNA polymerase II elongation
factor Spt5 and PAF complex, and be localized to protein coding regions (Simic et al.,
2003).

Histone modification in retaining chromatin remodeling complex
Role of histone modification in maintaining chromatin remodeling complexes was
initially suggested from the study of the yeast HO promoter whose transcription occurs in
a window of the G1 phase of cell cycle and is required for mating type switching (Cosma
et al., 1999). During activation of HO transcription, Swi5 activator binds to the promoter
first, which is required for the recruitment of SWI/SNF and the subsequent recruitment of
SAGA histone acetyltransferase (HAT). The Swi5 association is transient, while
SWI/SNF remains at the HO promoter after Swi5 dissociation, suggesting some “mark”
made during the period of Swi5 association is helping to retain the SWI/SNF complex.
Later in an in vitro system, Workman and colleagues demonstrated that SWI/SNF
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complexes recruited by Gal4-VP16 to a chromatin template can be maintained by
hyperacetylated histones even after the activator is chased away by competitor Gal4
oligos (Hassan et al., 2001). This histone hyperacetylation can be achieved by the yeast
HAT complexes SAGA or NuA4 (Hassan et al., 2001), and the retention of SWI/SNF is
mediated by the Snf2 bromo domain which is a module that binds acetylated lysine
residues (Hassan et al., 2002).
Retention by modified histones is not unique to the SWI/SNF complex. Recently,
human SNF2h and yeast Isw1 proteins have been reported to associate with histone H3
di- or tri-methylated at lysine 4 residue at the N-terminal tail. In vivo, Isw1 crosslinking
is enriched at regions with high H3 (K4) trimethylation, and is dependent on histone
methyl transferase Set1 at a subset of genes (Santos-Rosa, et al., 2003). H3 (K4)
trimethylation correlates with active transcription, and its association with Isw1 protein
correlates with the involvement of Isw1-containing complex in transcription elongation
(Santos-Rosa, et al., 2002; Morillon et al., 2003 ).

Global association and adjustment by local factors
Global association and adjustment by local factors is raised for some ISWI group
of chromatin remodeling complexes, due to their effect on global chromatin structure and
the lack of convincing data about their localized recruitment. For example, Drosophila
ISWI protein is abundant and has a role in globally establishing and maintaining
chromatin structure of the X chromosome (Deuring et al., 2000). Deletion of ACF1, the
gene coding for a shared subunit of Drosophila ACF and CHRAC complexes, results in
global reduction in periodicity and repeat length of nucleosomal arrays in embryoes
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(Fyodorov et al., 2004). So far, most of the work regarding to the Drosophila ISWI
complexes are in vitro biochemistry analysis, and a specific in vivo crosslinking of these
complexes to one specific gene locus, but not to another, has not been reported. Several
papers have been published with in vivo analysis of the yeast Isw2 containing complexes.
However, among all the data showing the recruitment of ISW2 complex, the specificity
of targeting is obscure as either there was significant crosslinking to non targeted DNA
sequence, or such a control was absent (Kent et al., 2001; Alen et al., 2002; Fazzio and
Tsukiyama 2003). We detected the crosslinking of myc-tagged Isw2 to all the loci
examined while the chromatin structure of which are not all dependent on Isw2 (Chapter
2 and data not shown), suggesting physical location is not necessarily the only
mechanism to regulate chromatin remodeling complex function.
Wide distribution not only explains the global effect caused by disruption of some
ISWI complexes (Deuring et al., 2000; Fyodorov et al., 2004), but also can accommodate
the gene specific effect observed in other cases (Kent et al., 2001; Fazzio et al., 2003;
Chapter 2). In a global association mechanism, the function of ISWI complexes can be
modified by local factors, such as sequence specific transcription factors and chromatin
structure. In vitro, these complexes can slide nucleosomes bidirectionaly, but in vivo, they
slide nucleosomes from the downstream coding region toward the promoter, and cellular
factors were proposed to be responsible for this adjustment (Fazzio, et al., 2003). Indeed,
function of ISWI complexes can be modified by sequence specific factors bound to local
DNA. For example, binding of lacI to chromatin DNA modulated the sliding of
neighboring nucleosomes by ACF (Pazin et al., 1997), and binding of Gal4 also affected
the sliding by NURF (Kang et al., 2002). In addition, positioning of two neighboring
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nucleosomes by 5S DNA sequence rendered the nucleosome in the middle resistant to
human SNF2h remodeling (Fan et al., 2003). It is very likely that similar non-chromatin
factors, or even nucleosomes positioned by whatever mechanisms, could affect the
function of ISWI complexes in vivo.

Histone covalent modification

Histone covalent modification is a field that is under extensive investigation.
Recent findings in this field have greatly impacted our understanding of chromatin
function, and are reviewed thoroughly (for example, see Cheung et al., 2000; Roth et al.,
2001; Jenuwein and Allis, 2001; Zhang, 2003; Fischle et al., 2003; Hampsey and
Reinberg, 2003). These modifications can directly provide docking sites for various
transcription factors (for example, acetylated lysine recognition by bromodomain, and
methylated lysine by chromodomain), and regulate modifications at other histone
residues as well. To summarize these effects and predict some “rules” for histone
modifications, Allis and colleagues proposed the “histone code” hypothesis. Here I will
briefly review the roles of acetylation, methylation, ubiquitylation and phosphorylation in
yeast and their implications to transcription regulation.
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Histone acetylation
Histone acetylation is catalyzed by histone acetyltransferases (HATs) which
transfer the acetyl group from acetyl-Coenzyme A to lysine (K) residues on histone tails.
The removal of acetyl group is catalyzed by histone deacetylases (HDACs) in a
hydrolysis reaction. Lysine residues from all four core histone tails can be subject of
acetylation (reviewed in Roth et al., 2001). Of more interest are H3 K9 and K14
acetylation, which usually correlate with transcription activation (Jenuwein and Allis,
2001). An example is that deletion of the yeast global corepressor Ssn6-Tup1 (see below)
causes H3 acetylation to increase in most cases, while that of H4 is generally not affected
(Deckert and Struhl, 2001). Targeted histone acetylation and deacetylation can occur in a
background of constant/global acetylation and deacetylation, which together provide gene
specificity and rapid turn over (Kadosh and Struhl, 1997; Vogelauer, et al., 2000; Brown
et al., 2001). One effect of histone acetylation is to provide docking sites for the
transcription factors with bromodomains, such as Snf2 subunit of the SWI/SNF complex
and Gcn5 subunit of the SAGA complex (Hassan et al., 2001).

Histone methylation
Histone methylation is catalyzed by histone methyltransferases (HMTs) with Sadenosyl-L-methionine as the donor. An enzyme catalyzing the reverse reaction hasn’t
been identified. The removal of the methyl group from a chromatin fragment might be
mediated with histone replacement. Although histone H3 (K9) methylation in higher
eukaryotes is linked to HP1 (heterochromatin protein) binding and silencing, in budding
yeast H3 (K9) is not methylated, and the methylation at other histone residues mostly
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occurs in euchromatin region and actively transcribed genes (Hampsey and Reinberg,
2003). For example, tri-methylation of H3 (K4) and the enzyme catalyzing its formation,
SET1 complex, are enriched at the 5’ of transcribed genes (Santos-Rosa et al., 2002; Ng
et al., 2003). Consistent with its distribution, SET1 was found to interact with the Ser5phosphorylated form of polymerase II CTD which occurs at the early phase of elongation
(Ng et al., 2003). As mentioned above, this histone modification might facilitate
recruitment of Isw1 containing complex which is involved in transcription elongation
(Santos-Rosa et al., 2003; Morillon et al., 2003). In addition to lysine 4, H3 lysine 36, can
also be methylated, which requires SET2 complex. In contrast to K4 methylation and
SET1 localization, K36 methylation and SET2 are enriched toward the downstream part
of the transcribe genes (Krogan et al., 2003a). The pattern of K36 methylation and SET2
distribution is related to SET2 interaction with Ser2-phosphorylated Pol II CTD which
happens at a late phase of elongation. It was speculated that H3 methylation at K4 and
K36 might play a role in orchestrating different phases in a transcription cycle, which
remains to be further examined. A third histone methylation in yeast also occurs to H3. It
is catalyzed by DOT1 methyltransferase on lysine 79 within the globular domain, and
might protect the euchromatin at subtelomeric regions against silencing effects of Sir
proteins (Ng et al., 2002; Ng et al., 2003).

Histone ubiquitylation
In the last two years, a lot of excitment has been made over histone H2B lysine
123 (K123) ubiquitylation. This modification occurs at the C-terminal tail of H2B, and is
required for H3 K4 and K79 (but not K36) methylation (Sun and Allis, 2002; Briggs et
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al., 2002). Consistent with the positive role of H3 K4 and K79 methylation in
transcription, H2B (K123) ubiquitylation correlates with gene activation. Interestingly,
ubiquitylation at the activated GAL1 promoter is transient. It is catalyzed by the Rad6
ubiquitin ligase, which is transiently recruited to GAL1 promoter upon induction, then
erased by the ubiquitin protease Ubp8 associated with the SAGA complex (Henry et al.,
2003; Kao et al., 2004). Unlike other histone modifications where reversing the
modification has an opposite effect on transcription, sequential ubiquitylation and
deubiquitylation are both required for active transcription. And the effect is likely
mediated through histone H3 methylation, suggesting the dynamic nature of this
modification and its involvement in regulating other histone modifications and
transcription regulation.

Histone phosphorylation
In budding yeast, the modifications mentioned above occur on lysine residues,
while histone phosphorylation occurs on serine residues, such as serine 10 and 28 of H3.
One enzyme that can phosphorylate H3 (K10) is the AMP-dependent kinase Snf1 (Lo et
al., 2001). This phosphorylation is required for acetylation of the adjacent K9 and K14
and transcription activation at the INO1 locus. As H3 K9 methylation in higher
eukaryotes correlates with transcription silencing, H3 K9 acetylation and S10
phosphorylation, as one module, was proposed as antagonistic to H3 K9 methylation, and
a “binary switch” model has been hypothesized which predicted similar antagonistic
interactions between modification profiles at sites with adjacent serine/theronine and
lysine (Fischle et al., 2003).

20

II. SSN6-TUP1 AND ITS HOMOLOGUES

SSN6 (suppressor of sucrose non-fermenting) was first identified as a gene that,
when mutated, suppressed the defect in SUC2 transcription in a Snf1 kinase mutant.
TUP1 (dTMP uptake positive) was identified independently in several other genetic
screens. Later these two genes were found to have overlapping function, and isolated
together in genetic screens (for example, SSN6 was isolated as CYC8 and CRT8, while
TUP1 as CYC9 and CRT4). Mutation of them causes similar phenotypes, such as slow
growth, flocculation, loss of glucose repression, and thymidine uptake from the medium
(not observed in wild type strains) (Reviewed in Roth, 1995; Smith and Johnson 2000).
Biochemistry studies indicated that the products of these two genes can form one
complex which contains one Ssn6 and four Tup1 proteins (Williams et al., 1991;
Varanasi et al., 1996). Ssn6 is a 107 kD protein, with ten copies of tetratricopeptide
repeats (TPR) at the N-terminus (Schultz et al., 1990). Tup1 is a 78 kD protein with
seven WD-40 repeats at the C-Terminus (Williams and Trumply, 1990). Both the TPR
repeats and WD-40 repeats are motifs proposed to mediate protein-protein interactions,
and these two motifs are required for the interaction between Ssn6 and Tup1 (Williams et
al., 1991; Varanasi et al., 1996; Gounalaki et al., 2000). Furthermore the interaction
between Ssn6-Tup1 and sequence specific repressors such as alpha 2 protein requires the
WD-40 and TPR motifs (Komachi et al., 1994; Smith et al., 1995). Besides the WD-40
repeats, Tup1 also has a repression domain in the N-terminus (Tzamarias and Struhl,
1994; Zhang et al., 2002).
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Ssn6-Tup1 regulated genes in Saccharomyces Cerevisiae
Gene function

Examples

Sequence-specific factors

a-specific (1)

MFA2, BAR1, STE2, STE6

alpha2-MCM1

haploid-specific (2)

RME1

a1-alpha2

meiosis/sporulation (3)

IME1, DIT1,DIT2

?

flocculation (4)

FLO1, FLO11

Sfl1

carbonhydrate utilization (5)

SUC2, GAL1, GAL10, HXT2

Mig1, Mig2, Nrg1,and Sfl1

Oxygen utilization (6)

ANB1, PAU genes

Rox1

osmotic stress response (7)

ENA1, HAL1, CTT1, GRE2

Sko1

DNA damage response (8)

RNR2, RNR3, HUG1, CRT1

Crt1

mitochondria dysfunction (9)

CIT2

Rtg3

Table 1-2. Genes known to be regulated by Ssn6-Tup1 in Saccharomyces cerevisiae. References:
(1) Keleher et al., 1992; Fujita et al., 1992; Komachi et al., 1994; Smith et al., 1995; (2) Mukai et
al., 1991; keleher et al., 1992; Komachi et al., 1994; Smith et al., 1995; Huang et al., 1997; (3)
Friesen et al., 1997; Mizuno et al., 1998; (4) Fujita et al., 1990; Conlan and Tzamarias 2001; (5)
Treitel and Carlson 1995; Ozcan and Johnston, 1996; Ozcan et al., 1997; Park et al., 1999;
Conlan and Tzamarias 2001; (6) Balasubramanian et al., 1993; Rachidi et al., 2000; (7) Marquez
et al., 1998; Pascual-Ahuir et al., 2001; Proft et al., 2001 (8) Huang et al., 1998; Li and Reese,
2000; (9) Conlan et al., 1999. This table is adapted from (Smith and Johnson, 2000) with
modifications.

The Ssn6-Tup1 complex represses transcription of many genes controlled by
different cellular signal pathways (Keleher et al., 1992; Smith and Johnson, 2000).
Microarray experiments showed that more than 180 genes in Saccharomyces cerevisiae
could be significantly derepressed upon TUP1 deletion. (Derisi et al., 1997). Ssn6-Tup1
doesn’t bind DNA directly, and it is targeted by sequence-specific DNA binding
repressors. Many sequence-specific repressors, such as Mig1, Crt1, Sko1, and alpha 2
protein, can interact with the complex and recruit it to a subset of genes whose promoters
contain corresponding regulatory DNA sequences (Komachi et al., 1994; Smith et al.,
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1995; Treitel and Carlson 1995; Huang et al., 1998; Proft et al., 2001). Some of the better
characterized genes repressed by Ssn6-Tup1 are categorized and listed with the sequencespecific repressors in Table 1-2.

Repression mechanisms of Ssn6-Tup1
Ssn6-Tup1 is not only known for its versatility in repressing genes controlled by
distinct signal pathways, but also for its potency in repression. Upon recruitment by alpha
2-MCM1 to a-cell specific promoter, Ssn6-Tup1 can reduce transcription more than one
thousand fold. Extensive work has been done regarding the mechanism of Ssn6-Tup1
mediated repression. Although Ssn6-Tup1 generally functions as one complex, the two
subunits do have different effects on repression at some promoters. For example, the acell specific gene STE6 and MFA1 showed a higher derepression by TUP1 deletion
(Cooper et al., 1994; Tzamarias and Struhl, 1995) while the glucose repressed SUC2 gene
derepression is higher in a SSN6 deletion (Gavin and Simpson, 1997). In artificial
reporter plasmid systems, recruitment of Ssn6 by fusing it to LexA DNA binding domain
can repress transcription in an Tup1 dependent manner, while repression by LexA-Tup1
is independent on Ssn6 (Keleher er al., 1992; Tzamarias and Struhl, 1994). In addition,
overexpression of TUP1 can partially suppress the mating defect in ∆ssn6/∆tup1 double
mutant while overexpression of SSN6 couldn’t (Komachi et al., 1994). Thus it has been
proposed that in the complex Ssn6 functions as an adaptor and Tup1 carries the
repression function. This model is also supported by the fact that most of the discovered
repression mechanisms of the complex are linked to the repression domain mapped to the
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N-terminus of Tup1 subunit. Our understandings about the mechanism of Ssn6-Tup1
function can be categorized into three models:

Establishment of a repressive chromatin structure over target promoters
Repression by Ssn6-Tup1 correlates with well-positioned nucleosomes at many
promoters, such as STE6 (Copper et al., 1994), SUC2 (Gavin and Simpson, 1997),
hypoxia gene ANB1 (Kastaniotis et al., 2000), and the DNA damage inducible RNR3
gene (Li and Reese, 2001). Nucleosomes positioned at these promoters usually protect
the TATA box from nuclease digestion. It has been proposed that Tup1 excludes TBP
binding and prevents preinitiation complex (PIC) assembly (Kuras and Struhl, 1999).
Furthermore the repression domain of Tup1 can directly bind the hypoacetylated histone
H3 and H4 tails, and H3 and H4 tails are required for a1-alpha2 mediated repression of
haploid specific genes (Edmondson et al., 1996; Huang et al., 1997; Davie, et al., 2002).
Thus the interaction between Tup1 and the hypoacetylated histone tails has been
proposed to be important for the establishment of repressive chromatin structure at Ssn6Tup1 repressed promoters. On the mating type specific gene STE6, Tup1 was shown to
be cross-linked throughout the entire gene and two Tup1 molecules per nucleosome were
incorporated into the repressive chromatin structure in the minichromosome system
(Ducker and Simpson 2000). A “scaffold” role of Ssn6-Tup1 was proposed for
establishment of a repressive chromatin domain governing the expression of the target
gene. However the spreading of Tup1 was not reproduced by another group (Wu et al.,
2001). In addition, Tup1 has been shown to be localized only to the URS of the DNA
damage inducible promoter RNR2, RNR3, and osmotic stress response gene ENA1 (Wu et
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al., 2001; Davie et al., 2002). How Tup1 functions at these promoters is an interesting
question to address.

Recruitment of histone deacetylase complexes (HDACs)
Recruitment of Ssn6-Tup1 causes histone hypoacetylation and the
hypoacetylation can be reversed by deletion of class I HDAC genes RPD3/HOS1/HOS2
or class II HDAC gene HDA1 (Watson et al., 2000; Deckert and Struhl, 2001; Wu et al.,
2001; Bone and Roth, 2001). On a global scale, localization and function of Hda1
correlates very well with Ssn6-Tup1 repression (Robyr et al., 2002). It has been shown
that Ssn6-Tup1 interacts with the class I HDACs Rpd3, Hos1, and Hos2 (Watson et al.,
2000; Davie et al., 2003) and the class II HDAC HDA1 complex (Wu et al., 2001). In
addition, HDA1 has been shown to interact with Tup1, and the interaction was mapped to
the Tup1 repression domain (Wu et al., 2001), thus correlates very well with Ssn6-Tup1
function. In microarray assays, the function of Rpd3 group of HDACs doesn’t correlate
with Ssn6-Tup1 function (Robyr et al., 2002; Wang et al., 2002). However, this group of
HDACs can interact with Ssn6 independently of Tup1 (Davie et al., 2003), and can
probably contribute to Tup1-independent functions of Ssn6 as well. Ssn6 mediated
repression independent of Tup1 was implied by the partial derepression caused by TUP1
deletion in comparison to the complete derepression with the SSN6 deletion (Gavin et al.,
1997). Since in most cases the role of Ssn6 is the adaptor between Tup1 and a sequence
specific repressor, not to repress independently (Tzamarias and Struhl, 1994), the lack of
correlation between class I HDAC and Ssn6-Tup1 function on a global scale could well
reflect the low frequency of Ssn6 repression occuring independently of Tup1. So it is
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basal transcription
machinery

Ssn6-Tup1
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HDACs
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repressor
nucleosomes

Figure 1-1. Mechanisms proposed for Ssn6-Tup1 mediated repression.
Upon recruitment to target promoters by sequence specific repressors, Ssn6-Tup1
may repress transcription through (1) nucleosome positioning, (2) recruiting
histone deacetylases, and (3) directly interfering with the basal transcription
machinery. However, the detail and role of each mechanism in regulating native
genes is not clear. In my thesis, Chapter 2 proposes a novel mechanism for
Ssn6-Tup1 dependent nucleosome positioing. Chapter 3 gives a systematic
analysis on the contribution of each pathway, and demonstrates their involvement
and redundancy in regulating chromosomal genes. See text for more detail.
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possible the both classes of HDACs can be recruited by Ssn6-Tup1 in repression. A
recent paper showed that deletion of RPD3/HOS1/HOS2, with the corresponding increase
in histone acetylation, weakens the crosslinking of Ssn6-Tup1 at repressed promoters,
suggesting that histone deacetylation facilitates the interactions between the corepressor
and histones which are required for the maintenance of a stable repressive state (Davie et
al., 2002).

Interference with activator or basal transcription machinery
Nucleosome positioning at the target promoter by Ssn6-Tup1 could exclude
activator binding and prevent gene activation. In addition, Ssn6-Tup1 can also repress
promoter-bound activator function. In an artificial promoter in which one alpha 2 binding
site was inserted adjacent to one Gal4 binding site, Ssn6-Tup1 repressed transcription by
Gal4 (Redd et al., 1996). Similarly, on the native a-cell specific genes, Mcm1 functions
as an activator in the absence of alpha 2 protein, but its function is severely repressed by
alpha 2 protein which recruits the Ssn6-Tup1 complex (Gavin et al., 2000). Thus masking
or interfering with the function of promoter bound activator could be one mechanism of
Ssn6-Tup1 mediated repression.
More direct evidence for a Ssn6-Tup1 repression mechanism independent of
chromatin structure came from in vitro experiments. On a nucleosome free and activator
free (presumably) plasmid with alpha 2 binding sites, the corepressor was found to be
capable of repressing transcription, though at a lower efficiency (Herschbach et al., 1994;
Redd et al., 1997). Interference with basal transcription was then proposed. In support,
mutations in various components of the Mediator sub-complex of the RNA polymerase II
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holoenzyme have been reported to cause derepression of Ssn6-Tup1 regulated promoters
on plasmid reporter systems (for review see Carlson 1997). Consistent with the data
gained with genetics approach, in vitro experiments demonstrated direct interactions
between Ssn6-Tup1 (the repression domain of Tup1 in some cases) and the Mediator
subunits Hrs1/Med3, Srb7, and Srb10 (Papamichos-Chronakis et al., 2000; Gromöller
and Lehming, 2000; Han et al., 2001; Zaman et al., 2001). In most cases the Mediatordependent Ssn6-Tup1 repression was detected on artificial reporter systems, and reports
are rare showing the derepression of the native chromosomal genes. Even in combination,
or together with histone tail mutations, Mediator Srb8-10 mutations caused no defect on
Ssn6-Tup1 repression of any promoters examined (Lee et al., 2000). Whether the Ssn6Tup1 repression defect on plasmid reporters upon Mediator mutations was due to the
artificial nature of the system has been questioned.
These three possible repression mechanisms are not mutually exclusive. But how
much they contribute individually to the repression of native genes by Ssn6-Tup1 and
whether they can function together in regulation of one locus remains to be addressed.
The major challenge to a systematic analysis is the seperation of each mechanism. In
particular, a method specifically disrupting nucleosome positioning without affecting the
other two mechanisms was not available. Since histone tail binding, HDAC interaction,
and Mediator subunits interaction have all been mapped to the similar Tup1 domain
which also confers the transcription repression (Tzamarias and Struhl, 1994; Edmondson
et al., 1996; Wu et al., 2001; Papamichos-Chronakis et al., 2000; Gromöller and
Lehming, 2000), mutating Tup1 is unlikely to succeed in creating constructs specifically
disrupted in one function. The other way to disrupt nucleosome positioning, histone tail
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deletions, would inevitably affect the HDAC recruitment mechanism since histone tails
are the substrate of HAT and HDAC enzymes. Our finding that the ISW2 chromatin
remodeling/spacing complex is required for establishing repressive chromatin structure at
various loci by Ssn6-Tup1 (Chapter 2) provided an elegant strategy to specifically disrupt
nucleosome positioning without affecting the other Ssn6-Tup1 function, and
systematically analyze Ssn6-Tup1 repression mechanisms (Chapter 3).

The other side of Ssn6-Tup1, as a coactivator

The first evidence suggesting a positive role of Ssn6-Tup1 in transcription came
from the study of the oxygen and heme regulated activator Hap1 ten years ago, where the
researchers found Hap1 dependent transcription activition was significantly reduced in
strains deleted of SSN6 or TUP1 (Zhang and Guarente, 1994). Although the authors
proposed this could be an indirect result through the repression of an Hap1 inhibitor by
Ssn6-Tup1, in retrospect, it wasn’t ruled out that this could be a direct effect where Ssn6Tup1 functions as a coactivator for Hap1. More direct evidence was obtained later from
the CIT2 gene which is induced upon mitochondria dysfunction (Conlan et al., 1999). In
that paper, Tzamarias and colleagues found that the sequence specific protein Rtg3,
which binds to the CIT2 promoter, can directly interact with Ssn6-Tup1 through the
activation domain of Rtg3 and a TPR repeat containing region in the N-terminus of Ssn6.
Deletion of TUP1 increased the basal level of CIT2 transcription, consistent with the
repressive role of the complex. In contrast, deletion of SSN6, or its C-terminus,
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dramatically reduced the induction of CIT2. They also provided evidence that Ssn6, when
fused to LexA DNA binding domain, can activate transcription in the absence of Tup1 or
when the Tup1 repressor function is compromised. However, activation by LexA-Ssn6 in
the absence of Tup1 was not observed in another report which used different LacZ
reporter plasmid (Keleher et al., 1992). The discrepancy might be due to the context
dependence of Ssn6-Tup1 function. More experimental data is needed to firmly establish
the “coactivator” role of Ssn6-Tup1.
Recent work from the Struhl and Tzmarias labs shed light on how Ssn6-Tup1
might be involved in transcription activation (Papamichos-Chronakis, 2002; Proft and
Struhl, 2002). First, Ssn6-Tup1 remains at the promoter upon activation of the GAL1 and
the osmotic stress response genes such as GRE2 and AHP1. Second, Tup1 is colocalized
with the SAGA and SWI/SNF coactivators at the activated GRE2 promoter and is
required for their recruitment (Proft and Struhl, 2002). Third, a protein that can
specifically interact with Ssn6, Cti6 (Cyc8-Tup1 interacting protein), can interact with
SAGA, and is required for SAGA recruitment, histone acetylation, and efficient induction
at GAL1 (Papamichos-Chronakis, 2002). Collectively, these data provide an explanation
of how Ssn6-Tup1 might function as a coactivator under certain circumstances. But on
the other hand, since deletion of SSN6 or TUP1 didn’t significantly reduce the induction
of these genes, it is hard to make a conclusive statement about the coactivator role of
Ssn6-Tup1 at these loci. The authors proposed that the coactivator functions are used to
overcome the “own” repression function of Ssn6-Tup1. More elegant dissection of the
corepressor would be necessary to clarify this issue. Another interesting question to be

30

answered is, if Ssn6-Tup1 indeed can be a coactivator under certain conditions, how it is
converted from corepressor into coactivator.
Though speculative, the interaction between Ssn6-Tup1 with the class I HDACs,
Rpd3, Hos1, and Hos2 (Watson et al., 2000; Davie et al., 2003) could also be related to
the potential of Ssn6-Tup1 as a coactivator, though it is mostly speculative. Recent works
suggest positive roles of the class I HDACs in gene expression. For example, genome
wide, Rpd3 crosslinking is enriched at promoters of highly transcribed genes (Kurdistani
et al., 2002), and recruitment of Rpd3/Sin3 complex and histone H4 deacetylation at the
HSP12 promoter is required for its activation upon osmotic stress (de Nadal et al., 2004).
The Hos2 protein was found to be enriched in actively transcribed open reading frames
and its deacetylase activity required for efficient GAL1 activation (Wang et al., 2002).
Similarly, Rpd3 and Hos2 were found to be required for the complete activation of DNA
damage inducible genes (Sharma and Reese, in preparation). More insight might be
gained from close examination of the role of Rpd3 and Hos2 in regulation of the
promoters that require Ssn6-Tup1 for activation (Zhang and Guarente 1994; Conlan et al.,
1999; Fragiadakis et al., 2004).

Ssn6-Tup1 homologs

The most studied Tup1 homologs in higher eukaryotes are the Drosophila
Groucho and the mammalian transducin-like Enhancer of split (TLE) proteins which are
implicated in Notch signaling and neural development and segmentation (reviewed in
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Chen and Courey, 2000). Like Tup1, they have seven WD40 repeats at the C-terminus.
Groucho and TLEs are more related in that they both have an N-terminal glutamine-rich
domain (Q domain) which can mediate tetramerization (Chen et al., 1998). Tup1 does
have this Q domain, but its N-terminus can also mediate tetramerization in association
with Ssn6 (Varanasi et al., 1996). Groucho and TLEs interact with a variety of sequence
specific factors involved in animal development, and recruitment of Groucho correlates
with transcription repression. Since Groucho/TLEs also interact with histone tails
(Palaparti et al., 1997) and histone deacetylase Rpd3, and Rpd3 interacts with a Groucho
N-terminal region which has been implicated in repression (Chen et al., 1999),
Groucho/TLEs might use repression mechanisms similar to those used by Tup1(Chen and
Courey, 2000).
There is also evidence suggesting the existence of Ssn6 counterpart(s) in higher
eukaryotes. When yeast Ssn6 is fused to Gal4 and transfected into mammalian cells, it
repressed transcription of a LacZ reporter gene under the control of a promoter with Gal4
binding sites, indicating some mammalian corepressor can interact with the yeast Ssn6
(Grbavec et a., 1999). In the same report, mammalian TLE1 interacts with both yeast
Ssn6 and two mammalian TPR domain containing proteins encoded by the ubiquitously
transcribed tetratricopeptide repeat genes on Y/X chromosomes (UTY/X) in yeast two
hybrid assay, and TLE1 interacts with UTY in vitro. It is possible that UTY/X proteins
are the counterparts of the yeast Ssn6, but their function remain to be further
characterized.
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III. THE RFX TRANSCRIPTION FACTORS

The RFX (regulatory factor that binds X box) family of DNA binding proteins
include several mammalian transcription factors (RFX1-4) that can bind to the X box of
MHC class II promoters or homologous sequences (Reith et al., 1994; Emery et al.,
1996). Homologous proteins have been isolated in various organisms. These factors have
a unique “winged-helix” DNA binding domain (one variant of helix-turn-helix motif with
three α-helices and two characteristic large loops, or “wings”) in which the β-hairpin
(“wing”) is used in recognizing DNA instead of the commonly used α-helix (Gajiwala et
al., 2000; Gajiwala and Burley, 2000). In addition to this unique DNA binding motif,
mammalian RFX1-4, Drosophila RFX (dRFX), and the Saccharomyces pombe
homologue Sak1 also have conserved “B” “C” boxes with unknown function, and a “D”
box that can mediate dimerization (Emery et al., 1996; Katan-Khaykovich et al., 1999;
Durand et al., 2000). But homology beyond the DNA binding domain is not always
conserved in the other members, for example, the only known Rfx protein in
Saccharomyces cerevisiae, Crt1, apparently only has a conserved “B” box, and a
dimerization domain hasn’t been found (Emery et al., 1996; Katan-Khaykovich et al.,
1999).
Human RFX1 is the first isolated of the RFX family (Reith et al., 1994). Its dimer
is part of a complex that binds to the EP element of the hepatitis B virus (Siegrist et al,
1993). Domain mapping showed that RFX1 intrinsically has one activation domain and
one repression domain that can neutralize each other’s activity in the context of full
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length RFX1. It was proposed that relief of self-neutralization, for example, through
masking or activating one domain by neighboring transcription factors, might allow
RFX1 to act as a dual-function regulator on the EP element in a context-dependent
manner (Katan et al, 1997). In accordance with the context-dependent activity of RFX1,
RFX1, RFX2, and RFX3 are expressed ubiquitously, and can form homo- or heterodimers that bind to the interleukin-5 receptor α (IL-5Rα) promoter in vitro, but the in
vivo IL-5Rα promoter activity is tissue- and lineage-specific, presumably due to the
availability and activity of other cofactors (Iwama, et al, 1999). RFX1 has also been
reported to be involved in transcription regulation of the human proliferating cell nuclear
antigen (PCNA) and C-MYC genes (Liu et al., 1999; Chen et al., 2000), but much
remains to be investigated about its role in gene regulation.
There is only one RFX protein in the yeast Saccharomyces cerevisiae, which was
later identified to be complementary to a constitutive RNR transcription (CRT) mutant in
a genetic screening, and named Crt1 thereafter (Zhou and Elledge, 1992; Huang et al,
1998). It recognizes the X boxes, or DNA damage response elements (DREs), found in
the upstream regulatory sequence (URS) of the RNR2-4 (ribonucleotide reductase) genes
and represses their transcription in the absence of DNA damage (Huang et al, 1998).
Ribonucleotide reductase catalyzes the rate-limiting step of deoxyribonucleotide
triphosphate synthesis, which is the precursor for DNA synthesis and repair. The
induction of RNR genes upon DNA damage is conserved from E. coli to human beings.
In yeast, in addition to RNR2, RNR3, and RNR4, X boxes are also found at the promoters
of Crt1 itself and a small open reading frame gene, HUG1, of unknown function (induced
by hydroxyurea, UV radiation, and gama radiation) (Huang et al., 1998; Basrai et al.,
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1999). The repression of CRT1 gene by its own product makes a negative feedback
pathway that might facilitate the reestablishment of the repressed state after the repair of
DNA damage (Huang et al, 1998). So Crt1 repressor is a critical regulator of the DNA
damage inducible gene transcription.
The repression of the DNA damage inducible genes by Crt1 is dependent on the
global corepressor Ssn6/Tup1 which directly interacts with a domain of Crt1 N-terminal
to its DNA binding domain (Huang et al., 1998; Li and Reese, 2000). Consistent with the
role of chromatin structure in Ssn6-Tup1 mediated repression, under the repressive
condition, the DNA damage inducible RNR3 promoter and the downstream protein
coding sequence are embedded in well-positioned nucleosomes. Deletion of CRT1, SSN6,
or TUP1, or releasing the repression by DNA damaging treatment, causes the loss of
nucleosome positioning and transcription activation (Li and Reese, 2001). Gene induction
upon DNA damage correlates with the loss of Crt1/Ssn6-Tup1 crosslinking at the
promoter (Huang et al., 1998), and the phosphorylation of Crt1 which is dependent on the
yeast check point pathway components including Mec1 and Dun1 kinases (Huang et al.,
1998).
Transcription of the DNA damage inducible genes is also dependent on TFIID
(transcription factor D of RNA polymerase II) (Li and Reese, 2000). Upon induction, the
chromatin of RNR3 promoter is remodeled. The remodeling is dependent on TAFs and
chromatin remodeling complex SWI/SNF, and the recruitment of SWI/SNF to RNR3
promoter upon DNA damage is dependent on basal transcription machinery such as
TFIID (Sharma et al., 2003). Thus TFIID appears to be a crucial part for activation of the
DNA damage inducible genes. Unlike its involvement in other promoters where the cis
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elements responsible for TFIID-dependence have been mapped to the core promoters
(Shen et al., 1997, Walker et al., 1997; Tsukihashi et al., 2000), the TFIID dependence is
mapped to the X boxes region where Crt1 binds (Li and Reese, 2000). More interestingly,
Crt1 interacts with TFIID in vitro (Li and Reese, 2000), suggesting a role of Crt1 in the
activation process. In chapter 4, I provided evidence that Crt1 indeed is actively
participating in the induction process in that some mutations in Crt1 abolish the induction
without affecting dissociation of the mutant protein and the corepressor Ssn6-Tup1 from
the promoters. This makes Crt1 a context- or signal-dependent dual-function transcription
regulator, in a way similar to its mammalian homolog RFX1.
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Chapter Two

COLLABORATION OF SSN6-TUP1 AND ISW2 COMPLEXES
IN POSITIONING NUCLEOSOMES
IN SACCHAROMYCES CEREVISIAE
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ABSTRACT

The Imitation SWItch (ISWI) chromatin remodeling factors have been implicated
in nucleosome positioning in vivo. In vitro, they can mobilize nucleosomes bidirectionally, making it difficult to envision how they can establish precise translational
positioning of nucleosomes in vivo. It has been proposed they require other cellular
factors to do so, but none have been identified thus far. Here we demonstrate that both
ISW2 and TUP1 are required to position nucleosomes across the entire coding sequence
of the DNA damage inducible gene RNR3. The chromatin structure downstream of the
URS is indistinguishable in ∆isw2 and ∆tup1 mutants, and the crosslinking of Ssn6-Tup1
and Isw2p to RNR3 is independent of each other, indicating that both complexes are
required to maintain repressive chromatin structure. Furthermore, Tup1 repressed RNR3
and blocked preinitiation complex formation in the ∆isw2 mutant even though
nucleosome positioning was completely disrupted over the promoter and ORF. Our study
has revealed a novel collaboration between two nucleosome positioning activities in vivo,
and suggests that disruption of nucleosome positioning is insufficient to cause a high
level of transcription.
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INTRODUCTION

Chromatin structure plays an essential role in the regulation of eukaryotic gene
expression, which is heavily dependent upon the balance between nucleosome
positioning and disrupting activities. Our understanding of the latter has increased
significantly over the past few years, but the mechanism of nucleosome positioning in
vivo is much less clear (for reviews see Tyler and Kadonaga, 1999; Peterson and
Workman, 2000; Narlikar et al., 2002; Becker and Horz, 2002). Changes in nucleosome
positioning and structure are carried out by ATP-dependent chromatin remodeling
complexes, which include the SWI/SNF family, RSC, the imitation switch (ISW) group,
Chd/Mi-2 and the INO80 complex (for reviews, see Vignali et al., 2000; Langst and
Becker, 2001; Narlikar et al., 2002).
Much of what we understand about the mechanism of nucleosome positioning by
ATP-dependent remodeling complexes has come from the study of the imitation switch
(ISWI) class of chromatin remodeling complexes. The ISWI protein from Drosophila
exists in at least three complexes NURF, ACF and CHRAC (Tsukiyama and Wu, 1995;
Ito et al., 1997; Varga-Weisz et al., 1997), and three ISWI-containing complexes have
been isolated from the yeast Saccharomyces cerecisiae: ISW1a, ISW1b, and ISW2
(Tsukiyama et al., 1999; Vary et al., 2003). The ISW2 complex, containing Isw2p as the
catalytic subunit, displayed only ATP-dependent nucleosome spacing/positioning activity
without detectable nucleosome disruption activity in vitro (Tsukiyama et al., 1999),
suggesting it might be involved in transcription repression in vivo. This was supported by
later studies showing that deletion of ISW2 weakened repression at many genes
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(Goldmark et al., 2000; Kent et al., 2001; Sugiyama and Nikawa, 2001; Fazzio et al.,
2001). Furthermore, deletion of ISW2 or ISW1 caused a disruption of the chromatin
structure over the URS of a variety of genes, and ISW2 may be targeted by Ume6 to
some promoters (Goldmark et al., 2000; Kent et al., 2001). However, Drosophila ISWI is
abundant and has a role in globally establishing and maintaining chromatin structure of
the X chromosome (Deuring et al., 2000), indicating that features other than targeting by
gene specific transcription factors influence its activities. An important unanswered
question is how ISWI complexes establish precisely positioned nucleosomes in vivo. In
vitro they can slide nucleosomes bi-directionally and independently of DNA sequence
composition, although some preferably slide nucleosomes to the ends or center of DNA
fragments (Langust and Becker, 2001; Narlikar et al., 2002). If recruitment is the sole
regulating feature, these complexes are just as likely to slide nucleosomes towards one
end of a gene as the other. Thus, other factors/conditions must be required for ISWI
complexes to position nucleosomes, but these factors or the mechanism have not been
identified.
The Ssn6-Tup1 complex is a global corepressor responsible for nucleosome
positioning at a number of genes and the recombination enhancer of the silent mating
type loci in budding yeast (Cooper et al., 1994; Weiss and Simpson, 1997; Kastaniotis et
al., 2000; Fleming and Pennings, 2001; Li and Reese, 2001). Its nucleosome positioning
ability is proposed to involve interactions of Tup1 with hypoacetylated histone H3 and
H4 tails (Edmondson et al., 1996). Mutating histone H3 and H4 tails or deleting genes
encoding histone deacetylases (HDACs) weakens Tup1 interaction with promoters, the
later presumably due to the increase in histone tail acetylation, consistent with a model
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where the binding of Ssn6-Tup1 to histone tails is required to form a domain of repressed
chromatin (Roth, 1995; Davie et al., 2002). In support of this idea, Tup1 crosslinking is
detected in the coding sequence of the a-cell specific gene STE6 and two Tup1 molecules
per nucleosome were incorporated into the repressive chromatin structure of STE6 on a
minichromosome (Ducker and Simpson 2000), providing basis for nucleosome
positioning over a domain covering the promoter and the protein coding region.
However, another group did not observe the spreading of Tup1 at STE6 (Wu et al., 2001).
Furthermore, the “spreading” of Tup1 is not required for it to repress transcription
because Tup1 crosslinking is restricted to the upstream regulatory sequence (URS) and
promoter regions of RNR3, RNR2 and ENA1 (Wu et al., 2001; Davie, et al., 2002), and
nucleosome positioning over RNR3 extends into the coding sequence (Li and Reese,
2001). Therefore Tup1 spreading cannot fully account for its repression and nucleosome
positioning activities.
The genes coding for the enzyme ribonucleotide reductase (RNR) and the
similarly regulated gene HUG1, are predominantly regulated by transcriptional repression
through the actions of Ssn6-Tup1 (Zhou and Elledge, 1992 and Basrai et al, 1999). Ssn6Tup1 is recruited to their promoters by the sequence-specific DNA binding protein Crt1
that recognizes the DNA damage response elements (DREs) in the URS (Huang et al.,
1998; Li and Reese, 2001; Davie et al., 2002). Activation of DNA damage response
pathways causes the release of Crt1 from the promoter, leading to derepression and
chromatin remodeling (Huang et al., 1998; Li and Reese, 2001). Ssn6-Tup1 is required
for the establishment of a nucleosome array over the promoter of RNR3, with a
positioned nucleosome occupying the TATA box and others extending into the coding

41

region (Li and Reese, 2001). Surprisingly, Tup1 recruitment is restricted to the URS of
the RNR3 promoter (Davie et al., 2002). This again suggests that the location of Ssn6Tup1 cannot account for its nucleosome positioning function, and other factor(s) are
required.
In this study, we analyzed the mechanism of nucleosome positioning over RNR3
in an attempt to understand how Ssn6-Tup1 can position nucleosomes from a distance at
genes when it is localized over the URS region. Nuclease mapping indicates that the
entire RNR3 coding sequence and promoter are embedded in an array of well-positioned
nucleosomes, extending up to 2.9Kb downstream of the URS. The chromatin structure is
indistinguishably disrupted in ∆crt1 or ∆tup1 deletion, or cells treated with the DNA
damaging agent methylmethane sulfate (MMS). We found that although Ssn6-Tup1 is
necessary for nucleosome positioning at RNR3, it is not sufficient. Deletion of ISW2
causes a disruption of the nucleosome positioning far downstream of the URS, even
though Ssn6-Tup1 remains bound to RNR3 in a ∆isw2 mutant. Furthermore, we show that
neither Ssn6-Tup1 nor ISW2 is sufficient to position nucleosomes in the absence of the
other. A codependence on Ssn6-Tup1 and ISW2 for maintaining nucleosome positioning
was also observed at other loci, suggesting that collaboration between different classes of
positioning/remodeling activities is a common regulatory mechanism.
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RESULTS

Ssn6-Tup1 is required for extended nucleosome positioning over RNR3
Our previous work has shown that Ssn6-Tup1 is required to position nucleosomes
at least 750 bp away (~4-5 nucleosomes) from the upstream regulatory sequence (URS)
of the DNA damage inducible gene RNR3 (Fig. 2-1A; Li and Reese, 2001). Surprisingly,
Tup1 crosslinking is restricted to the URS (Davie et al, 2002; also see below), indicating
that the spreading of Tup1 cannot account for its nucleosome positioning activity and that
it requires another factor(s) to do so.
As a first step to understanding how nucleosome positioning is achieved at RNR3,
we extended our chromatin mapping studies to identify the downstream boundary of
Ssn6-Tup1-dependent nucleosome positioning. Nuclei from untreated or MMS treated
cells were isolated and the DNA digested with micrococcal nuclease in situ. Probes were
designed to detect the chromatin structure over the entire RNR3 locus. As shown in
Figure 2-1, the digestion pattern generated from chromatin of untreated cells displays the
hallmarks of translationally positioned nucleosomes throughout the coding region and
beyond the stop codon of RNR3. Specifically, regularly spaced hypersensitive sites
corresponding to internucleosomal regions with a periodicity of ~160 base pairs (lanes 3
and 4, triangles) is observed (compare lanes 3 and 4 versus 14 and 15). In addition, the
DNA located between the hypersensitive sites is relatively resistant to MNase digestion
in the chromatin sample (versus naked DNA), further indicating that the pattern is the
result of nucleosome placement. Treating cells with the DNA damaging agent methyl
methanesulfonate (MMS) caused a loss of the hypersensitive sites and increased
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digestion of the nucleosomal DNA (lanes 6 and 7), resulting in a digestion pattern
strikingly similar to the naked DNA. There is evidence for nucleosome positioning in the
repressed state up to nuc+17, which contains the stop codon, and the effect of
derepression (+MMS, ∆crt1 or ∆tup1) on the digestion pattern appears to terminate at
nuc+17. Difference between wild type chromatin and naked DNA digestion patterns was
detected after nuc+17, but were not affected by MMS treatment of crt1/tup1 mutation
(Fig. 2-1C).
Thus, derepression of RNR3 correlates with disruption of nucleosome positioning
across the entire coding region, up to 2.9 kb downstream of the URS. Furthermore,
because the pattern generated after MMS treatment or in the regulatory mutants (see
below) is nearly identical to that of digested naked DNA, this indicates that the positions
of the nucleosomes are disrupted (or adopt randomized positions) and not simply
mobilized to specific alternative positions. From the mapping patterns shown in Figure 21 A, B and C, we conclude that the entire RNR3 gene is packed in an array of at least 20
organized nucleosomes (-3-+17), the DNA damage-dependent chromatin disruption
extends far beyond the promoter region, up to 2.9 kb away from the URS, and the
boundary at the 3’ end is near the stop codon (Fig. 2-1 D).
The Ssn6-Tup1 corepressor complex has been implicated in regulating chromatin
structure, but its mechanism is controversial. Ssn6-Tup1 dependent nucleosome
positioning at the mating type specific gene STE6 extends from the promoter through the
entire coding sequence (Cooper, 1994), and the spreading of Tup1 into the coding
sequence was proposed to account for this (Ducker and Simpson, 2000). Our previous
studies indicated that nucleosome positioning from the RNR3 promoter to nuc+4 is
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dependent on CRT1, SSN6 and TUP1 (Li and Reese, 2001); however, Tup1 crosslinking
is restricted to the URS (Davie et al., 2002, also see below), thus raising the question of
how far the TUP1-dependent nucleosome positioning extends into RNR3. Mapping the
chromatin from ∆tup1 and ∆crt1 strains revealed that the pattern of digestion in these
mutants was indistinguishable from wild type cells treated with MMS and that of naked
DNA (Fig. 2-1), indicating a complete loss of the nucleosome positioning. Moreover, as
observed in MMS-treated cells, the changes in chromatin structure in both mutants ends
at nuc+17.

The ISW2 complex is required for extended nucleosome positioning
Given that Tup1 spreading cannot account for nucleosome positioning
downstream of the URS of RNR3, we hypothesized that some other factor(s) is
participating in nucleosome positioning, and it might be an ATP-dependent chromatin
remodeling complex. The SWI-SNF complex is not required for the maintenance of
nucleosome positioning at RNR3 in the repressed state, and thus is not a candidate
(Sharma at al., 2003; data not shown). The RSC, ISW1a/b and ISW2 complexes have
been implicated in nucleosome positioning at some yeast genes (Moreira and Holmberg,
1999; Goldmark et al., 2000; Kent et al., 2001). We examined the chromatin structure at
RNR3 in mutants with deleted or inactivated catalytic subunits of the RSC (sth1∆C and
sth1-1), ISW1a/b (∆isw1), ISW2 (∆isw2) and CHD1 (∆chd1) complexes. Whereas
mutations in STH1 (sth1∆C or sth1-1; Du et al., 1998) or deleting ISW1 (Vary et al.,
2003) or CHD1 (Tran et al., 2000) genes did not cause a disruption of nucleosome
positioning at RNR3 (Fig. 2-2A and data not shown), deleting ISW2 completely disrupted
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nucleosome positioning downstream of the URS to nuc+3, the limit of the resolution of
this one mapping experiment (Fig. 2-2A). In particular, the nucleosome (nuc –1)
embedding the TATA box is disrupted. Thus, along with Ssn6-Tup1, ISW2 plays a role
in nucleosome positioning over RNR3.
Next, we examined how far downstream the ISW2-dependent nucleosome
positioning extends. Figure 2-2 shows that deleting ISW2 in fact causes a disruption of
nucleosome positioning far into the coding sequence, and the pattern over most of the
gene is indistinguishable from MMS treated cells or in ∆crt1 or ∆tup1 mutants. However,
despite an overall similarity in the digestion pattern from ∆tup1 and ∆isw2 mutants, clear
differences were observed. First, whereas deleting TUP1 clearly affected chromatin
structure up to nuc+17, deleting ISW2 appears to have a less obvious effect between nuc
+14-17. The hypersensitive sites (HS) observed in wild type cells between nuc+14 and
+15 and between +16 and +17 are largely preserved in the ∆isw2 mutant (Fig. 2-2D, lane
12, arrows), and the DNA within nuc14-16 is slightly more resistant to MNase. Note that
the HS located between nuc+15 and +16 coincidently overlaps with a HS in naked DNA
so it is difficult to use this an indicator of positioning. To further underscore the
differences, we compared the digestion pattern from ∆isw2 cells treated with MMS to
those in wild type cells (-/+ MMS) and a ∆tup1 mutant. Significantly, treating ∆isw2
mutants with MMS caused the digestion pattern from nuc+14 to nuc+17 to closely match
that in a ∆tup1 mutant or MMS-treated wild type cells (compare lanes 2-3, 8-9, 14-15).
A second difference in the chromatin structure between ∆isw2 cells and the ∆crt1
and ∆tup1 mutants is observed upstream of URS. In the repressed state, an MNase
hypersensitive site is located at the upstream edge of the damage response elements,

46

DREs, (open trangle, Fig. 2-1A and B) and two additional sites are located further
upstream. Deleting ∆crt1, ∆tup1 or treating cells with MMS causes a loss of the DRE
proximal site and broadening of the two further upstream bands (open circles, Fig. 2-1A
and 2-2B), which is identical to the pattern observed in naked DNA digestions. However
these changes are not observed in the ∆isw2 mutant in the absence of MMS, but treating
the cells with MMS causes the pattern to fully resemble that of a ∆crt1 or ∆tup1 mutant
(Fig. 2-2B, open circles; also see below). The changes over the DRE elements are likely
caused by the binding and release of Crt1-Tup1-Ssn6 at the URS (Li and Reese, 2001);
thus, these data suggest that the repressor complex remains bound even though
nucleosome positioning is disrupted in ∆isw2 cells (see below). Therefore, ISW2 is
required to position nucleosomes across most of the R N R 3 gene. This differs
considerably from its role at other loci, where it appears to regulate the positioning of 1-2
nucleosomes close to the promoter region (Golmark et al., 2000; Kent et al, 2001 and
Fazzio and Tsukiyama, 2003). Most importantly, the pattern of MNase digestion between
the URS and nuc+14 in the ∆isw2 mutant is essentially identical to that of naked DNA
and chromatin from derepressed cells, arguing that the loss of ISW2 results in the
disruption of nucleosome positioning rather than the sliding of nucleosomes to certain
alternate positions.
Next we examined if the digestion pattern in the ∆isw2 and MMS-treated cells is
caused by the removal of nucleosomes from RNR3 or a disruption in positioning by
examining the crosslinking of Myc tagged histone H4 across its locus. Primers directed to
regions of RNR3 were used in PCR amplifications, including primers flanking the DRE
region (C) that was proposed to be “nucleosome free” (Li and Reese, 2001). The level of
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crosslinking was largely uniform in repressed cells except for a significant reduction over
the DRE (Fig. 2-3), which presumably is due to the lack a nucleosome within this region.
We speculate that a significant portion of the signal amplified using the DRE primers (C)
is caused by the limitations of shearing the DNA. The level of histone crosslinking was
reduced somewhat over the promoter region in ∆isw2 and MMS-treated cells, but was
largely unaffected within the ORF. The reduced crosslinking over the promoter may
indicate that a nucleosome is “lost” over this region of the gene in a small population of
cells, or that it is modified in some way to reduce its crosslinking to DNA. Nonetheless,
no significant loss of histone H4 was detected within regions of the ORF that MNase
mapping indicates have a disrupted chromatin structure (Figs. 2-1 and 2-2), and thus,
deleting ISW2 or treating cells with MMS does not cause a widespread loss of
nucleosomes from RNR3.

Disruption of nucleosome positioning is insufficient for derepression
The loss of nucleosome positioning at RNR3 correlates with a high level of
derepression in ∆crt1, ∆ssn6, ∆tup1, or MMS induced cells (Huang et al., 1998; Li and
Reese, 2001). In contrast, the levels of RNR3 mRNA were only slightly (~2-fold)
increased in the ∆isw2 mutant (Fig 2-3A), only 5% of that caused by MMS treatment.
Furthermore, ∆isw2 cells can be fully derepressed by MMS. Thus, disruption of
nucleosome positioning is insufficient to cause significant derepression of transcription or
preinitiation complex formation. However, since ISWI factors may play a role in
transcription elongation and RNA processing (Alen et al, 2002; Krogan et al., 2002;
Simic et al., 2003; Morillon, et al., 2003; Santos-Rosa et al., 2003), the failure to observe
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large increases in RNR3 mRNA in ∆isw2 cells could result from elongation or RNA
processing defects, rather than a block in preinitiation complex assembly per se. So, we
analyzed the crosslinking of TBP and RNA polymerase II to RNR3 promoter in ∆isw2
cells. MMS-induced derepression of RNR3 correlated with more than a three and eight
fold increase in the level of TBP and RNA polymerase II crosslinking, respectively, in
wild type cells. In contrast, deleting ISW2 did not increase crosslinking above the level
observed in untreated wild type cells (Fig. 2-3B). Therefore, disrupting chromatin over
the TATA box and coding sequence (∆isw2) is not sufficient to promote the recruitment
of TBP or RNA polymerase II to the promoter, and mechanisms other than nucleosome
positioning are inhibiting their recruitment in ∆isw2 cells. Furthermore, the data
presented in Figure 2-3 argues that the disrupted chromatin structure in ∆isw2 cells is not
the result of transcriptional elongation or factors associated with elongating polymerase
since we detect no PIC formation.
Transcription and PIC formation are repressed in ∆isw2 cells and the digestion
pattern over the URS is consistent with the presence of Ssn6-Tup1 at the promoter. To
verify the level of Tup1 at RNR3 locus in the ∆isw2 mutant, the ChIP assay was carried
out using a Tup1 polyclonal antibody. The results in Figure 2-4B show that Tup1
crosslinking is localized over the URS region in wild type cells, as previously reported
(Davie et al., 2002). Moreover, Tup1 crosslinking was reduced about 3-4 fold upon MMS
treatment (Fig. 2-4B), consistent with the dissociation of Crt1 (Huang, et al., 1998; Li and
Reese 2001). Unexpectedly, we found a striking increase in Tup1 crosslinking to RNR3
in the ∆isw2 cells compared to wild type cells, about 4-fold (Fig. 2-4B). This is unlikely
to result from the cross reactivity of the antibody to other proteins or changes in epitope
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accessibility, because similar results were obtained using Myc antibody in strains
containing Tup1Myc-tagged at the C-terminus (data not shown). Furthermore, whereas
there was about 4-fold more crosslinking of Tup1 over the URS in the ∆isw2 strain, its
relative distribution across RNR3 was not significantly different from that observed in
wild type cells, that is, the peak of crosslinking is still over the URS. Thus, the increased
signal is unlikely to result from the “spreading” of Tup1. Since a more than two fold
increase in Crt1 crosslinking was also observed in this mutant (Zhang and Reese,
unpublished data), it is possible that the randomized chromatin structure may expose
additional repressor binding sites or improve crosslinking efficiencies. Nonetheless, the
disrupted nucleosome structure of RNR3 in the ∆isw2 mutant is not due to reduced Tup1
binding, and importantly, Tup1 is insufficient to position nucleosomes at RNR3 in the
absence of ISW2, but it continues to repress through other mechanisms. Furthermore,
since Tup1 and Crt1 remain associated with RNR3 in ∆isw2 cells it is unlikely that the
chromatin changes are due to an indirect effect caused by the generation of a DNA
damage or replication block signal, as this would result in the release of Crt1 and Tup1
(Huang et al., 1998; Li and Reese, 2001 and Fig. 2-4B).

ISW2 is associated with RNR3 and independently of Ssn6-Tup1
At the meiotic gene loci, ISW2 deletion primarily affected chromatin structure
adjacent to the promoter, and was proposed to be recruited to the promoter by the
sequence specific repressor Ume6 based on their in vitro interaction and the supershift of
a Ume6-DNA complex by ISW2, although the distribution of ISW2 across the whole
locus was not examined (Kent et al, 2001; Fazzio and Tsukiyama, 2003). Since chromatin
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structure was disrupted far into the coding region of RNR3 in ∆isw2 cells, we examined
ISW2 crosslinking across the entire RNR3 locus and its dependence on Ssn6-Tup1. In
contrast to the localized recruitment of Tup1 to the URS, Isw2-Myc crosslinking was
detected across the entire RNR3 locus and extended into the flanking ORFs (Fig. 2-5A,
about a 15 fold enrichment over background levels), and is fully consistent with its ability
to position nucleosomes far downstream of the RNR3 URS. However, Isw2p is also
crosslinked to regions where deleting ISW2 had no detectable effect on chromatin
structure (Fig. 2-5A, primer sets A, B I and J). Others likewise reported crosslinking of
ISW1, CHD1 and ISW2 to regions where deleting these genes had no effect on chromatin
structure (Alen, et al., 2002). As a positive control, we examined the crosslinking of
Isw2p to the promoters of two genes previously reported to be regulated by ISW2, SUC2
and INO1 (Kent, et al., 2001 and Fazzio et al., 2001). We have not yet identified a region
of the genome that displays low levels of Isw2p crosslinking (Zhang and Reese,
unpublished data). It is important to note that all published Isw2 crosslinking experiments
use untagged controls to determine the background and only examined crosslinking over
the URS region of target genes (Kent et al., 2001 and Fazzio, et al., 2003). Ours is the
first to report Isw2 crosslinking across an entire gene. The wide-spread distribution of
Isw2p throughout the genome might be due to the abundance of this complex. The broad
localization of Isw2 over RNR3 and at other loci is unlikely due to noncovalently binding
to chromatin (Gelbart et al., 2001) during the assay, as IPs from extracts prepared from
uncrosslinked Isw2-Myc cells pulled down less DNA than the crosslinked untagged
controls (data not shown). Our crosslinking results, and that of others (Alen, et al., 2002),
indicate that recruitment or physical location is not the only mechanism regulating the
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function of ISW2 and related factors, and further underscores the importance of
identifying factors that allow ISWI complexes to regulate chromatin structure at specific
genes.
Our Isw2p ChIP data argued against a recruitment model in the regulation of
ISW2 complex function at the RNR3 locus, however the incapability of Tup1 alone and
the essential role of ISW2 in nucleosome positioning still pointed to one possibility: the
loss of nucleosome positioning in ∆tup1 was due to the loss of ISW2. To clarify this
issue, we determined if the binding of Isw2p requires Ssn6-Tup1. The results in Figure
2-5B show that deleting SSN6 or TUP1 did not reduce the crosslinking of Isw2p to the
URS of RNR3, but rather increased it somewhat. Likewise, Isw2p was crosslinked to
RNR3 independent of Crt1 (data not shown). Therefore, Ssn6-Tup1 is not required for the
presence of ISW2 on RNR3, and importantly ISW2 is present under both repressive and
derepressive conditions. Taken together, the nuclease mapping and ChIP results suggest
that nucleosome positioning requires the actions of both the Ssn6-Tup1 and ISW2
complexes, and the presence of one complex in the absence of the other is insufficient to
maintain chromatin structure at RNR3.

Regulation of nucleosome positioning by ISW2 is a feature of other Ssn6-Tup1regulated genes
Ssn6-Tup1 regulates multiple groups of genes, each controlled by different
cellular pathways. To address if it functions with ISW2 at other loci, we examined the
chromatin structure over the osmotic stress response gene ENA1. Similar to RNR3, Tup1
has been shown to be localized over the URS region of the ENA1 promoter, where the
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sequence specific repressor Sko1 and Mig1/2 bind (Wu et al., 1999). It is shown that
Tup1 is capable of recruiting HDACs and deacetylating histones at ENA1, but it was not
known if it is required for nucleosome positioning at this locus or whether positioning
extends into the coding sequence.
MNase mapping of ENA1 reveals a pattern consistent with the presence of an
array of at least ~7 nucleosomes extending more than one kilobase pair away from the
URS and into the coding region, the resolution limit of one Southern Blot (Fig. 2-6A).
Either ∆isw2 or ∆tup1 caused dramatic chromatin changes over the promoter and loss of
nucleosome positioning downstream into the coding region. The changes in the pattern
downstream of the promoter are not as dramatic as RNR3, but since the digestion pattern
in these mutants is very similar to that of digested naked DNA (compares lanes 6,7,9,10
versus 11 and 12) we believe that the pattern is consistent with a disrupted chromatin
structure. Nonetheless, it is clear that both ISW2 and TUP1 are required for nucleosome
positioning at ENA1. Furthermore, since Tup1 crosslinking is restricted to the URS
region (Wu et al., 2001), Tup1 positions nucleosomes from a distance and without
spreading, as is the case at RNR3. As observed for RNR3, ENA1 is not derepressed in
∆isw2 mutants (not shown), suggesting that events in addition to chromatin disruption are
required for its expression.
We next examined the interdependence of the crosslinking of these two factors to
the ENA1 promoter. As expected, deletion of either factor individually did not
significantly affect the crosslinking of the other (Fig. 2-6B), indicating that both are
required for nucleosome positioning. Finally, we have observed a requirement for both
Ssn6-Tup1 and ISW2 to regulate chromatin structure at other Ssn6-Tup1 regulated genes
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including ANB1, HUG1 and SUC2, and the crosslinking of Tup1 and Isw2p was
independent of each other (data not shown). Thus, Ssn6-Tup1 collaborates with ISW2 to
regulate chromatin structure at multiple loci, and our observations at RNR3 are not unique
to this gene or its DNA sequence.
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DISCUSSION

Identification of a factor required for ISW2-dependent nucleosome positioning in
vivo
It was recently reported that ISW2 can slide nucleosomes towards the URS of the
meiotic genes POT1 and REC104, and it was proposed that “other cellular factors” are
working with ISW2 to positioning nucleosomes (Fazzio and Tsukiyama, 2003). Our
study has identified Ssn6-Tup1 as a factor that influences ISW2 nucleosome positioning
activity in vivo at four different genes (data on HUG1 and ANB1 were not shown). Even
though both the meiotic genes and the Ssn6-Tup1 regulated RNR3 require ISW2 to
maintain the repressive chromatin structure, our data suggest that ISW2 is utilized
differently at these loci.
A strikingly distinguishing feature of the regulation of nucleosome positioning at
RNR3 is that deleting ISW2 generated a digestion pattern nearly identical to the fully
derepressed condition (MMS, ∆crt1) and the naked DNA, arguing that the nucleosomes
adopt either random positions throughout RNR3 or a disrupted/remodeled configuration.
In contrast, the nucleosomes adjacent to the promoters of meiotic genes adopt new, and
stable, translational positions in ∆isw2 cells (Goldmark et al., 2000; Fazzio and
Tsukiyama, 2003). Furthermore, ISW2-dependent nucleosome positioning extends well
into the coding region and Isw2 is detected across the entire RNR3 locus, including the
neighboring regions, without an obvious concentration over the URS, which argues
against a directed recruitment mechanism at RNR3. In contrast, it was proposed that
Ume6 recruits ISW2 to INO1, PHO3 and meiotic specific genes, and consistent with the
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targeted promoter recruitment model is that disrupting ISW2 affected only 1-2
nucleosomes adjacent to the URS (Goldmark et al., 2000; Kent et al., 2001and Fazzio and
Tsukiyama, 2003). Thus, it is likely that ISW2 affects chromatin structure by more than
one mechanism in vivo. This also suggests that gene specific factors have a profound
effect on how ISW2 regulates chromatin structure in vivo. The repressors or corepressors
that are recruited to the promoter or the underlying DNA sequence may confer the
information for gene specific regulation of ISW2 function, although we favor the former.

Is Ssn6-Tup1 a barrier to ISW2 mediated nucleosome sliding in vivo?
Biochemical studies has shown that ISWI complexes are capable of spacing or
positioning nucleosomes through a "sliding" mechanism (Hamiche et al., 1999; Langst et
al., 1999; Kassabov et al., 2002; Fan et al., 2003). Defects in its sliding activity could
result in a chromatin structure that gives MNase digestion pattern similar to that of naked
DNA. However this is not the only explanation for the chromatin change observed in
∆isw2 mutant. Alternatively, the chromatin structure in ∆isw2 mutant could result from
the loss of nucleosomes. The Drosophila ISWI complex ACF is capable of facilitating
nucleosome assembly in vitro (Ito et al., 1997). Furthermore, The yeast ISWI factors may
play a role in transcription elongation (Alen et al, 2002; Krogan et al., 2002; Simic et al.,
2003; Morillon, et al., 2003; Santos-Rosa et al., 2003), and elongation factors like Spt6
and Spt16 may be required for reassembling nucleosomes after elongating RNA
polymerase II (Kaplan et al., 2003). However unlike the loss of nucleosome positioning
at FLO8 upon SPT6 deletion, which correlates with loss of core histone H4 (Kaplan et al.,
2003), the chromatin change at RNR3 in the ∆isw2 mutant does not lead to loss of core
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histones (Fig. 2-3). Thus the loss of nucleosome positioning in the ∆isw2 mutant at RNR3
(and presumably the other genes examined here) is unlikely due to defects in nucleosome
reassembly during elongation, though partial contribution from the weak transcription
can not be ruled out.
The next interesting question is how cellular factors, such as Ssn6-Tup1, regulate
ISW2 function in a gene-specific manner. In the case of RNR3, ISW2-dependent
nucleosome positioning is detected up to 14 nucleosomes downstream from the site of
Tup1 crosslinking, arguing against any model that requires the colocalization of these
two complexes, such as Tup1 acting in a structural capacity to immobilize nucleosomes
positioned by ISW2. Likewise, even though metazoan ISWI complexes require intact
histone H4 tails to slide nucleosomes in vitro (Georgel et al., 1997; Hamiche et al., 2001;
Loyola, et al. 2001; Clapier et al., 2001; Clapier et al., 2002), a model where Tup1
facilitates the interaction of ISW2 with the tails also cannot account for the collaboration
since it is difficult to imagine how Tup1 might do so without binding to each nucleosome
across RNR3 via a spreading mechanism (Fig. 2-8A). Therefore, Tup1 affects the ability
of ISW2 to position nucleosomes from a distance. Given that Ssn6-Tup1 recruits HDACs
(Wu et al., 2001; Watson et al., 2000; Davie et al., 2003), part of the mechanism may
involve creating a region of histone hypoacetylation. However, histone deacetylation
alone cannot account for the requirement for Tup1 to position nucleosomes at RNR3
because nucleosomes remain tightly positioned in ∆hda1 (Zhang and Reese, unpublished
data) and ∆rpd3/∆hos2 (Sharma and Reese, unpublished data) mutants, which display
equal or even higher levels of histone acetylation than the fully derepressed condition.
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Based on our data and those from others, we speculate that Ssn6-Tup1 acts as a
barrier to ISW2-dependent nucleosome mobilization beyond the URS, causing
nucleosomes to adopt precise translational positions downstream (Fig. 2-8C). There is a
clear correlation between the presence of Tup1 at the promoter and the ability of ISW2 to
position nucleosomes. The binding of Crt1 alone is not sufficient to act as barrier because
it remains associated with the DREs in ∆ssn6 or ∆tup1 cells, and the chromatin structure
upstream of the URS is fully disrupted in these mutants (Li and Reese, 2001; Fig. 2-1).
Thus, it is the release of Ssn6-Tup1 that renders ISW2 incapable of maintaining
nucleosome positioning. The association of Tup1 with nucleosomes located at or
upstream of the URS may play an important role. The interaction of Tup1 with
nucleosome tails adjacent to the URS may position the nucleosome immediately
upstream of the URS, preventing the ISW2 complex from sliding nucleosomes beyond
this barrier and causing nucleosomes to be positioned downstream. This model would
also explain why the nucleosomes upstream of the promoter remain positioned in the
∆isw2 mutant until Tup1 is released by MMS treatment (Fig. 2-2 and 2-4). DNA damage
signals cause the release of the “barrier” imparted by Crt1-Ssn6-Tup1, allowing the
randomization of nucleosome spacing, even though ISW2 is present at RNR3. The release
of the repressor complex would allow greater degrees of freedom for the nucleosomes
present within the promoter and coding sequence to adopt multiple translational
positions, resulting in an MNase digestion pattern similar to naked DNA. Implicit in this
model is that ISW2 is sliding nucleosomes in a unidirectional manner toward the URS, or
that another “barrier” exists downstream of the coding sequence. Although these
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possibilities remain to be examined, directional sliding of nucleosomes towards the URS
of POT1 and REC104 was also observed (Fazzio and Tsukiyama, 2003).
A Crt1-Ssn6-Tup1-nucleosome barrier model is also consistent with the activities
of ISWI-containing complexes in vitro. An adjacent nucleosome can act as a barrier to
hSnf2-dependent nucleosome sliding on a trinucleosomal template in vitro (Fan et al.,
2003), and DNA binding proteins restrict the mobilization of nucleosomes by ACF and
NURF (Pazin et al., 1997; Kang et al., 2002). Perhaps the most relevant experiments are
those conducted on ACF. The binding of LacI repressor to templates in vitro affected the
ability of ACF to maintain nucleosome positioning, and its removal by the addition of
IPTG caused the randomization of nucleosome positions even when ACF was present,
suggesting that a boundary imposed by the LacI repressor was required to maintain
nucleosome positioning (Pazin et al., 1997). The release of the LacI repressor by IPTG in
this in vitro system is analogous to the DNA damage-dependent release of Crt1-Ssn6Tup1 from RNR3 in vivo (Huang et al., 1998; Li and Reese, 2001; this study).
Furthermore, the association of the DNA binding domain of Gal4 to synthetic templates
in vitro altered the direction of NURF-induced nucleosome sliding (Kang et al., 2002),
supporting the idea that DNA binding proteins can influence the activity of ISWI
complexes. However, a recent paper showed yeast ISW2 can slide nucleosomes through a
single GAL4 site bound by GAL4-VP16 (Kassabov et al., 2002). The differences may be
attributable to the inherent properties of the complexes themselves or the strength of the
binding of the DNA binding factor. The studies on NURF were performed on a template
that contained five Gal4 sites, whereas those with yeast ISW2 contained a single Gal4
site. This is also consistent with our finding that stable Crt1-Ssn6-Tup1 complex(es) at
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the RNR3 URS is required for the nucleosome positioning by ISW2, while the binding of
Crt1 alone is not sufficient.
There are questions that can not be explained by the “barrier-slider” model. For
example, why ISW2 dependent nucleosome positioning stops at the end of the ORF? One
possibility is that some other factors are predominant in regulation chromatin structure at
that region. It has been reported that Isw1 and Chd1 containing complexes regulate
transcription termination and affect chromatin structure at the end of the transcripts (Alen
et al., 2002; Morillon et al., 2003).

Implications for Tup1 repression
A Tup1 “spreading and scaffold” model has been proposed to explain its ability to
position nucleosomes at mating type specific genes. Evidence supporting this model is
the binding of Tup1 across STE6 on isolated minichromosomes and its crosslinking
across the coding sequence of the endogenous gene using the ChIP assay (Ducker and
Simpson, 2000). A limited spreading of Tup1 downstream of the URS in STE6 was
supported by another group, and was also observed at STE2 (Davie et al., 2002), but not
repeated by another (Wu et al. 2001). Our study has addressed a number of outstanding
questions regarding Tup1 repression and nucleosome positioning. The first is, does Tup1
position nucleosomes across an extended region of a gene when it is localized over the
promoter and how can it do so? Here we show that Ssn6-Tup1 is required to position
nucleosomes, but it is not sufficient to do so at RNR3; it requires the ISW2 complex.
Therefore, in addition to using a “spreading mechanism”, Ssn6-Tup1 collaborates with
chromatin remodeling factors to position nucleosomes in vivo. Therefore, the localization
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of Tup1 is not necessarily an indicator of whether or not it is required for nucleosome
positioning, but rather only how positioning is achieved. Second, is nucleosome
positioning absolutely required for Tup1 to repress transcription in vivo? Attempts to
address this question using HDAC or histone tails mutants is complicated by the fact that
in all cases, mutations causing derepression also resulted in a release of Tup1 from the
promoters of target genes (Davie et al., 2002). Using the ∆isw2 mutant has provided an
elegant strategy to show that Tup1 can repress transcription even when chromatin
structure is disrupted over the promoter (TATA) and coding sequence. This suggests that
Tup1 can block PIC formation even though the positioning of the TATA-containing
nucleosome is disrupted. Logically, nucleosome positioning must play some role in
repression because the transcriptional apparatus must access the underlying DNA, and
therefore, nucleosome positioning and at least one other mechanism are required to
repress transcription at Tup1 target genes.
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MATERIALS AND METHODS

Strains and Media
The strains used in this study are listed in Table 2-1.

Strain name
BY4741
BY4705
BY4705F

Relevant genotypes

Reference

Mat α ade2-∆0; his3-∆1; leu2-∆0;
ura3-∆0; trp1-∆63; lys2-∆0; met15-∆0
Mat a ade2-1; his3-11,15; leu2-3,112; trp1
ura3-1; can1-100
Mat α ade2-∆ 0; his3-∆1; leu2-∆0;
ura3-∆0; trp1-∆63; lys2-∆0; met15-∆0

W303

Mat a ade2-1; his3-11,15; leu2-3,112;
trp1-1; ura3-1; can1-100

BLRY117

Mat a sth1-∆3::HIS3; his3-∆200; ura352; ade2-101; lys2-801; pDJ66(CEN6;
ARSH4; URA3; sth1∆1338)
Mat a ade2-1; his3-11,15; leu2-3,112;
trp1-1; ura3-1; can1-100; RAD5;
chd1::TRP1
Mat α ade2-1; his3-11,15; leu2-3,112;
trp1-1; ura3-1; can1-100; RAD5;
isw1::ADE2
Mat a ade2-1; his3-11,15; leu2-3,112; trp1
ura3-1; can1-100; RAD5; isw2::LEU2

Du et al., 1998

YJR415

BY4705, mat _ ∆crt1::LEU2

Li and Reese 2000

YJR611
YJR600
YJR573
YJR582

BY4741, ∆tup1::LEU2
BY4741, ∆isw2::HIS3
BY4705F,ISW2-MYC9::URA3
BY4705F,ISW2-MYC9::URA3;
∆crt1::LEU2
BY4705F, ISW2-MYC9::URA3;
∆ssn6::LEU2
BY4705F, ISW2-MYC9::URA3;
∆tup1::LEU2

This study
This study
This study
This study

JPY17

TTY186

TTY196

YJR586
YJR584

Table 2-1 List of strains used in Chapter 2.

Tsukiyama et al., 1999

Tsukiyama et al., 1999

Tsukiyama et al., 1999

This study
This study

62

Gene deletions were carried out by one-step replacement using PCR-generated
cassettes (Brachmann et al. 1998). Detailed information on their construction will be
provided upon request. In all cases, cells were grown in 2% peptone, 1% yeast extract,
20ug/ml adenine sulfate and 2% dextrose (YPAD) at 30ûC. The growth rate of the wild
type strains is about 90 minutes per generation. The following strains have slow growth
phenotype (the estimated doubling time shown in parenthesis): yBLRY117 (140min),
yJR611 (130min), yJR584 (170min), yJR586 (180min). The other mutants showed no
obvious growth defect. The induced cells were treated with methyl methane sulfonate
(MMS) at a concentration of 0.03% for 2 hrs. RNA was isolated, fractionated on
formaldehyde-containing agarose gels and detected by Northern blotting using standard
techniques.

Chromatin mapping
Nuclei preparation was carried out essentially as described (Ryan et al., 1999; Li
and Reese 2001). In brief, 1 liter of cells were grown in YPAD to an OD600 of around 1.0,
harvested, washed twice with 30ml ice-chilled Sobitol buffer (SB: 1.4M Sorbitol, 40mM
HEPES-Na pH7.5, 0.5mM MgCl2, supplemented with 10mM β-ME and 1mM PMSF)
(5000 rpm spin for 5 minutes in Sovall HB6 rotor at 4°C). The cell pellets were then
weighed and resuspended with 4 times weight volume (4ml per gram of cell) of SB,
prewarmed at 30°C for 10 minutes, then Zymolyase T100 (Seikagaku) was added to a
final concentration of 0.5mg/ml and incubated with the cells suspension for 20 minutes
with gentle shaking at 30°C. The completion of the spheroblast formation was examined
under microscope by adding water to the edge of the cover slide. Then cold SB was
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added to the digestion mixtures to bring then all to 30ml and the spheroblasts were
pelleted and washed twice with cold SB (supplemented with 1mM PMSF) by 5000rpm at
4°C. The spheroblasts were resuspended in 20ml cold Ficoll buffer (FB: 18% Ficoll 400,
20mM PIPES-Na pH6.5, 0.5mM MgCl2), transferred to a glass barrel on ice, and
homogenized by moving machined pestle up and down 7 times. The homogenized
mixtures were then laid on the top of 20ml of Glycerol buffer (GB: 7% Ficoll, 20%
glycerol, 20mM PIPES-Na pH6.5, 0.5mM MgCl2) supplemented with 1mM PMSF in
50ml centrifuge tubes and spin at 11500 rpm for 30minutes (this must be in a swinging
bucket rotor like HB6). The pellets were then resuspended in 20ml FB and vortexed at
full speed for 5 minutes with cooling on ice every 1-2 minutes. Then 4500 rpm 15
minutes centrifugation was applied and the supernatant containing the nuclei was
recovered. The nuclei were collected by 11500 rpm centrifugation for 30 minutes and
washed once with 10ml Digestion Buffer (DB: 10mM HEPES-Na pH7.5, 0.5mM MgCl2,
0.05mM CaCl2). While the nuclei were still in 10ml DB suspension, 100ul was taken
from each sample, added to 900ul of DB for light absorption at 600nm, according to
which the nuclei from parallel samples were resuspended in proportional volumes
(usually between 2 to 3 mls) of DB. The nuclei were divided into 400ul aliquots in
microcentrifuge tubes, prewarmed and digested by 0, 2, 4, and 8 unit/ml of micrococcal
nuclease (MNase, Worthington) for 10 minutes at 37ºC. The digestion was stopped with
8ul of 0.5M EDTA. The DNA was purified by RNase A and protease K digestion and
phenol: chloroform extraction, precipitated by ethanol and dissolved in 0.1X TE (1mM
Tris-HCl pH8.0, 0.1mM EDTA). The naked DNA samples (which have been treated in
the same way as the “0” MNase digestion sample until now) were then digested with
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serial diluted MNase and isolated. The digestion of the bulk nuclei and naked DNA was
examined by analyzing 1ul each on 1.6% agarose gel. Then 5ul-10ul of the DNA (both
nuclei and naked) was digested with selected restriction enzyme, separated by 1.4%
agarose gel in 1X TBE buffer, and transferred to nylon membranes. The membrane was
then detected with probes specific to one end of the restriction fragment and radioactively
labeled with random primers. Three probes were used to map the chromatin across RNR3:
(with the translation start site as +1): (1) Pst I site at +731 (probe +486 to +725); (2) Eag I
site at +21 and probe (+25 to +257); and (3) Kpn I site at +3459 and probe (+4249 to
+4567). The ENA1 gene was mapped with Bgl II restriction enzyme and a probe
corresponding to (-755 to –491) (with its translation start site as +1).

Chromatin immunoprecipitation
Chromatin immunoprecipitation was performed as described in previous
publications with minor changes (Hecht and Grunstein 1999; Sharma et al., 2003). 50ml
of cells were grown in YPAD media to OD600 of 0.5-1.0 and treated with formaldehyde
(1%v/v) for 15 min at 23ûC, followed by a 15 min treatment with glycine (125 mM final).
The induced cells were treated at OD600 of 0.7 with 0.03% MMS and incubated for 2
hours before crosslinking. Lysates were prepared by glass bead disruption and the
chromatin was sheared by sonication into fragments ranging in size of 200-1000 bp. The
lysates were then clarified by centrifugation, and 200ul was incubated with either diacetylated H3 antibody (Upstate), anti-TBP polyclonal antiserum, anti-myc (9E10,
Covance), 8WG16 monoclonal antibody (Covance) or anti-Tup1p polyclonal antiserum.
The immune complexes were recovered by incubation with 25ul of protein A sepharose
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CL-4B beads (Amersham), washed and the DNA eluted. After reversing the crosslinks at
65ºC overnight, the IPed and input DNA were analyzed by semi-quantitative PCR. The
PCR products were loaded into 2% agarose gel, stained with ethidium bromide, scanned
with Typhoon system (Molecualr Dynamics) and quantified by ImageQuant software
(Molecular Dynamics). The amplified IP DNA was normalized to DNA amplified from
input samples. Results are averages and standard errors from at least 3 independent
experiments.

66

ACKNOWLEDGEMENTS

Dr. Joseph C. Reese is specially thanked for constructing the ISW2 and TUP1
deletion and tagged strains used in this study.

Dr. Bing Li is acknowledged for the initial mapping in the ISW2 mutant.

We are grateful to the Simpson lab for the help in establishing chromatin mapping
method in our lab.

We thank Drs Robert Simpson, Jerry Workman, Song Tan, Alan Hinnebusch and
members of the Reese lab and the Penn State gene regulation group for advice and
comments on this work and Toshio Tsukiyama, Brehon Laurent, and Richard Zitomer for
yeast strains.

This research was supported by funds provided by the National Institutes of
Health (GM58672) and by an Established Investigator Grant from the American Heart
Association to J.C.R.

67

Figure 2-1. Nucleosome positioning at the RNR3 locus.
Nuclei isolated form wild type (WT) with or without MMS (0.03%, 2 hours)
treatment, ∆tup1, and ∆crt1 strains were subjected to micrococcal nuclease (MNase)
digestion and detected by indirect end labeling. On the top of each panel, M is a genomic
DNA molecular marker digested with the appropriate combinations of restriction
enzymes; ND is MNase-digested naked DNA; 0 represents the undigested sample. Within
each panel, the filled triangles represent the internucleosomal hypersensitive sites in the
wild type chromatin samples; the open triangle indicates the hypersensitive site over the
DREs in the wild type chromatin; and the open circles indicate the chromatin change in
the upstream to the DREs associated with chromatin remodeling. (D) is a schematic
summary of the chromatin structure shown in (A), (B), and (C), with the position and
orientation of RNR3 and the neighboring ORFs indicated by arrows. The locations of the
DREs, TATA box, and start and stop codon are also indicated.
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Figure 2-2. ISW2 is required for nucleosome positioning over RNR3.
(A) Chromatin structure around the RNR3 promoter was analyzed in wild type, ∆isw1,
∆isw2, ∆chd1, sth1-∆C strains. (B, C, D) The chromatin structure was analyzed across
RNR3 in ∆isw2 cells, in parallel with wild type (-/+MMS) and ∆tup1 strain. See Figure 21 legend for more detail.
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Figure 2-3. Histone H4 crosslinking to RNR3.
Wild type (WCS484) and ∆isw2 (YJR792) strains containing a Myc-tagged version
of histone H4 were used in the ChIP assay. (A) Schematic of the PCR probes amplified
at the RNR3 locus. The center (in base pairs) of each PCR fragment is indicated in
parentheses. (B) Summary of ChIP experiments using anti-Myc monoclonal ascites
fluid. For each PCR fragment, the IP signal was normalized to the input signal and
expressed as "percentage IP". With the RNR3 translation start site set as +1, the PCR
products are: A (-1000-792), B (-788-540), C, URS (-448-236), D, promoter (-179-+8),
E (+56-320), F (+333-563), I (+2014-2292), J (+2304-2542) and L (+3055-3263)
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Figure 2-4. Transcription and PIC formation is repressed ∆isw2 cells.
(A) Northern Blot analysis of RNR3 expression in wild type and ∆isw2 strain.
The small cellular RNA (scR1), transcribed by RNA polymerase III, was used
as a loading control. (B) Chromatin IP analysis of TBP and RNA polymerase
recruitment to the RNR3 promoter. Primers amplifying RNR3 promoter (-179
to +8) were used for the PCR analysis. The signals from the uninduced wild
type strain were arbitrarily set as 1. Results are the means and standard errors
from three independent experiments.
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Figure 2-5. Tup1 is recruited to RNR3 independenly of ISW2.
(A) Scheme of the primers across the RNR3 locus used in the ChIP assay. The
location of RNR3 and the neighboring ORFs are indicated as arrows. (B) Summary
of ChIP experiments with Tup1 polyclonal antiserum. The preimmune serum was
used as the IP background control. A pair of primer specific to the POL1 coding
region was used as a control for the specificity of Tup1 localization. With the RNR3
translation starting site set as +1, the RNR3 locus PCR products are: A(-1000--792),
B(-788--540), C, URS (-448--236), D, promoter (-179-+8), E(+56-+320),
F(+333-+563), G(+1465-+1703) H(+1742-+1968), I(+2014-+2292), J(+2304-+2542)
and K(+2811-+3045).
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Figure 2-6. Isw2 crosslinking to the RNR3 locus is widespread and independent
on Ssn6-Tup1.
The crosslinking of Isw2 containing 9 Myc epitopes at the C-terminus (Isw2-Myc)
was examined by the ChIP assay. The untagged wild type strain was used as the
negative control in the IP. (A) Isw2 crosslinking was detected across the RNR3 locus.
SUC2 (–298 to +19) and INO1 (-112 to +102) promoters were used as positive controls.
Details of the RNR3 primers are described in Figure 2-3. (B) Crosslinking of Isw2 in
∆ssn6 and ∆tup1 strains using the URS PCR primer pair C as in Figure 2-4 A.
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Figure 2-7. Collaboration of Ssn6-Tup1 and ISW2 at the ENA1 locus.
(A) MNase mapping of the ENA1 promoter detected by indirect end labeling. Bgl II
restriction digestion and a probe corresponding to (-755 to –491) of ENA1 (with its
translation start site as +1) were used for Southern Blotting. Filled triangles represent the
regularly spaced hypersensitive sites in the wild type chromatin, which are interpreted as
internucleosomal sites. (B) ChIP assay for Tup1 and Isw2-Myc crosslinking to the ENA1
URS. Tup1 and Myc antibody were used, with the preimmune or the untagged strain as
the negative control, respectively. The PCR fragment flanks the Sko1 and Mig1/2 binding
sites, corresponding to –632 to –316 relative to the translation start site.

76

___

___

∆tup1 ____
∆isw2 ____
WT ____
ND
____
_
_
_
_
___ 0 ___
__ ___
__
__ 0 __
0 ___

___

MNase

M

___

A

E NA1
ATG

Sko1
(-509-- -502)
Mig1/2
(-544-- -534)

lane 1

2

3

4

5

6

7

8

9 10 11 12

1.2

0.4

Tup1p

Percentage IP

Percentage IP

B

0.8

0.4

0

control

ISW2

∆isw2

Isw2-Myc
0.3

0.2
0.1

0

control

TUP1

∆tup1

77

A
Ssn6-Tup1
Crt1
DREs
ISW2

B

X?

C

Figure 2-8. Models for the collaboration of Ssn6-Tup1 and ISW2 in nucleosome
positioning.
Three potential mechanisms are proposed: (A) Ssn6-Tup1 directly binds or modifies each
nucleosome positioned by ISW2. This might be true at some locus such as STE6 where
Tup1 crosslinking was detected across the entire gene (Ducker and Simpson, 2000). But
this is unlikely to be true at RNR3 as Ssn6-Tup1 is restricted to the URS. (B) Ssn6-Tup1
and ISW2 contribute to nucleosome positioning independently, but the activity of both is
required to maintain nucleosome positioning in combating against other factor(s) that is
constitutivly disrupting chromatin structure. This model is disfavored by the results shown
in Chapter 4 where releasing Ssn6-Tup1 does not subsequentially lead to chromatin
remodeling (Chapter 4 and 5). (C) The contribution of Ssn6-Tup1 and ISW2 in nucleosome
positioning are inter-dependent, where Ssn6-Tup1function as a "barrier" and the result of
ISW2 dependent nucleosome sliding is to "push" nucleosomes against the barrier. See the
discussion in this Chapter and Chapter 5 for more detail.
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Chapter Three

REDUNDANT MECHANISMS ARE USED BY SSN6-TUP1
IN REPRESSING CHROMOSOMAL GENE TRANSCRIPTION
IN SACCHAROMYCES CEREVISIAE
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ABSTRACT

The Saccharomyces cerevisiae corepressor complex Ssn6-Tup1 regulates many
genes controlled by different pathways. Three mechanisms have been proposed for its
function: (1) nucleosome positioning by binding histone tails; (2) recruitment of histone
deacetylases, and (3) direct physical interference with activators or general transcription
machinery (particularly the Mediator). However, a systematic analysis of the contribution
of each mechanism in the context of a native promoter is absent. My work described in
Chapter 2 has shown that Ssn6-Tup1 requires the ISW2 chromatin remodeling complex
to establish nucleosome positioning. In the absence of a functional ISW2 complex and
effective nucleosome positioning, Ssn6-Tup1 continues to repress the DNA damage
inducible genes, indicating that it is possible to specifically disrupt the nucleosome
positioning without affecting the other functions. Here we show the remaining repression
is mediated in part by histone deacetylase Hda1 and the Mediator complex subunits.
Similar to ISW2 deletion, mutation of HDA1 or various Mediator subunit genes
individually only slightly increased the transcription of the DNA damage inducible genes.
Only in strains simultaneously disrupted in ISW2, HDA1 and Mediator genes could
significantly high levels of transcription be observed. Chromatin mapping indicated that
HDA1 and Mediator mutations didn’t affect nucleosome positioning, and chromatin IP
assays confirmed the association of Ssn6-Tup1 to the promoters in the various mutants.
Thus multiple, redundant mechanisms are utilized by Ssn6-Tup1 in the regulation of the
DNA damage inducible genes. Redundancy was also observed at other Ssn6-Tup1 target
genes, with the relative contributions of each mechanism varying. We propose that Ssn6-
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Tup1 has developed multiple mechanisms in order to function as a "global" co-repressor,
and different groups of genes have developed different strategies to utilize Ssn6-Tup1 in
repression.
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INTRODUCTION

The global corepressor complex Ssn6-Tup1 represses more than 180 genes in
Saccharomyces cerevisiae (Derisi et al., 1997) controlled by different pathways (for
review see Smith and Johnson 2000). It does not directly bind the target promoters. The
repression activity is targeted by sequence-specific DNA binding repressors. Its potency
and versatility in repression attracted a lot of attention, and different models have been
proposed to explain the mechanism. In artificial reporter plasmid systems, recruitment of
Ssn6 by fusing it to LexA DNA binding domain can repress transcription in an Tup1
dependent manner (Keleher er al., 1992), while repression by LexA-Tup1 is independent
of Ssn6 (Tzamarias and Struhl, 1994). In addition, overexpression of TUP1 can partially
suppress the mating defect in ∆ssn6/∆tup1 double mutant while overexpression of SSN6
couldn’t (Komachi et al., 1994). So it is largely accepted that in the complex Ssn6
functions as an adaptor and Tup1 functions as the executer.
One model for Ssn6-Tup1 mediated repression is establishment of a repressive
chromatin structure over target promoters. This is supported by the finding that
nucleosomes are well positioned in an Ssn6-Tup1-dependent manner at the repressed loci
and loss of nucleosome positioning corresponds with but does not depend on
transcription (Shimizu et al., 1991; Patterton and Simpson, 1994; Copper et al., 1994).
Furthermore the repression domain of Tup1 can directly bind hypoacetylated histone H3
and H4 tails (Edmondson et al., 1996), and H3 and H4 tails are required for a1-alpha2
repression (Huang et al., 1997). At the mating type specific gene STE6, Tup1 was shown
to be cross-linked throughout the entire gene and two Tup1 molecules per nucleosome

82

were incorporated into the repressive chromatin structure in the minichromasome system
(Ducker and Simpson 2000). Although the spreading of Tup1 was not reproduced by
another group (Wu et al., 2001), the participation of Ssn6-Tup1 in maintaining the
repressive chromatin structure remains possible.
A second Ssn6-Tup1 repression model is the recruitment of histone modifying
enzymes. It has been shown that Ssn6-Tup1 interacts with the class I histone deacetylases
(HDACs) Rpd3, Hos1, and Hos2 (Watson et al., 2000; Davie et al., 2003) and the class II
HDAC HDA1 complex (Wu et al., 2001). At some promoters, recruitment of Ssn6-Tup1
causes histone hypoacetylation which can be reversed by deletion of RPD3/HOS1/HOS2
or HDA1 (Watson et al., 2000; Wu et al., 2001; Bone and Roth, 2001). On a global scale,
localization and function of Hda1 correlates very well with Ssn6-Tup1 repression (Robyr
et al., 2002). A recent paper showed that deletion of RPD3/HOS1/HOS2, with the
corresponding increase in histone acetylation, reduced the crosslinking of Ssn6-Tup1 to
repressed promoters (Davie et al., 2002). Thus HDACs function might have two effects
which form a positive feed back loop in establishing and expanding a repressive domain:
(1) to repress transcription upon recruitment by Ssn6-Tup1, and (2) in return, to facilitate
stable association of Ssn6-Tup1 to local chromatin as Tup1 preferentially binds to
hypoacetylated histone tails.
In addition to the chromatin dependent repression mechanisms, Ssn6-Tup1 can
also function by blocking activator function (Redd et al., 1996; Gavin et al., 2000) and
direct interference with transcription machinery. The complex was shown to repress
transcription in vitro on plasmids presumably nucleosome free (Herschbach et al., 1994;
Redd et al., 1997). In support of the basal machinery interference mechanism, mutations
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in various components of the Mediator sub-complex of the RNA polymerase II
holoenzyme have been reported to cause derepression of Ssn6-Tup1 regulated promoters
on plasmid reporter systems (for review see Carlson 1997), and direct interactions
between Ssn6-Tup1 and the Mediator subunits Hrs1/Med3 (Papamichos-Chronakis et al.,
2000; Han et al., 2001), Srb7 (Gromöller and Lehming, 2000) and Srb10 (Zaman et al.,
2001) have been reported. However, reports are rare showing the derepression of the
native chromosomal genes caused by Mediator mutations. Even in combination, Mediator
Srb8-10 mutations caused no defect on Ssn6-Tup1 repression of any promoters
examined; and combination of Mediator mutation with histone tail mutations did not
affect repression at the ANB1 promoter (Lee et al., 2000).
In addition to the above three possible mechanisms, Ssn6-Tup1 has also been
proposed to block TBP binding and preinitiation complex (PIC) assembly based on the
observation that the Ssn6-Tup1 repressed promoters are devoid of TBP and PIC
components (Kuras and Struhl, 1999; Zaman et al, 2001). But it is not clear whether this
blocking is a direct result of Ssn6-Tup1 binding or an indirect result from its repression
functions. It is easy to speculate that this might be mediated by the nucleosomes
positioned by Ssn6-Tup1, particularly those that embed the core promoter elements such
as the TATA box. However, as described in chapter 2, disruption of nucleosome
positioning by ISW2 deletion does not lead to an increase in TBP crosslinking or PIC
formation. So the nucleosome positioning by Ssn6-Tup is unlikely to be solely
responsible for the blocking of PIC assembly. It is hard to imagine the recruitment of
Ssn6-Tup1 to the upstream regulatory sequence (URS), which usually is hundreds base
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pairs away from the core promoter, would physically hinder the binding of TBP and PIC
formation. So how Ssn6-Tup1 achieves the blocking of TBP and PIC assemble remains
to be clarified.
Testing the contributions of each proposed Ssn6-Tup1 repression mechanism in
controlling native gene transcription would be of great interest, but has not been done.
The major challenge to a systematic analysis is the seperation of each mechanism. In
particular, a method specifically disrupting nucleosome positioning was not available.
Tup1’s interaction with histone tails was proposed to be critical for nucleosome
positioning (Edmondson et al., 1996; Ducker and Simpson, 2000), thus should be the
target for a loss-of-function analysis. Since histone tail binding, HDAC interaction, and
Mediator subunit interactions have all been mapped to the same domain in Tup1
(Tzamarias and Struhl, 1994; Edmondson et al., 1996; Wu et al., 2001; PapamichosChronakis et al., 2000; Gromöller and Lehming, 2000), it is hard to create a TUP1
mutation that specifically disrupts nucleosome positioning. The other way to disrupt
nucleosome positioning, histone tail deletions, would inevitably affect the HDAC
recruitment mechanism.
The enzyme ribonucleotide reductase (RNR) catalyzes the rate-limit step in
deoxyribonucleotide synthesis, and plays a crucial role in DNA replication and repair. In
the yeast Saccharomyces cerevisiae, the RNR genes are predominantly regulated by the
sequence-specific repressor Crt1 which recognizes the DNA damage response elements
(DREs), or X boxes, in the upstream regulatory sequence (URS) of the RNR genes and
the similarly regulated HUG1 gene (Huang et al., 1998; Basrai et al, 1999). The Nterminus of Crt1 interacts with Ssn6-Tup1 in vitro and recruits the corepressor to targeted
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promoters in the absence of DNA damage (Huang, et al., 1998; Li and Reese, 2000).
Both the Ssn6-Tup1 recruitment and histone deacetylation activity were localized to the
Crt1 binding region in the RNR promoters (Davie et al., 2002). In the repressed state,
nucleosomes are positioned at the RNR3 promoter, and the TATA box is embedded.
Deletion of CRT1, SSN6, TUP1, or inducing the cell with the DNA damaging agent
MMS which release Crt1-Ssn6-Tup1 from the URS (Huang et al., 1998; Li and Reese,
2001), causes the disruption of the nucleosome array, exposure of TATA box, and gene
activation, suggesting a role for chromatin structure in RNR3 gene regulation (Li and
Reese, 2001).
Recent work from our lab suggested that nucleosome positioning by Ssn6-Tup1
requires the chromatin remodeling/nucleosome spacing complex ISW2 (Zhang and
Reese, 2004), and deletion of the gene for the catalytic subunit, ISW2 (Tsukiyama et al.,
1999), disrupts nucleosome positioning without significant transcription derepression of
the DNA damage inducible RNR3. In this study, we analyze the contribution of each
Ssn6-Tup1 repression mechanism in the regulation of the DNA damage inducible genes,
and demonstrate the requirement of each for full repression. Similar to the disruption of
nucleosome positioning by ∆isw2, deletion of the histone deacetylase gene HDA1 caused
only sight derepression of RNR3 and HUG1 although the histone acetylation increase at
the promoter was comparable with the inducing condition. Similarly, disruption or
inactivation of Mediator targets of Tup1 showed only minor defect in repression.
However, when different mutants were combined together, enhanced transcription was
observed, and the strongest derepression was caused by combining ∆isw2/∆hda1 with
Mediator mutations, to a level comparable to TUP1 deletion or the induced condition.
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The increased transcription in the various mutants was not due to the loss of Tup1
crosslinking, and correlated with increased TBP crosslinking at the promoters. The
redundancy in repression mechanisms was also shown at other Ssn6-Tup1 regulated
genes.
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RESULTS

Repression of the DNA damage inducible genes in the absence of nucleosome
positioning
At the DNA damage inducible RNR3 locus, an extended nucleosome array is
positioned, embedding the TATA box and the downstream sequence in a Crt1, Ssn6Tup1, and ISW2 dependent manner (Li and Reese, 2001; Chapter 2). Upon deletion of
the gene encoding the catalytic subunit of the yeast ISW2 complex, ISW2 (Tsukiyama et
al., 1999), the TATA box is exposed and the micrococcal nuclease digestion pattern also
indicates the loss of nucleosome positioning downstream at the protein coding sequence
(Fig. 3-1A). On the other hand, the transcription was only moderately increased (Fig. 31B), in contrast to the dramatic increase when CRT1, SSN6, or TUP1 gene was disrupted
(Li and Reese, 2001). Most of all, Tup1 was still localized to the promoter, and the
transcription was fully inducible upon DNA damage caused by MMS treatment,
suggesting the repression of RNR3 by Ssn6-Tup1 in the absence of efficient nucleosome
positioning (Chapter 2; Fig. 3-1B). Similar transcription profile upon ISW2 deletion was
also observed in HUG1, another gene controlled by Crt1-Ssn6-Tup1 and the DNA
damage check point pathway (Fig. 3-1B). These provided evidence of other mechanisms
in the repression of the DNA damage inducible genes, and the opportunity to analyze
their contribution at chromosomal loci independent of nucleosome positioning.
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The histone deacetylase HDA1 is required for full repression of the DNA damage
inducible genes
HDA1 complex is the class II histone deacetylase (HDAC) that interacts with
Tup1 (Wu et al., 2001) and the change in gene expression in a ∆hda1 strain (Hda1 is the
catalytic subunit of the complex) correlates with that of a ∆tup1 mutant on a global scale
(Robyr et al., 2002). We examined its role in the regulation of the DNA damage inducible
genes. The major change in histone acetylation at RNR3 promoter during induction is on
H3 lysine 9 and 14, about a 3-fold increase (Fig. 3-2A upper left). We found that deletion
of HDA1 resulted in an increase in H3 acetylation to a level comparable to the induced
condition (Fig. 3-2A up left). But when the transcription was examined, only slight, if
any, increase was observed in the ∆hda1 mutant, in contrast to the ∆crt1 mutant of MMStreated cells (Fig. 3-2B, compare lanes 1, 3, 9 and 10). In support of the Northern Blot
data was the ChIP result. A 3 and 8 fold of increase in TBP and Polymerase crosslinking,
respectively, was detected upon induction, while no significant change was detected in
the ∆hda1 mutant (Fig. 3-2A bottom). It was shown that certain HDACs might affect
transcription activation (Wang et al., 2002; de Nadal et al., 2004; see below). However,
the lack of significant transcription increase in ∆hda1 mutant was unlikely due to any
positive role of this HDAC in transcription because RNR3 and HUG1 can be fully
induced in the ∆hda1 mutant (Fig. 3-2B, compare lane 10 and 12).
Even though the change in transcription of RNR3 and HUG1 caused by HDA1
deletion is slight, there was still evidence suggesting the involvement of Hda1 in
repression of the DNA damage inducible genes. First, the derepression of HUG1 upon
∆hda1 was stronger (Fig. 3-2B, compare lanes 1 and 3). Second, when combined with
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∆isw2, ∆hda1 caused higher transcription in both RNR3 and HUG1, in comparison with
the ∆isw2 mutation alone (Fig. 3-2B lane 4).
Since deletion of certain class I histone deacetylases (RPD3/HOS1/HOS2)
reduces Tup1 binding to the DNA damage inducible promoters (Davie et al., 2002), we
examined whether the increase transcription in ∆hda1 was due to the loss of Tup1
association by ChIP assay. Interestingly, no decrease in Tup1 crosslinking was observed
upon ∆hda1 under all the examined conditions (Fig. 3-2A; also see below). This
suggested that the increase in transcription in ∆hda1 cells was due to a defect in Tup1
function rather than its recruitment, and thus Hda1 participates in the repression of the
DNA damage inducible genes.

Rpd3 is required for activation, not repression, of the DNA damage inducible genes
In addition to Hda1, members of the class I histone deacetylases, Rpd3, Hos1, and
Hos2, have been shown to interact with Ssn6-Tup1 and be required for repression
(Watson et al., 2000; Davie et al., 2003). Rpd3 was of particular interest as it was shown
to collaborate with the ISW2 complex in repression of the meiotic-genes (Goldmark et
al., 2000), and DNA microarray studies revealed that a double ∆isw2/∆rpd3 mutant
displays broader transcription defects than either mutant alone (Fazzio et al., 2001). We
explored the role of Rpd3 in the repression of RNR3 and HUG1 by Northern Blot
analysis. Deletion of RPD3 did not cause any derepression, and in fact, reduced the basal
and MMS-induced levels of gene expression (Fig 3-2B, compare lanes 1 and 5 and 10
and 14). Specifically, the MMS-induced levels of transcription are reduced approximately
three to six-fold. And in fact, ∆rpd3 suppressed the weak derepression observed in the
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∆isw2 background (lane 6). Likewise, a double ∆hda1/∆rpd3 mutant showed no more
transcription than the ∆hda1 single mutant (lane 7). Furthermore, the induction of RNR3
and HUG1 was reduced in all the mutants containing ∆rpd3 (Fig. 3-2B lane 14-17; also
see below, Fig. 3-3A). A positive role of the class I HDACs in gene expression agrees
with recent reports (Wang et al., 2002; de Nadal et al., 2004) and our own findings
(Sharma and Reese, in preparation). These results argue against the requirement for Rpd3
in the repression of the DNA damage inducible genes, but for a role in their activation.
However, an increase in RNR3 signal in the ∆isw2/∆rpd3 mutant has been reported in one
microarray assay (Fazzio, et al., 2003). We speculate that was due to strain differences or
crosshybridization of labeled RNR1 cDNA with the spotted RNR3, as the nucleic acid
sequences of RNR1 and RNR3 are 78% identical across most of the coding sequence.

Histone acetylation facilitates RNR3 transcription independently of nucleosome
positioning
Traditionally, histone acetylation was considered to neutralize the positive
charges on the histone tails and weaken DNA-histone interactions which makes the
chromatin structure more “permissive” for transcription. Besides, interaction with
hypoacetylated histone tails was considered important for Ssn6-Tup1 mediated
nucleosome positioning (Edmondson et al., 1996). So we examined the chromatin
structure in ∆hda1 strain by MNase mapping. In contrast to the dramatic chromatin
remodeling in ∆isw2 strain, no nucleosome positioning change was detected in the ∆hda1
strain (Fig. 3-2C, lanes 3-10). Specifically, the regularly positioned nucleosomes
embedding the TATA box and coding sequence were intact in the ∆hda1 mutant. So the
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increase in histone acetylation caused by HDA1 disruption does not affect the ability of
Ssn6-Tup1 to position nucleosomes at RNR3, and steps in addition to histone acetylation
are required for chromatin remodeling.
Since the ∆isw2/∆hda1 double mutant showed higher RNR3 transcription than the
∆isw2 single deletion (Fig. 3-2B), we wondered if that was due to some additional
chromatin structure change caused by HDA1 mutation on the ∆isw2 background. A
comparison between ∆isw2 and ∆isw2/∆hda1 strains showed no difference over the
TATA box and the downstream transcribed region (Fig. 3-2C, compare lanes 12 and 13
with 6 and 7). This is different from what was observed on the meiotic genes where
deleting RPD3 somehow enhanced the chromatin change caused by ISW2 deletion
(Goldmark, et al., 2000). Thus the increase in transcription caused by HDA1 disruption is
mediated by a mechanism independent of wide-spread disruption of nucleosome
positioning.

Role of Mediator in repression revealed by attenuating chromatin mediated
repression
Activation of RNR3 correlates with a disruption in Nucleosome positioning and
increase in histone acetylation, which was mimicked genetically by deleting ISW2 and
HDA1, respectively. However only a slight increase in transcription and no apparent PIC
formation was detected in either mutant. Even when the two mutations were combined,
the transcription level of RNR3 and HUG1 remained much lower than the induced
condition. These, together with the Tup1 crosslinking data and the transcription
inducibility upon DNA damage, suggesting Ssn6-Tup1 can repress the DNA damage
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inducible genes by mechanism(s) independent of nucleosome positioning and HDAC
recruitment.
We examined the involvement of Mediator in repression of the DNA damage
inducible genes. Mutants of the Mediator components that have been shown to be
involved in Ssn6-Tup1 function (For review see Carlson, 1997; Gromoller and Lehming,
2000) were analyzed. As shown in Figure 3-3 A and 3-3 B, mutation of MED3, SIN4,
CSE2, GAL11, NUT1, or SRB7 had little to no effect on the level of repression of RNR3
or HUG1. Only the ∆srb10 and ∆srb11 strains showed a reproducible derepression of
RNR3 (ca. 3-fold). Thus, even though single Mediator mutants cause derepression at
some reporter genes and a few native genes, they caused no dramatic change in the
transcription of the DNA damage inducible genes (see below and discussion).
On the other hand, consistent with their positive role in transcription (For review
see Myer and Young, 1998; Myers and Kornberg, 2000), and the requirement for
Mediator as a whole for RNR3 expression (Sharma et al., 2003), certain Mediator mutants
caused defects in the induction of RNR3 and HUG1 by MMS (Fig. 3-3 A and B, lower
panels). The defect was observed in only a subset of Mediator mutants, and interestingly,
RNR3 and HUG1 responded differently even though they are both regulated by Crt1Ssn6-Tup1. For instance, deletion of SRB10, SRB11or CSE2 had little to no effect on the
induction of RNR3, but a clear effect on HUG1.
The lack of a dramatic increase in RNR3 and HUG1 transcription in various
Mediator mutants might be due to a balance between the dual roles of the Mediator
complex: its participation in Ssn-Tup1 repression and being required for the DNA
damage inducible genes full activation. Another possibility is that Mediator mutation
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effect might be masked by the redundant chromatin mediated Ssn6-Tup1 repression
mechanisms. To better understand whether Mediator is indeed targeted by Ssn6-Tup1 in
the regulation, we combined the Mediator mutations with ∆hda1 or ∆isw2, and examined
RNR3 and HUG1 transcription. Transcription in the ∆hda1 or ∆isw2 mutant was
enhanced by the additional Mediator mutations, with the effect of ∆med3, ∆sin4, and
∆nut1 stronger on HUG1 and ∆srb10 and ∆srb11 stronger on RNR3 (Fig. 3-3 A and B,
upper panels). In parallel, RPD3 mutations was also examined, and showed no further
derepression in combination with ∆med3, ∆srb10, or ∆sin4 (Fig. 3-3 A lane 6, 9, and 12
vs. lane 4, 7, and 10, respectively), but reduced level of induction (lower panel, MMS).
This is consistent with the positive role of Rpd3 in the activation of DNA damage
inducible genes mentioned above, and also suggests that the additive effect of the
Mediator mutations is specific to the HDA1 mutation. Despite the complex response of
each gene to different mutations in repressed and MMS-treated cells, these results
indicate that the Mediator plays a role in repression, but in most cases these effects are
only apparent when chromatin structure is perturbed by disrupting nucleosome
positioning (∆isw2) or increasing histone H3 acetylation (∆hda1).
Since deletion of SRB10 had the strongest effect on the expression of RNR3 of all
the Mediator mutations examined here, the chromatin structure over RNR3 promoter was
mapped in ∆srb10, ∆srb10/∆hda1 and ∆srb10/∆isw2 strains. The data shown in Figure 33C indicates that deleting SRB10, even in combination with ∆hda1, did not cause a
detectable change in nucleosome positioning at RNR3. Thus, the increase in RNR3
transcription in ∆srb10 and ∆srb10/∆hda1 strains was not from extensive defects in
nucleosome positioning. Moreover, the digestion pattern of the ∆srb10/∆isw2 double
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mutant was similar to that of a ∆isw2 mutant (Compare Fig 3-3C to Fig. 3-1), further
confirming repression defect caused by ∆srb10 was independent of chromatin structure.
And the enhanced transcription in the ∆srb10/∆isw2 double mutant, in comparison to the
individual mutants, was due to a combined, thus more severe, defects in Ssn6-Tup1
mediated repression.

ISW2, HDA1, and Mediator collaborate in repression of the DNA damage inducible
genes
All the double mutants examined thus far displayed levels of derepression
significantly lower than that observed in MMS treated cells or in ∆tup1 mutants. Next,
we constructed strains with all three classes of mutations and analyzed the level of
derepression of RNR3 and HUG1. Figure 3-4 shows that two of the three triple deletion
mutants displayed an elevated level of derepression of HUG1 compared to the
∆isw2/∆hda1 double deletion, which is even higher than a ∆tup1 mutant and close to that
observed in MMS treated cells (compare lane 8 and 9 with 12 and 13). The noted
exception is the ∆isw2/∆hda1/∆srb10 mutant, which expressed HUG1 at a level no
different from the double ∆isw2/∆hda1. For the RNR3, the level of derepression in the
triple mutants was still partial, but deleting selected Mediator components in the
∆isw2/∆hda1 double mutant background reproducibly increased expression (compare
lane 8-10 with 7). These results suggest that RNR3 and HUG1 are regulated by multiple
repression strategies and display different sensitivities to mutations in Mediator
components. Furthermore, RNR3 may utilize other repression targets that are less
important at HUG1.
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Since derepression can be caused by a loss of Tup1 association to the target
promoters (Davie et al., 2002), we verified that Tup1 remained at the promoters of RNR3
and HUG1 in the various mutants using the ChIP assay. As shown in Chapter 2, a single
∆isw2 increased the crosslinking of Tup1 to RNR3 (Fig. 3-5A left). This phenomenon
was conserved in ∆isw2/hda1 and the triple mutants (Fig. 3-5A, left). Surprisingly,
deleting ISW2 did not affect the crosslinking of Tup1 to the HUG1 promoter (Fig. 3-5A,
right), or the RNR2 gene (not shown) which are also regulated by Crt1-Ssn6-Tup1. Thus,
the increased crosslinking of Tup1 at RNR3 in ∆isw2 mutants is gene specific. What
accounts for the difference is not clear, though the unique promoter structure at each
locus, such as the number, spacing and orientation of the DRE elements, could be a
reason. The excess recruitment of Tup1 might explain why in the triple mutants RNR3
was only partially derepressed, whereas derepression of HUG was comparable to ∆tup1
or DNA damage. The promoter specific sensitivity of Tup1 crosslinking was not unique
to ISW2 deletion. Upon SRB10 deletion, Tup1 crosslinking was clearly reduced at RNR3
(about 30%), to an lesser extent at HUG1 (about 15%), and not affected at RNR2 (Davie
et al., 2002; Data not shown). It needs to be pointed out that in the ∆isw2/hda1/srb10
mutation which caused the strongest RNR3 transcription, Tup1 crosslinking is no less
than the wild type strain. The other two Mediator mutants, ∆med3 and ∆sin4 did not
affect Tup1 crosslinking to RNR3 and HUG1 (Fig. 3-5A) though they enhanced the
transcription when combined with ∆isw2 and/or ∆hda1. So generally, the increased
transcription observed in various mutants was not the result of loss of Ssn6-Tup1 at the
promoters, it rather resulted from compromised repression functions of the corepressor.
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We next examined if the increase in RNR3 and HUG1 expression correlated with
increased association of TBP with their promoters. With some exceptions, the trend in the
increase in expression in the various mutants correlated with a trend in the increased
crosslinking of TBP to the promoters. The most striking example of this was observed at
HUG1 where the strongest increase in TBP crosslinking (Fig. 3-5B) was observed in the
∆hda1/∆isw2/∆med3 mutant, which also has expression of levels equal to that of MMStreated cells. The most obvious exception to this generalization is the increase in TBP
crosslinking in the ∆sin4 strain. TBP crosslinking in the ∆sin4 was higher than expected
given the undetectable derepression in this mutant. The cause of this is unknown, but this
observation is consistent with genetic evidence that implies that SIN4 may negatively
regulate the binding of TBP to the HO promoter (Yu et al., 2000; Yu et al., 2003). The
increase in TBP crosslinking detected by ChIP correlates with the mRNA levels detected
by Northern Blot, both of which doesn’t require a decrease in Tup1 crosslinking to the
promoters. This implies that Ssn6-Tup1 recruitment to a promoter by itself is not
sufficient to block TBP recruitment, but can do so through nucleosome positioning,
HDAC recruitment and Mediator interference (see discussion below).

Redundant repression mechanisms are also observed at other Ssn6-Tup1 regulated
genes
The Ssn6-Tup1 corepressor regulates multiple groups of genes controlled by
different cellular pathways. To address if the redundancy of repression mechanism is
unique to DNA damage inducible genes we examined the expression of additional Ssn6Tup1 target genes. Similar to the RNR3, nucleosomes are positioned in a Tup1 dependent
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manner at the the anoxia gene ANB1 (Kastaniotis et al., 2000). Deletion of ISW2 disrupts
the nucleosome positioning without affecting Tup1 crosslinking to the promoter (data not
shown). When we checked the ANB1 mRNA levels, we found it was changed in
response to various mutations in a pattern similar to that of the DNA damage inducible
genes. It was not significantly affected by any single mutation of ∆isw2, ∆hda1, ∆sin4,
∆med3, ∆srb10, ∆cse2, and ∆rpd3. But derepression was significant in the ∆hda1/∆isw2,
∆hda1/∆srb10, and the ∆hda1/∆isw2/mediator triple mutants, to a level 40-50% of that
observed in a ∆tup1 mutant (Fig. 3-6).
In contrast to RNR3, HUG1, and ANB1, transcription of the osmotic stress
responsive gene CTT1 (Marquez 1998) and the flocculation gene FLO1 (Teunissen et al.,
1995) was not changed as dramatically in the ∆hda1/∆isw2 double deletion (only about
3% of the ∆tup1 mutant, Fig. 3-6A). However, the involvement of histone deacetylation
and nucleosome positioning in their repression could still be demostrated when ∆hda1
and ∆isw2 was combined with the Mediator mutation ∆cse2 where the derepression was
significantly enhanced (Fig 3-6B). Another interesting observation about CTT1 and
FLO1 was that the single Mediator mutations, ∆sin4 and ∆srb10, caused strong
derepression. Particularly, transcription in the ∆srb10 single mutant was almost 50% of
that caused by TUP1 deletion (Fig. 3-6). On the other hand, despite their common
relative sensitivities to single mediator mutations, differences were observed between
FLO1 and CTT1. Most notably, deletion of HDA1 suppressed the increase in CTT1
expression caused by the ∆srb10 mutation, whereas it had the opposite effect at FLO1:
the level of FLO1 message in this double mutant is increased to level almost equal to that
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of a ∆tup1 strain (Fig. 3-6B, compare lanes 6 and 9). These effects were also evident in
the triple ∆isw2/∆hda1/∆srb10 mutant (Fig. 3-6A, compare lanes 6 and 10).
The glucose repressed SUC2 gene was not reproducibly derepressed by any of the
mutations tested. Interestingly, ∆isw2 caused a decrease in the SUC2 basal expression
(Fig. 3-6A, lane 2), suggesting that Isw2 might play a positive role in SUC2 transcription.
The same observation was reported previously and it was proposed that the loss of ISW2
remodeling activity might result in more repressor binding sites exposed (Fazzio et al.,
2001).
Collectively, the data presented above provides evidence that Tup1 represses
endogenous genes by both affecting chromatin structure and interfering with mediator. In
the chromatin dependent repression, both nucleosome positioning and histone
deacetylation mechanisms can be utilized. Importantly, the relative contribution of each
pathway is gene dependent, which might explain some of the controversies over the
mechanism of Ssn6-Tup1.
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DISCUSSION
One concern about the increased transcription observed as we delete more genes
encoding Ssn6-Tup1 coregulators is the secondary and nonspecific effect. This is an
inevitable question for most in vivo studies. Here we made great effort to rule out this
possibility by mornitoring Tup1 crosslinking at the DNA damage inducible genes. Under
the repressed state, Ssn6-Tup1 is recruited to the promoters by Crt1 which is released
upon DNA damage (Huang et al., 1998; Li and Reese, 2000). If the derepression of the
DNA damage inducible genes are secondary effect caused by DNA damage signal, we
would see decrease in Tup1 crosslinking to the URS. So our ChIP data with Tup1
antibody provides a nice control and argues that the increase in transcription at RNR3 and
HUG1 is not nonspecific secondary effect.

Mediator and Ssn6/Tup1 function
Direct interference with basal transcription machinery as one mechanism of Ssn6Tup1 function was initially implied based on its repression in vitro of a plasmid reporter
presumably nucleosome-free (Herschbach et al., 1994; Redd et al., 1997). More evidence
came from genetic approaches where mutations of many Mediator subunits were
identified for derepressing Ssn6-Tup1 regulated reporter systems (for review see Calson
1997) and biochemistry studies demonstrating direct interaction between Ssn6-Tup1 and
the Mediator components Srb7p, Med3p, and Srb10p (Gromöller and Lehming, 2000;
Papamichos-Chronakis et al., 2000; Han et al., 2001; Zaman et al., 2001). However, in
most reported cases, the derepressive effects of Mediator mutations were observed only
on LacZ reporters. In one report (Lee et al., 2000), mutating multiple Mediator
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components did not cause significant derepression of three Ssn6-Tup1 regulated genes
examined (RNR2, SUC2, and ANB1), and ∆srb10 or ∆srb11 mutation in combination
with either a deletion of the H3 or H4 tail did not cause derepression of ANB1. Thus the
involvement of Mediator in Ssn6-Tup1 repression at endogenous genes was questioned
and the artificial nature of the reporter systems was proposed to account for the
discrepancy. Furthermore, although single Mediator mutations, ∆sin4, ∆nut1, and ∆nut2
caused derepression of the HO-lacZ and PHO5-lacZ reporters, transcription at the native
HO and PHO5 loci were not affected (Tabtiang and Herskowitz, 1998). It has also been
reported that moving the PHO5 promoter and open reading frame to the URA3 locus
renders PHO5 transcription sensitive to SIN4 mutation (Harashima et al., 1995).
Presumably the constitutively expressed URA3 gene locus has a more permissive
chromatin environment.
Our finding that single Mediator mutation showed no significant change in
expression of most native genes examined, such as RNR2 (data not shown), RNR3,
HUG1, SUC2, and ANB1, is consistent with previous report (Lee et al., 2000). At the
same time we also provide an explanation for the apparent discrepancy between native
promoters and artificial reporters by demonstrating the effect of Mediator mutations
when they were combined with ∆isw2 and/or ∆hda1 mutations. It is likely that on the
native promoters the chromatin mediated repression is sufficient to block transcription
even in the Mediator mutations, while in ∆isw2 and/or ∆hda1 mutations or on the
reporter plasmids the chromatin barrier is somehow compromised and their sensitivity to
Mediator mutations is more readily detectable. Besides the role of Mediator (in
repressing RNR3, HUG1, and ANB1) revealed by disruption of the chromatin barrier
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through ∆isw2 or ∆hda1 mutations, we also showed the dramatic derepression of CTT1
and FLO1 caused by single ∆sin4 and ∆srb10 mutations. These, together with the
previously reported derepression of the native flocculation and glucose repressed genes
by Mediator mutations (Gromöller and Lehming 2000; Conlan et al., 2001; Han et al.,
2001), convincingly demonstrate the in vivo participation of multiple Mediator subunits
in Ssn6-Tup1 mediated repression.
How is the interference achieved? For Tup1 interaction with Med3 and
Srb7, blocking holoenzyme recruitment and positive signal transmission within the
Mediator complex were proposed, respectively (Papamichos-Chronakis et al., 2000;
Gromöller and Lehming 2000). Given the multiple targets for Tup1 interaction in the
Mediator complex, it is possible that more than one mechanism is involved. However, if
the Tup1 targets are required for transmitting a positive signal from activators or
coactivators to the holoenzyme, their deletion should simply reduce the transcription, not
increase it. So our data are more in favor of a model in which interaction with Tup1
causes some conformational or functional modification that is disruptive to PIC
assembly. The Mediator is composed of distinct subcomplexes (Myer and Young, 1998;
Kang et al., 2001). Interestingly, most of the subunits genetically or physically interacting
with Ssn6-Tup1 are in the Rgr1 subcomplex. Could the contact between this subcomplex
and Ssn6-Tup1 interfere with a productive PIC assembly? Or adding this subcomplex to
the Mediator makes it inactive in transcription? These possibilities remain to be
addressed. However, some clue can be learned from the structural studies on the
mammalian Mediators, where two closely related complexes adopt different
conformations and activities, and the apparent composition difference is that the inactive
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form contains the mammalian homologues of yeast Srb8-11 (Taatjes et al., 2002). The
yeast CDK Srb10 can interact Ssn6-Tup1 (Zaman et al., 2001) and the Rgr1 Mediator
subcomplex (Kang et al., 2001), and its phosphorylation of RNA polymerase II CTD
disrupts PIC assembly (Hengartner et al., 1998). So in addition to the potential
conformation change caused by adding this submodule, the kinase activity harbored in
Srb10 certainly could also be one way of executing Ssn6-Tup1 mediated repression.
So far, the transcriptionally repressive effect of Tup1-Mediator interactions has
been the focus of the consideration. However, another complexity of Ssn6-Tup1 function
must be kept in mind. At some promoters, such as the glucose repressed GAL1 and
osmotic stress induced GRE2, Ssn6-Tup1 also participates in transcription activation
(Papamichos-Chronakis, 2002; Proft and Struhl, 2002). Although an interaction between
Ssn6-Tup1 and the SAGA coactivator mediated by Cti6 (Cyc8-Tup1 interacting) protein
was proposed (Papamichos-Chronakis, 2002), and the involvement of Hog1 kinase in
converting the corepressor into coactivator was implicated (Proft and Struhl, 2002), the
mechanism of Ssn6-Tup1 coactivator function and its regulation remains largely unclear.
Given the positive role of Mediator in transcription (Myer and Young, 1998; Myers and
Kornberg, 2000), could the Tup1-Mediator interaction which interferes with PIC
assembly/function in some situations, be turned into one PIC recruitment mechanism
when modified by some cellular signal? A close examination of the interactions between
Ssn6-Tup1 and basal transcription factors, and their posttranslational regulation would be
helpful in addressing this question.
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How Ssn6-Tup1 blocks TBP association and PIC assembly
Ssn6-Tup1 repression has been proposed to block TBP accessibility to the
promoter and PIC assembly (Kuras and Struhl, 1999; Zaman et al, 2001), but how this is
achieved is not clear. As we gradually disrupted more genes required for Ssn6-Tup1
repression, an increase in TBP and Rpb1 (data not shown) was observed, corresponding
to an increase in transcription, but regardless of the high level of Ssn6-Tup1 crosslinking
preserved at the promoters. The best example is the HUG1 gene in response to the
∆hda1/∆isw2/∆med3 triple mutation, where about 70 fold induction and more than 3 fold
increase in TBP crosslinking were observed without any loss of Tup1 crosslinking. So
apparently, the binding of Ssn6-Tup1 to the promoter does not directly block TBP
binding and PIC assembly, and the blocking is a result achieved through nucleosome
positioning, HDAC recruitment, and interference with basal transcription machinery.

Redundancy in Ssn6-Tup1 repression mechanism
The debate over the function of the Ssn6-Tup1 complex has been ongoing on for
more than a decade, with multiple mechanisms proposed, each supported by experimental
evidence generated from different systems and target genes. By specifically disrupt
nucleosome positioning through ISW2 deletion, we demonstrated that nucleosome
positioning, HDAC recruitment, and direct interference with Mediater complex are all
utilized by Ssn6-Tup1 in repression.
In retrospect, the redundancy in the Ssn6-Tup1 mechanism underlines the
importance of a comprehensive analysis of the repression mechanism. Single deletion of
ISW2, HDA1, and Mediator components had little to no impact on repression of the DNA
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damage inducible genes and the hypoxic gene ANB1. If the analysis stopped here, the
conclusion would be these factors were not important for Ssn6-Tup1 function. However,
when these mutations were combined, their effect became much more appreciable, and
the conclusion became the opposite. On the other hand, single mutations of SIN4 or
SRB10, particularly the latter, caused dramatic derepression of CTT1 and FLO1 genes (in
comparison with the derepression in TUP1 deletion), while the effect of ∆isw2, ∆had1,
and even ∆isw2/∆had1 double deletion was relatively much weaker. This would argue for
the role of Sin4 and Srb10 in Ssn6-Tup1 repression and against that of ISW2 and HDA1
complexes. But when ∆isw2 or ∆had1 was combined with ∆cse2, a Mediator mutation
causing only modest defect on repression by itself, FLO1 transcription was dramatically
increased. Thus only in a comprehensive analysis could the contribution of each
mechanism be understand in the regulation of native promoters by Ssn6-Tup1.
Our results indicate that not only are multiple mechanisms utilized by Ssn6-Tup1
for repression, but also they are redundant at a single locus. As we progressively deleted
genes coding each of the proposed Tup1-targets in combination, we observed a
corresponding increase in expression of RNR3 and HUG1. The most striking example is
HUG1, where certain triple mutants (∆isw2/∆had1/∆sin4 and ∆isw2/∆hda1/∆med3)
displayed expression levels equal to MMS-treated cells. The lack of full derepression of
RNR3 in the triple mutants examined could also reflect the redundancy in the partners
participating in Ssn6-Tup1 mediated repression. For example, Ssn6-Tup1 could directly
interact with multiple Mediator subunits, and the excess Tup1 at RNR3 in those mutants
could repress transcription through the intact Mediator subunits.
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Why would the genes regulated by Ssn6-Tup1 respond differently to the
inactivation of certain cofactors? One possibility might be due to the unique local
chromatin environment of each given gene. The PHO5 gene mentioned above is an
example. At its native locus its transcription was not affected by sin4 mutation, but
relocating it to the URA3 locus rendered it sensitive to sin4 mutation (Harashima et al.,
1995). Another possibility is that at some loci, some mechanism(s) might not be used for
repression. Given the fact that the number and locations of the sequence specific
repressors might vary among individual promoters, the Ssn6-Tup1 complexes recruited
by these repressors might adopt confirmations more favorable for utilizing some
repression mechanisms, but not the others. This could explain the gene specific response
to mutations of Mediator subunits that have all been shown to interact with Ssn6-Tup1
directly. From the point of view of evolution, the distinct sensitivity among the Ssn6Tup1 regulated genes implies that different groups of genes have evolved distinct and
overlapping strategies to use Ssn6-Tup1 for repression, which may be essential for it to
function as a “global” repressor.
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MATERIAL AND METHODS
Strains and media
The strains used in this study are listed in Table 3-1. Gene deletions were carried
out by one-step replacement using PCR-generated cassettes (Brachmann et al. 1998).
Detailed information on their construction will be provided upon request. In all cases,
cells were grown in 2% peptone, 1% yeast extract, 20ug/ml adenine sulfate and 2%
dextrose (YPAD) at 30ûC. The growth rate of some strains is shown as an index of the
sickness caused by various deletions used in this study. The induced cells were treated, at
the OD600 of 0.6-1.0, with methyl methane sulfate (MMS) at a concentration of 0.02 or
0.03% for 2-2.5 hrs.

RNA isolation and Northern Blot
RNA isolation was carried out as previously reported (Walker et al., 1996). 1015ml of yeast cell grown in YPAD, treated or untreated with 0.03% MMS, was harvested
by centrifugation, washed with STE buffer (10mM Tris-HCl pH7.4, 100mM NaCl, 1mM
EDTA), and resuspended in RNA preparation buffer (1% SDS, 100mM Tris-HCl pH7.5,
10mM EDTA, 500mM NaCl). RNA was released with bead beating in the presence of
150ul phenol/chloroform, extracted once more with phenol/chloroform, precipitated with
ethanol, and dissolved in DEPC-treated water. RNA concentration was then quantified by
taking OD260 absorption. 20ug of RNA from each sample was then separated by 1%
fomaldehyde agarose gel and transferred to nylon membrane (Amersham) by capillary
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bloting. After UV-crosslinking and 4 hour prehybridization at 65˚C, the RNA signals
were detected with denatured, radioactively labeled, and gene specific probes.

Name

Relevant genotypes

Doubling time

BY4741 Mat a his3-∆1; leu2-∆0; ura3-∆0; met15-∆0
BY4705 Mat α ade2∆::hisG; his3-∆200; leu2; ura3; trp1-∆63; lys2; met15-∆0
BY4705F Mat α ade2-∆0; his3-∆1; leu2-∆0; ura3-∆0; trp1-∆63; lys2-∆0; met15-∆0
YJR611 BY4741, ∆tup1::LEU2
YJR415 BY4705, ∆crt1::LEU2
YJR600 BY4741, ∆isw2::HIS3
YJR573 BY4705F, ISW2-MYC9::URA3
YJR582 BY4705F, ISW2-MYC9::URA3; ∆crt1::LEU2
YJR586 BY4705F, ISW2-MYC9::URA3; ∆ssn6::LEU2
YJR584 BY4705F, ISW2-MYC9::URA3; ∆tup1::LEU2
YJR460 BY4705, mat a ∆hda1::HIS3
YJR619 BY4705, mat a ∆hda1::HIS3; ∆isw2::URA3
YJR461 BY4705, mat a ∆rpd3::LEU2
YJR620 BY4705, mat a ∆rpd3::LEU2; ∆isw2::URA3
YJR464 BY4705, mat a ∆hda1::HIS3; ∆rpd3::LEU2
YJR644 BY4705, mat a ∆hda1::HIS3; ∆isw2::URA3; ∆rpd3::LEU2
YJR415 BY4705, mat _ ∆crt1::LEU2
YJR601 BY4741, ∆hrs1/med3::kanmx
YJR637 BY4741, ∆hrs1/med3::kanmx ; ∆hda1::LEU2
YJR640 BY4741, ∆hrs1/med3::kanmx ; ∆rpd3::LEU2
YJR607 BY4741, ∆srb10::URA3
YJR636 BY4705, mat a ∆hda1::HIS3; ∆srb10::URA3
YJR639 BY4705, mat a ∆rpd3::LEU2; ∆srb10::URA3
YJR605 BY4741, ∆sin4::kanmx
YJR638 BY4741, ∆sin4::kanmx ; ∆hda1::LEU2
YJR641 BY4741, ∆sin4::kanmx ; ∆rpd3::LEU2
YJR645 BY4741, ∆cse2::LEU2
YJR647 BY4705, mat a ∆hda1::HIS3; ∆cse2::LEU2
YJR511 BY4705, mat _ ∆tup1::HIS3
YJR603 BY4741, ∆gal11::kanmx
YJR604 BY4741, ∆gal11::kanmx ; ∆isw2::HIS3
YJR548 BY4705F, ∆nut1::URA3
YJR613 BY4705F, ∆nut1::URA3; ∆isw2::HIS3
YJR602 BY4741, ∆hrs1/med3::kanmx ; ∆isw2::HIS3
YJR606 BY4741, ∆sin4::kanmx ; ∆isw2::HIS3
YJR608 BY4741, ∆srb10::URA3; ∆isw2::HIS3
YJR609 BY4741, ∆srb11::URA3
YJR610 BY4741, ∆srb11::URA3; ∆isw2::HIS3
JD53
MAT α ura3-52; leu2-3; his3∆200, lys2-801, trp1∆63
JD53-∆N-srb7
JD53, ∆srb7::LYS2 (pADH1-∆N-srb7-LEU2)
YJR616 JD53, ∆isw2::kanmx
YJR617 JD53/BY4741, Mat a ∆srb7::LYS2; ∆isw2::HIS3 (pADH1-∆N-srb7-LEU2)
YJR649 BY4741, ∆sin4::kanmx; ∆hda1::LEU2: ∆isw2::URA3
YJR654 BY4741, ∆med3::kanmx; ∆hda1::LEU2: ∆isw2::URA3
YJR650 BY4741, ∆hda1::HIS3; ∆isw2::URA3; srb10::TRP1

Reference

84min

resgen

130min

This study
Li and Reese 2000
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Li and Reese 2000
resgen
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
resgen
This study
This study
This study
This study
This study
This study
This study
This study
Gromeyer and Lehming 2000
Gromeyer and Lehming 2000
This study
This study
This study
This study
This study

84min

90min
92min

111min
117min
126min
114min
107min
142min
109min

148min
122min
132min

Table 3-1. List of strains used in Chapter 3
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Micrococcol nuclease mapping
Nuclei preparation was carried out essentially as described (Ryan et al., 1999; Li
and Reese 2001; chapter 2). In brief, 1 liter of cells were grown in YPAD to an OD600 of
around 1.0, harvested, and digested with Zymolyase T100 (Seikagaku). The nuclei were
isolated by differential centrifugation and resuspended in digestion buffer accordingly to
the size of the nuclei pellet, and digested by 0, 2, 4, and 8 unit/ml of micrococcal
nuclease (MNase, Worthington) for 10 minutes at 37ºC. The purified DNA was digested
by Pst I restriction enzyme and the products were detected by Southern Blotting using a
200 bp probe specific for one end of the Pst I fragment (Li and Reese 2001). For the
naked DNA, the treatment was the same except for that the MNase digestion was after
the purification of the DNA from the nuclei. Genomic DNA digested by (Pst I + Mlu I)
and (Pst I + Eag I) was loaded as the marker.

Chromatin immunoprecipitation
Chromatin immunoprecipitation was performed as described in previous
publications with minor changes (Hecht and Grunstein 1999; Sharma et al., 2003). 50ml
of cells were grown in YPAD media to OD600 of 0.5-1.0 and crosslinked for 15 min. at
23ûC by the addition of formaldehyde to 1%. The induced cells were treated at OD600 of
0.7 with 0.03% MMS and incubated for 2 hours before crosslinking. Crosslinking was
terminated by the addition of glycine (125 mM) at room temperature for 15 minutes.
Lysates were prepared by glass bead disruption and the chromatin was sheared by
sonication into fragments ranging in size of 200-1000 bp. The lysates were then clarified
by centrifugation, and 200ul was used for immunoprecipitation. 1ul of di-acetylated H3
antibody (Upstate), anti-TBP polyclonal antiserum, anti-myc (9E10, Covance), 8WG16
monoclonal antibody (Covance) and 1/300 diluted anti-Tup1p polyclonal antibody were
used routinely. The immune complexes were isolated with 25ul of protein A sepharose
CL-4B beads (Amersham), washed and the DNA eluted. After reversing the crosslinks at
65ºC overnight, the IPed and input DNA were analyzed by semi-quantitative PCR. The
PCR products were loaded into 2% agarose gel, stained with ethidium bromide, scanned
with Typhoon system (Molecualr Dynamics), and quantified by ImageQuant software
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(Molecular Dynamics). The amplified DNA was normalized to DNA amplified from
input samples. Results are averages and standard errors from 3-6 batches of independent
lysates.
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Figure 3-1. Transcription repression remains at RNR3 in the absence of nucleosome
positioning.
(A) MNase nucleosome mapping of the RNR3 gene in wild type (WT), ∆crt1, ∆isw2. M
is a genomic DNA molecular marker. ND is MNase-digested naked DNA. The location
of DNA damage response elements (DREs) are indicated as short rods between
nucleosome –1 and –2. The TATA box is indicated as one bar on nucleosome –1. Note in
∆crt1, ∆isw2 strains the hypersensitive site corresponding to the TATA box is exposed,
the hypersensitive sites corresponding to linker regions of nucleosomes –1 to +3 in wild
type become weak, and the bands protected by nucleosome –1 to +3 in the wild type
chromatin become sensitive. (B) Northern Blot analysis of RNR3 and HUG1 mRNA in
MMS treated or untreated wild type and ∆isw2 cells. The small cytoplasmic RNA scR1,
transcribed by RNA polymerase III, is the loading control. The numbers below RNR3
blot are the quantification of the hybridization signals normalized to the scR1 loading
control with the value of the untreated wild type cell arbitrarily set as 1.
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Figure 3-2. HDA1 participates in the repression of RNR3 and HUG1.
(A) ChIP assay monitoring the level of histone H3 acetylation, crosslinking of Tup1, TBP
and RNA polymerase II over the RNR3 promoter in a ∆hda1 mutant. With the RNR3
translation start site as +1, the primer pair corresponding to (-448(-236) was used to
amplify DNA crosslinked to Tup1, and (-179(+8) for the others. Each IP was normalized
to the input and the value of DNA precipitated from untreated wild type cells was
arbitrarily set as 1. (B) Northern Blot of RNR3 and HUG1 mRNA. The result from
untreated cells is shown in the upper panel (lanes 1-9) and the lower panel is from cells
treated with MMS (lanes 10-19). (C) MNase mapping of nucleosome positions in ∆hda1
mutants. Note ∆hda1 alone (lanes 9-10) causes no chromatin change in comparison with
the wild type (lanes 3-4), while chromatin in ∆isw2/∆hda1 double mutant is similar to
that of ∆isw2 mutant.
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Figure 3-3. Mediator’s role in repression.
(A) Northern Blot results of RNR3 and HUG1 mRNA in cells containing single Mediator
mutants and in combination with ∆hda1 or ∆rpd3, without (lanes 1-14) or with (lanes 1528) MMS-treatment respectively. (B) Northern Blot, as in “A” except double mutations
in Mediator components and ∆isw2 were analyzed. (C) MNase mapping of RNR3 in
∆srb10 mutants. Note the similarity among the digestion pattern of wild type, ∆srb10,
and ∆srb10/∆hda1 strains, and the similarity among ∆srb10/∆isw2 and ∆crt1 strains and
the naked DNA control (except for the preserved hypersensitive site around the DREs in
the ∆srb10/∆isw2 mutant).
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Figure 3-4. ISW2, HDA1, and Mediator collaborate in the repression of DNA
damage inducible genes.
Northern Blot of RNR3 and HUG1 in various untreated (lanes 1-12) or MMStreated (lanes 13-24) strains. ScR1 is a loading control. Quantification isshown
below and is expressed relative to untreated wild type cells on the left (lane 1).

118

Figure 3-5. ChIP assay monitoring Tup1 and TBP crosslinking at RNR3 and HUG1.
The mutants that were analyzed are indicated in the box on the top. For RNR3 (left),
primer pair (-448−-236) was used to amplify DNA crosslinked to Tup1, and (-179−+8)
for the TBP. For HUG1 (right), with the translation start site as +1, Tup1 crosslinking
were examined with primers amplifying (-308−-15) which flank the DREs and TBP
crosslinking was analyzed using primers flanking the TATA box (-141−-15). As a
reference, the transcription level of RNR3 and HUG1 as quantified in Figure 3-4 are
shown in panel (C).
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Figure 3-6. Redundant repression mechanisms at other Ssn6-Tup1 regulated genes.
Northern Blot probing for SUC2, ANB1, CTT1, and FLO1 mRNA in the various mutants.
The quantification values shown below each blot are the hybridization signals normalized
to the scR1 control and expressed as fold change relative to the wild type in lane 1. Tr1
(TIF51A) RNA cross-hybridizes with the ANB1 probe and is not regulated by Ssn6-Tup1
(Lee et al., 2000; Kastaniotis et al., 2000).
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Chapter Four

MOLECULAR ANALYSIS OF THE YEAST REPRESSOR RFX1/CRT1
REVEALS AN SSN6-TUP1 INDEPENDENT REPRESSION DOMAIN
AND A TWO-STEP REGULATORY MECHANISM

123

ABSTRACT

In the budding yeast Saccharomyces cerevesiae the repressor Crt1 and the global
corepressor Ssn6-Tup1 regulate the expression of the DNA damage inducible
ribonucleotide reductase (RNR) genes. Initiation of DNA damage signals causes the
release of Crt1 and Ssn6-Tup1 from the promoter and derepression, indicating that Crt1
plays a crucial role in the switch between gene repression and activation. Here we have
mapped the functional domains of Crt1 and identified a Tup1-independent repression
domain and a region required for gene activation. The N-terminus of Crt1 is the major
repression domain and directly binds to the Ssn6-Tup1 complex, and its ability to repress
is dependent upon the Ssn6-Tup1 complex and histone deacetylase (HDAC) genes. In
addition, we identified a C-terminal repression domain, which is, in contrast to the Nterminal domain, independent of Ssn6-Tup1 and histone deacetylases. Importantly, we
show that Crt1 derivatives lacking the C-terminal domain are defective for repression of
endogenous DNA damage inducible genes. Interestingly, we show that TFIID, SWI/SNF
and other coactivators bind to a region within the N-terminus, overlapping with, but
distinct from the Ssn6-Tup1 binding and repression domain, suggesting that Crt1 may
have activator functions. Crt1 mutants were constructed in an attempt to dissect the
activator and repressor function. All of the mutants, when reintroduced into crt1 null
strain, were competent for repression of the DNA damage inducible genes, but a majority
were “derepression-defective” mutants. Further characterization of these mutants
indicated that they are capable of recruiting Ssn6-Tup1 to RNR3 in the absence of DNA
damage, and capable of receiving DNA damage signals and releasing the Ssn6-Tup1
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complex from the promoter. However, recruitment of TFIID and SWI/SNF is specifically
blocked after corepressor release. These results imply a two-step activation model of the
DNA damage inducible genes, and the yeast winged-helix protein Crt1, just like its
mammalian RFX homologues, can function as a signal-dependent dual transcription
activator and repressor.
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INTRODUCTION

Transcription induction of repair genes upon DNA damage is a common response
in all organisms examined from E. coli to human beings (Elledge et al., 1993 Zhou and
Elledge, 2000). Among these genes are those encoding the ribonucleotide reductase
(RNR), the enzyme that catalyzes the rate-limit step in deoxyribonucleotide triphosphate
(dNTP) synthesis. In the yeast Saccharomyces cerevisiae the RNR2, 3, and 4 genes are
predominantly regulated by a transcriptional repression mechanism through the DNA
damage response elements (DREs), or X boxes, in the upstream regulatory sequence
(URS), which are recognized by the sequence-specific DNA binding protein Rfx1/Crt1
(Huang et al., 1998). The X boxes are also found in the promoter of CRT1 itself and
HUG1, a gene that has genetic interactions with other DNA damage check point
mutations (Huang et al., 1998; Basrai et al, 1999). The repression of CRT1 gene by its
own product makes a negative feedback pathway that might be important for the
reestablishment of the repression state after the elimination of DNA damage (Huang et al,
1998).
The Ssn6-Tup1 corepressor is crucial for repression of the DNA damage
inducible genes. The corepressor is recruited to the target promoters by the N-terminus
(1-240) of Crt1 and is released together with the repressor upon DNA damage (Huang, et
al., 1998; Li and Reese, 2000; Chapter 3). Ssn6-Tup1 is a yeast global corepressor
regulating genes controlled by distinct cellular pathways (for review, see Smith and
Johnson 2000). Multiple mechanisms can be utilized in Ssn6-Tup1 function, including
(1) nucleosome positioning through histone tail binding (Patterton and Simpson, 1994;
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Edmondson et al., 1996; Ducker and Simpson 2000; Li and Reese, 2001 Davie et al.,
2002), (2) histone deacetylases (HDAC) recruitment (Watson et al., 2000; Wu et al.,
2001; Bone and Roth 2001; Davie et al., 2003), and (3) direct interference with activators
or transcription machineries (Herschbach et al., 1994; Papamichos-Chronakis et al., 2000;
Gromöller and Lehming, 2000; Gavin, et al., 2000). Both the Ssn6-Tup1 recruitment and
histone deacetylation is localized to the Crt1 binding region, the URS (Davie et al.,
2002). A repressive nucleosome array over the RNR3 promoter occupying the TATA box
is dependent upon Ssn6-Tup1 and Crt1 (Li and Reese, 2001). Deletion of CRT1, SSN6,
TUP1, or inducing the cell with the DNA damaging agent methyl methane sulfate (MMS)
causes the disruption of the nucleosome array and gene activation, suggesting the critical
role of chromatin structure in RNR3 gene regulation (Li and Reese, 2001). Work from our
lab also showed that the Ssn-Tup1 dependent nucleosome positioning at RNR3 requires
the collaboration of the ISW2 nucleosome remodeling/spacing complex (Chapter 3), and
the loss of nucleosome positioning upon DNA damage requires the SWI/SNF chromatin
remodeling complex (Sharma et al., 2003), indicating that proper regulation requires a
delicate balance between nucleosome positioning and remodeling.
Crt1 belongs to the winged-helix family of DNA binding proteins characterized
by their unique, “winged-helix”, DNA binding domain with a separate and independent
dimerization domain (Emery, et al, 1996; Gajiwala et al, 2000). The homologues in
higher eukaryote are generally referred as RFX proteins. In contrast to the human RFX
proteins, which are known to be involved in both the activation and repression of
transcription (Reith et al, 1995; Katan et al, 1999; Iwama, et al, 1999), Crt1 was initially
isolated as a repressor and was shown to dissociate from the target promoter upon
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induction, arguing against a role in activation (Huang et al., 1998). However, Crt1 was
later found to interact with TFIID, which generally acts as a coactivator (Li and Reese,
2000), suggesting that it may have activator functions at DNA damage inducible or other
genes in vivo. In addition, the corepressor Ssn6-Tup1 has recently been shown to function
as a coactivator at some target promoters (Proft and Struhl, 2002; Papamichos-Chronakis
et al., 2002). Thus, the activation of the DNA damage inducible genes might require
transient activation functions of either Crt1 or Ssn6-Tup1.
Here we describe a characterization of Crt1. We demonstrate that it contains a Nterminal repression domain, whose function requires the Ssn6-Tup1 complex and histone
deacetylases. In addition, we identified a repression domain within the C-terminus of
Crt1 whose function is, in contrast to the N-terminal domain, independent of Ssn6-Tup1
and histone deacetylases. Importantly, we provide evidence that this domain functions in
repression within the context of Crt1 in vivo. Detailed mapping of the N-terminus of Crt1
revealed that it has coactivator and corepressor binding regions that are overlapping, but
not identical. Targeted mutagenesis of Crt1 was conducted to identify mutants that
disrupt its activation functions while preserving repression activities. All of the mutants,
when reintroduced into crt1 null strain, are capable of repressing DNA damage inducible
genes, recruiting Ssn6-Tup1 to the promoters and establishing a nucleosomal array over
RNR3. Significantly, derepression of transcription was specifically blocked in most
mutants, and thus, are “derepression defective’ mutants. These mutants are capable of
recruiting Ssn6-Tup1 and cause its release upon DNA damage, but are specifically
defective for SWI/SNF and TFIID recruitment in vivo, suggesting they are blocked after
corepressor release but before/during coactivator recruitment. These results imply a Crt1-
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dependent two-step activation model for DNA damage inducible genes, and suggest that
Crt1 can function as a transcription activator, just like its mammalian homologues.
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RESULTS

Crt1 has Ssn6-Tup1-independent repression activities
The DNA damage inducible genes RNR3 and HUG1 are repressed through the
combined actions of Crt1 and the Ssn6-Tup1 corepressor complex. However, both genes
are derepressed to a higher level in a ∆crt1 mutant than either a ∆ssn6 or ∆tup1 mutant
(Zhou and Elledge, 1992; Basrai et al., 1999; Li and Reese, 2001 and Fig. 4-1). This is
strikingly obvious for HUG1 (Fig. 4-1). Since it was unclear if the two corepressor genes
play a redundant role in repression, given that either Ssn6 or Tup1 can bind to histone
deacetylases and deletion of these genes can have distinct affects on the repression and
chromatin structures at certain loci (Cooper et al., 1992; Weis and Simpson, 1997;
Marquez et al., 1998; Wu et al., 2001; Davie et al., 2003), we analyzed the expression of
RNR3 and HUG1 in a double ∆ssn6/∆tup1 mutant. Figure 4-1 shows that the double
mutant had a similar level of derepression as the single mutants, indicating that SSN6 and
TUP1 do not contribute individual, redundant repression functions at these genes. This is
in agreement with our studies showing that deleting of SSN6 or TUP1 individually has
identical effects on the chromatin structure of RNR3 and those of another group showing
that the recruitment of Tup1 to promoters requires Ssn6 (Li and Reese, 2001 and Davie et
al., 2002).
Next we used epistasis analysis to rule out two additional explanations for the
phenotypic differences between CRT1 and corepressor mutants. ∆ssn6 and ∆tup1 mutants
display a variety of phenotypes including slow growth and temperature sensitivity
(reviewed in Smith and Johnson, 2000), indicating the reduced transcription may be due
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to reduced cell vitality. In addition, recent reports indicate that Tup1 plays a positive role
in transcription at salt-inducible and the GAL genes (Proft et al., 2002; PapamichosChronakis, et al., 2002), suggesting that Tup1 may play a positive role at RNR3 and
HUG1. If either of these two models is correct, then it is expected that deleting TUP1 in
a ∆crt1 background would reduce the levels of mRNA back to that observed in the ∆tup1
mutant. Figure 4-1 shows that the double ∆crt1/∆tup1 mutant had a similar level of
derepression as a single ∆crt1 mutant, and significantly above that of a ∆tup1 mutant;
thus, the different phenotypes of the ∆tup1 and ∆crt1 mutants cannot be explained by a
positive role for Tup1 at DNA damage inducible genes. Furthermore, since the
∆crt1/∆tup1 mutant showed the same flocculation and slowed growth phenotypes as the
single ∆tup1 mutant (not shown); reduced vitality likewise cannot explain the phenotypic
differences. Based on these results, we propose that Crt1 has Ssn6-Tup1 independent
repression functions.

Identification of two Crt1 repression domains
Previous work from our laboratory revealed that the N-terminal 240 amino acids
(1-240) of Crt1 confers the majority of the repression function and interacts with Ssn6Tup1 in vitro (Li and Reese, 2000). To gain more insight into the function of the Crt1, we
further mapped this domain by analyzing the ability of LexA-Crt1 fusion proteins to
repress a LacZ reporter containing four LexA binding sites inserted upstream of a core
promoter, pJK101 (Brent and Ptashne, 1985). As previously reported, the Crt1 Nterminal 1-240 conferred about 50-fold repression when fused to the DNA binding
domain (DBD) of LexA (Li and Reese, 2000). We found it can be truncated down to 1-
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130 without significant loss of repression ability (Fig. 4-2A left). However, neither
LexA-Crt1 (1-90) nor LexA-Crt1 (77-240) displayed significant repression activity in this
assay (Li and Reese, 2000; Figure 4-2A right), and thus, our mapping indicates that the
major repression function of Crt1 lies within amino acids 1-130 of Crt1.
Our previous work noted that a LexA derivative containing amino acids 319-811
of Crt1 repressed the reporter construct weakly, but unlike the N-terminus of Crt1, did
not bind to Ssn6-Tup1 in vitro (Li and Reese, 2000); thus, suggesting that the C-terminus
may contain a Ssn6-Tup1-independent repression activity. Given that LexA-Crt1 (319585) showed no repression activity in the same assay, we directed our studies towards the
region located between amino acids 595-811. LexA-Crt1 derivatives containing amino
acids within this region were constructed and analyzed using the LacZ reporter system
described above. LexA-Crt1 (595-811) showed a significant repression activity, about 10fold, compared to 25-fold for full length Crt1 fused to LexA (Fig. 4-2B). Focusing our
attention on this region, we constructed a number of LexA fusion proteins containing
regions of crt1 between amino acids 595-811. Derivatives containing amino acids 595709 or 644-709 did not have strong repression activity, although perhaps a weak level of
repression was observed for the LexA-Crt1 (595-709) protein (Fig. 4-2B). Further, we
found that a derivative containing amino acids 709-811 could repress transcription to an
equivalent level as the 595-811 construct, indicating that the repression activity resides
between amino acids 709-811. From here on, this will be referred to as the C-terminal
repression domain.
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The N- and C-terminus repress via distinct mechanisms
The mechanism of the two Crt1 repression domains was examined by analyzing
their repression abilities using the LexA-reporter assay in corepressor mutants. Figure 43A shows that the ability of LexA-Crt1 (1-240) to repress transcription was severely
compromised in ∆ssn6, ∆tup1 and ∆ssn6/∆tup1 cells, compared to wild type cells. This is
consistent with its ability to bind to Ssn6-Tup1 in vitro (Li and Reese, 2000 and see
below), and suggests that the vast majority of the repression activity of this region is
mediated through the corepressor complex. Deleting SSN6 seemed to more strongly
affect repression in this assay than deleting TUP1, but it is unclear if this is significant. In
contrast, LexA-Crt1(595-811) repressed transcription to similar levels in the corepressor
mutants as in wild type cells, arguing that the C-terminal repression domain is
independent of the corepressor complex. Again, consistent with our observations that the
C-terminus of Crt1 does not bind to Ssn6-Tup1 in vitro. As reported previously, fusing
full length Crt1 to LexA repressed transcription about 20-25 fold, about half as LexACrt1(1-240) (Li and Reese, 2000). The cause of this is unknown. Nonetheless, its ability
to repress transcription was partially compromised in the corepressor mutants, and
interestingly, the magnitude of repression of LexA-Crt1 (1-811) in corepressor mutants is
very similar to that of the LexA-Crt1(585-811) derivative. This result might be expected
given that the C-terminal repression domain functions independent of Ssn6-Tup1, and
suggests it can repress in this assay in the context of full length Crt1.
A mechanism proposed for Ssn6-Tup1 repression is the recruitment of histone
deacetylases, HDACs, and deletion of certain HDAC genes caused partial derepression of
Ssn6-Tup1 target genes, including RNR3 and HUG1 (Waston et al., 2000; Wu et al.,
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2001; Davie et al., 2003; also see Chapter 3). Thus, we tested if HDACs are required for
Ssn6-Tup1 to repress transcription via Crt1. Furthermore, even though the C-terminal
repression domain of Crt1 functions independent of the corepressor, it remains a
possibility that it may repress by an HDAC-dependent mechanism. First we examined the
ability of LexA-Crt1 derivatives to repress transcription in a ∆rpd3 mutant, as Rpd3 binds
to Ssn6-Tup1 (Waston et al., 2000; Davie et al., 2003). Deleting RPD3 increased the
activity of the reporter gene even when LexA alone was expressed. We found that the
repression activity (repression over that of LexA) of the N-terminal domain was reduced
about three fold in ∆rpd3 cells, compared to wild type cells (Fig. 4-3B). A significant
level of repression was observed, however, and the ability of the N-terminus to repress
was more strongly effected in corepressor mutants than the ∆rpd3 mutant (compare Fig.
4-3A and B) compared to the other fusion proteins. Deleting RPD3 partially affected the
ability of LexA-Crt1 (1-811) to repress and had no significant effect on the activity of the
C-terminal repression domain.
The inability of a single ∆rpd3 mutation to fully compromise repression could
result from the redundancy among the HDAC genes. In many cases, deletion of multiple
HDAC genes is required to observe significant levels of derepression of Ssn6-Tup1
regulated genes (Watson et al., 2000; Davie et al., 2003 and Sharma and Reese, in
preparation). Thus we examined repression in strains containing deletions in other HDAC
genes. Hda1 is reported to interact with Tup1 in vitro, although this is controversial (Wu
et al., 2000 and Davie et al., 2003), and thus we extended our analysis of strains
containing a ∆hda1 mutation. Surprisingly, deleting HDA1 had no detectable affect on
the ability of Crt1 to repress in this assay (Fig. 4-3C). This was unexpected given that
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deletion of HDA1 caused increases in acetylation of histones at RNR3 and partial
derepression of DNA damage inducible genes, especially when combined with other
mutations (See Chapter 3 and discussion below). The inability of the ∆hda1 mutation to
reduce repression by the N-terminus might be due to the fact that ∆hda1 mutants show
increased acetylation in only histone H3 and H2B in vivo, whereas deletion of RPD3
caused increases in all four histones (Wu et al., 2001). Further, deleting HDA1 did not
further reduce the level of repression in a ∆rpd3 background: the level of repression was
very similar in the ∆rpd3 and the ∆rpd3/hda1 mutants. Finally, we examined a triple
mutant (∆rpd3/∆hos1/∆hos2) that was shown to cause partial derepression in Tup1regulated genes (Davie et al., 2003) and observed a significant defect in LexA-Crt1
repression.
Why deleting HDA1 did not affect the ability of LexA-Crt1 to repress in this
assay, whereas it does have an effect at RNR3 in vivo, is not clear. It might suggest that
Ssn6-Tup1 utilizes different combinations of HDACs to repress transcription at different
loci or displays context dependence, as proposed by others (Davie et al., 2003). In all
HDAC mutants, the defect in repression of the LexA-Crt1 derivatives was much less
compared to that of the SSN6/TUP1 deletions. Perhaps this can be explained by the
ability of Ssn6-Tup1 to repress by interfering with mediator or affecting the positioning
of nucleosomes over the promoter (for review, see Smith and Johnson, 2000; Roth,
1995). We have evidence that certain mediator mutations can cause partial derepression
of DNA damage inducible genes in vivo (Chapter 3). However, since we have not
exhausted all combinations of HDAC mutations, it is unclear if this is the case.
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The C-terminus of Crt1 (709-811) is a bona fide repression domain in vivo
The N-terminal repression domain of Crt1 appears to function through Ssn6-Tup1
(Fig. 4-3A; see below), while the mechanism of the C-terminal domain is not clear. The
uncertainty of the mechanism of the C-terminal repression domain, and the fact that it
was identified using an artificial assay system, prompted us to verify that residues 709811 function as a repression domain in vivo at native target genes. To do so, we have
constructed Crt1 mutants containing truncations within its C-terminus by introducing a
stop codon by homologous recombination at its natural chromosomal locus (Longtime et
al., 1998). CRT1 mutants crt1(∆709-811) and crt1(∆644-811) were isolated and analyzed.
Deletion of amino acids 644-811 caused a very severe repression defect in RNR3 and
HUG1, the level of mRNA was similar to that of MMS-treated cells or a ∆crt1 mutant
(Fig. 4-4A and 4-1). The complete loss of repression by this mutant is not consistent with
the C-terminus playing a lesser role in repression, as judged by LexA-Crt1 reporter
assays (Fig. 4-2A), suggesting that a trivial defect explains this result. On the other hand,
the crt1 (∆709-811) mutation caused about 10-fold derepression of RNR3 and HUG1 in
the absence of DNA damage and further derepression was observed when these cells
were treated with MMS (Fig. 4-4A), indicating that it is partially defective for repression.
Western blotting of extracts prepared from these cells revealed that the crt1 (∆644-811)
and the crt1(∆709-811) mutants accumulate at a lower, and higher level than wild type
Crt1, respectively (Fig. 4-4B).
Furthermore, since these deletions are within the C-terminus, which is proposed
to play a role in DNA binding, we examined the ability of these mutants to crosslink to
RNR3 in vivo using the chromatin immunoprecipitation (ChIP) assay with polyclonal

136

antiserum raised against Crt1 (1-240). As previously reported (Huang et al., 1998; Li and
Reese 2001), strong Crt1 crosslinking was detected over the RNR3 promoter, and its level
was reduced in MMS-treated cells. The ChIP assay reveals that the crt1 (∆644-811)
mutant does not bind to RNR3 in vivo; thus, this mutant is not particularly useful. In
contrast, the crt 1(∆709-811) mutant crosslinked to RNR3 as well as the wild type in
untreated cells and its crosslinking was reduced in MMS treated cells (Fig. 4-4C). This
indicates that the reduced repression in the crt1 (∆709-811) mutant is not due to trivial
defects in DNA binding or defects in the DNA damage response pathway.
In Western Blot assay we observed higher protein level in the crt1 (∆709-811)
mutant (Fig. 4-4B). It is possible that the extra Crt1 proteins titrate out Ssn6-Tup1
corepressor which comprmise the function of Crt1 localized to the URS. So we examined
Tup1 recruitment at RNR3 using ChIP assay. Figure 4-4D shows that Tup1 crosslinked to
RNR3 in the crt1 (∆709-811) mutant as well as the wild type. Thus, the results of Figure
4-4 strongly suggest that the C-terminus of Crt1 plays a role in repression in vivo and that
defects in promoter recognition or Tup1 recruitment cannot explain the reduced
repression activity of the crt1 (∆709-811) mutant.
If in fact the C-terminal repression domain functions independently of the Nterminus and the Ssn6-Tup1 complex as the LexA-reporter system implies, then a Crt1
mutant defective for both the N-and C-terminal repression domains, such as crt1 (240709), would display a level of derepression similar to that of a ∆crt1 mutant.
Unfortunately, deleting the Tup1 binding domain within the N-terminus of Crt1 produces
mutants that are either not expressed to high levels or are unable to bind to RNR3 in vivo
(not shown). Thus, we tested if the two domains function independent of each other by
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deleting TUP1 or SSN6 in a crt1(∆709-811), which we predict would result in higher
levels of derepression of RNR3 and HUG1 than the single mutants. Consistent with
Figures 4-1 and 4-4A, a ∆crt1 mutant has a higher level of derepression than a
corepressor mutant or the crt1 (∆709-811) mutant (Figure 4-5). Importantly, deleting
either SSN6 or TUP1 in the crt1 (∆ 709-811) background, ∆tup1/crt1(∆709-811) or
∆ssn6/crt1(∆709-811), increased the level of derepression beyond that seen in either the
single corepressor or crt1(∆709-811) mutant. The level of derepression was not as strong
as a ∆crt1 mutant, however, which was particularly clear at HUG1. It is unclear if this
indicates that Crt1 has additional repression functions. Nonetheless, the results argue that
Crt1 has two repression domains that function through independent mechanisms and both
contribute to the repression of DNA damage inducible genes.

Crt1 N-terminal repression domain is distinct from that required for coactivator
interactions
The interaction of Crt1 with the TFIID coactivator is both puzzling and intriguing
considering that Crt1 has been considered a repressor of gene transcription and that it is
released from the promoter when the gene is activated (Huang et al, 1998; Li and Reese,
2001; See Figure 4-4C). In our previous studies, the smallest N-terminal fragment of Crt1
identified to bind to both TFIID and Ssn6-Tup1 was 1-240 (Li and Reese, 2000). With
the N-terminal repression domain redefined more precisely to amino acids 1-130 (Fig. 42), we were interested in mapping the region required for TFIID interaction further to see
how closely the coactivator and corepressor interaction domain coincide. We examined
the cofactor interaction by fusing different fragments of Crt1 to the E. coli glutathione S-

138

transferase protein (Fig. 4-6). The fusion proteins were purified and immobilized on
glutathione -agarose beads, and used in pull-down assays. Assays were conducted using
in vitro co-translated Ssn6-Tup1 and whole cell extracts. Ssn6 and Tup1 were cotranslated in the same reaction mix, but we can’t say what fraction is in the form of an
intact Ssn6-Tup1 complex, however, Ssn6 and Tup1 can bind to Crt1 individually
(Huang et al., 1998; Li and Reese, unpublished). The in vitro translated Ssn6 and Tup1
interacted with GST-Crt1 (1-240) as previously reported, and the interaction was
preserved when the N-terminal domain was truncated up to amino acid 130, GST-Crt1
(1-130), consistent the repression ability of the same region fused to LexA DNA binding
domain. In contrast, the interaction with TFIID was lost when 51 or 40 amino acids were
deleted from the N- and C-terminus of the fusion protein, respectively.
Both the TFIID and SWI/SNF complexes are required for full induction of RNR3
and chromatin remodeling upon DNA damage, and SWI/SNF recruitment is TAF
dependent (Sharma et al., 2003), suggesting a similarity in the behavior of these two
cofactors. Interestingly, we found the SWI/SNF complex interacted with Crt1, and the
pattern was similar to that of TFIID: both of them required the entire (1-240) region and
were abolished by further truncation (Fig. 4-6 and data not shown).

Derepression-defective mutants discriminate activation and repression functions of
Crt1
The finding that two coactivators required for full activation of the DNA damage
inducible genes, TFIID and SWI/SNF, interacted with an Crt1 region distinct from that
required for repression provided that basis for further analysis of the role of coactivator
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interaction in Crt1 function. Aiming to disrupt coactivator interaction without perturbing
corepressor recruitment, we constructed a series of crt1 mutants with internal deletions
within amino acid residues 130-240. These mutants were made in vitro and reintroduced
back into the CRT1 locus. The Northern blot presented in Figure 4-7A indicates that all of
the mutants were capable of repressing RNR3 and HUG1 to a level equal, or nearly equal,
to that of wild type cells. Strikingly, four out of the six mutants were unable to achieve a
high level of derepression upon MMS treatment (Fig. 4-7A). These mutants, which will
be referred as “derepression-defective” for here on, resulted from the deletion of amino
acids 162-172, 172-202, 172-220 and 181-200. All of the mutants are expressed to
similar levels as wild type Crt1 in cells, which is expected given that repression was
intact in these strains (Fig. 4-7B).
It has been shown that upon DNA damage, the Crt1 repressor and Tup1 dissociate
from the promoter (Huang, et al., 1998; Li and Reese, 2001; Fig. 4-4C), and therefore,
derepresssion could be blocked if the mutants are unable to sense the damage signal
and/or release from the promoter. So we first examined the release of the Crt1 mutants
and the Tup1 corepressor from the promoter upon DNA damage using the ChIP assay.
Since we introduced mutations within the N-terminus of Crt1, polyclonal antiserum
raised against residues 240-811 was used in the IP. As shown in figure 4-7C, all the
mutants, except for the crt1 (∆172-220) mutant, showed normal crosslinking to the RNR3
promoter as compared with the wild type strain in untreated cells. We speculate that the
reduced immunoprecipitation of DNA in the ∆(172-220) mutant sample results from
reduced crosslinking efficiency rather than reduced DNA binding ability in vivo because
this mutant displays normal repression activities and is capable of recruiting Tup1 (see
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below). Interestingly, the region between 172-220 contains multiple lysine residues,
which could serve as good targets for formaldehyde-mediated crosslinking, with 4
clustered lysines between 203-220. It appears that all mutants with amino acids 203-220
deleted crosslinked less well to RNR3. Upon DNA damage, the level of crosslinking of
derepression-defective Crt1 mutants was reduced in all cases. However, there were some
differences. The reduction in crosslinking of some mutants was not equal to wild type
Crt1, specifically crt1 (∆162-172), crt1 (∆172-202) and crt1 (∆181-200). The
crosslinking of wild type Crt1 is reduced about 6 fold, whereas the reduction in the
mutants was ~2-3 fold.
Next, we examined corepressor recruitment and release by monitoring Tup1
crosslinking to RNR3. As noted previously in Chapter 2, Figure 4-7C shows that Tup1 is
crosslinked to RNR3 in the absence of DNA damage, and treating cells with MMS
resulted in a significant reduction. Comparison of the mutants to the wild type revealed
that Tup1 crosslinked to RNR3 in the repressed state in the mutants, however, the level of
crosslinking was reduced compared to the wild type. It is unclear if this has functional
consequences since the mutants repress transcription as well as the wild type (Fig. 4-7A)
and reduced Tup1 crosslinking was observed in the crt1 (∆172-182) mutant which is not
derepression defective. Importantly, Tup1 crosslinking in every mutant was reduced to a
level similar to, or even slightly less than that observed in the wild cells. This result
argues against defects in corepressor release. Furthermore, Tup1 release was not
impaired in the crt1 (∆162-172), crt1 (∆172-202) and crt1 (∆181-200) mutants that
appeared to show a minor defect in MMS-induced Crt1 release from the promoter. Thus,
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the reduced MMS-dependent reduction in the crosslinking of these mutants has no effect
on corepressor release.

Binding to TFIID and SWI/SNF in vitro do not correlate with derepression defects
The rationale for constructing these mutants was to mutate regions of Crt1 that are
required for coactivator binding, while leaving the corepressor binding intact. Thus, we
examined the ability of some of the mutants to retain TFIID and SWI/SNF from whole
cell extracts. TFIID binding was monitored using antibodies to TAF1 and TAF6 and
SWI/SNF using antibodies to Snf2. The region between amino acids 1-240 of each
mutant was cloned into E. coli expression vectors to be expressed as GST versions.
Binding assays were performed using whole cell extracts as described in Figure 4-6. As
noted before, both complexes bound to wild type GST-Crt1 (1-240), but not to the
smaller derivative GST-Crt1 (1-200) or to GST-Crt1 (240-811) (Fig. 4-8). GST-Crt1 (1240;∆172-182), which is not derepression defective in vivo was also capable of retaining
these complexes from whole cell extracts. Surprisingly, the correlation between
derepression defects and coactivator binding is poor.

Two of the three derepression-

defective mutants examined bound as well as wild type GST-Crt1 (1-240). Only the
∆172-220 derivative failed to bind to these complexes in this assay. Even though we
expected to see a difference between the mutants, it remains a possibility that the less
extensive mutations weaken the binding in vivo, but this cannot be discriminated in this
assay (see below).
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Chromatin remodeling and coactivator recruitment defect in the derepressiondefective mutants
We have shown that derepression of RNR3 correlates with a disruption in
nucleosome positioning and the recruitment of SWI/SNF and TFIID to the promoter (Li
and Reese, 2001; Sharma et al., 2003). We next examined these events in the
derepression defective mutants, and the crt1 (∆172-182) as a control. Nuclei from Wild
type and mutant cells were either treated with MMS or left untreated, and nuclei were
isolated and subjected to MNase mapping. In the absence of DNA damage (-MMS), the
promoter and coding sequence of RNR3 is embedded in an array of well positioned
nucleosomes in all the strains (Fig. 4-9A), indicating that these mutants are competent for
establishing repressive chromatin structure. This correlates well with their ability to
repress transcription and recruit Tup1 to the promoter. Upon DNA damage (+MMS),
chromatin was dramatically remodeled in the wild type and the crt1 (∆172-182) strain, as
expected. However, no evidence of nucleosome remodeling was detected in all the
derepression defective mutants, the digestion pattern in these mutants are
indistinguishable in control and MMS-treated cells (Fig. 4-9A). Specifically, the
internucleosomal hypersensitive sites are maintained and the DNA underlying the
nucleosome is resistant to MNase compared to naked DNA samples.
The ChIP assays for Crt1 and Tup1 described above suggest that activation of
RNR3 involves steps in addition to the dissociation of repressors from the promoter, and
the lack of chromatin remodeling implied a defect in SWI/SNF recruitment or function.
We examined the SWI/SNF recruitment with ChIP assay. Polyclonal Snf2 antiserum was
used to monitor complex recruitment. As previously reported, SWI/SNF was recruited to
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RNR3 promoter upon DNA damage in the wild type strain and the crt1 (∆172-182) strain
which served as a control (Sharma et al., 2003; Fig. 4-9B). Strikingly, no SWI/SNF
recruitment was observed in any of the derepression-defective mutants. Given the TAFdependence of SWI/SNF recruitment upon DNA damage, TFIID recruitment was also
examined. Polyclonal antiserum against TBP and TAF1 was used in the ChIP assay. All
of the derepression-defective mutants were likewise defective for TFIID recruitment, in
contrast to the increase in wild type and the control mutants (Fig. 4-9B). Thus, our data
shows that these mutants are defective for TFIID and SWI/SNF recruitment and
nucleosome remodeling, which indicate that the mutants are blocked after corepressor
release and at the coactivator recruitment step. Furthermore, even though we failed to
detect a defect in the binding of two of the three derepression defective mutants to these
complexes in pulldown assays in vitro (Fig. 4-8), these mutants are defective for
SWI/SNF and TFIID recruitment in vivo. We propose that Crt1 participates in the
regulation of RNR3 via a two-step regulatory mechanism, corepressor release and
coactivator recruitment.
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DISCUSSION

Identification of two Crt1 repression domains
By fusing different Crt1 fragments to the LexA DNA binding domain and
analyzing their regulation of a reporter plasmid with LexA binding sites upstream of the
E. coli ß-galactosidase gene, we mapped Crt1 repression activity to two minimal
domains, the N-terminal 1-130, and C-terminal 709-811. Consistent with its interaction
with Ssn6-Tup1 in vitro, the N-terminal domain repression was almost completely
abolished in ∆ssn6/∆tup1 mutants, and was reduced in HDAC mutants. In contrast, the Cterminal domain was not affected by ∆ssn6/∆tup1 or HDAC mutants. Nor was it affected
by ∆isw1 and/or ∆isw2 mutations (data not shown). The lack of an apparent mechanism
raised the possibility that the C-terminal domain repression activity was an artificial
result of the ß-galactosidase assay system, for example, it might be a cryptic domain
exposed when the protein was truncated and brought to the promoter out of its natural
context. But we don’t think so. We think the C-terminus is a functional domain even
within the context of full-length Crt1 protein. The repression by the N-terminus was
disrupted in the ß-galactosidase assay with the ∆ssn6/∆tup1 mutant, while repression by
the C-terminus was not affected. At the same time, significant repression ability remained
in the full length LexA-Crt1 construct in the corepressor mutants, suggesting the function
of an Ssn6-Tup1 independent repression domain within the context of the full length Crt1
protein in the reporter assay. A Ssn6-Tup1 independent repression function is also
consistent with the Northern Blot result of RNR3 and HUG1 mRNA where deletion of
SSN6 and/or TUP1 only partially released the repression mediated by Crt1. When the C-
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terminus was deleted from native Crt1 protein, association of Crt1 and Ssn6-Tup1 to the
promoter was not affected, but repression was reduced, suggesting some Ssn6-Tup1
independent repression function was missing. Most strikingly, when the C-terminal
deletion was combined with ∆ ssn6 and ∆tup1 mutations, transcription of RNR3 and
HUG1 was increased to a level closer to that caused by crt1 deletion. These data suggest
that the C-terminus of Crt1 is an authentic Ssn6-Tup1 independent repression domain
involved in the repression of the DNA damage inducible genes by native the Crt1 protein.
What is the mechanism of the C-terminal domain function? Based on our result,
Ssn6-Tup1, HDACs (Hda1, Rpd3, Hos1, and Hos2), ISW1 and ISW2 complexes are
unlikely to be responsible for the repression activity (Fig. 4-4, and data not shown). But
many possibilities remain open. One possibility is that the C-terminal domain recruits
some other corepressor, such as the NOT complex (Collart and Struhl, 1994), Mot1
(Wade et al., 1996), or NC2 (Kim et al., 1997). These cofactors can all interfere with
transcription through interaction with TBP (reviewed in Maldonado et al., 1999).
Alternatively, Crt1 C-terminus might directly interfere with basal transcription factors to
achieve transcriptional repression. Blast search showed no significant homology between
Crt1 C-terminus and any functional domain. So it is hard to predict its target from
sequence comparisons. A genetic screening for mutations that abolish LexA-Crt1 (709811) mediated repression might be helpful to understand the mechanism of Crt1 Cterminus function. The reporter plasmid can be the same one used in ß-galactosidase.
Then the phenotype to check would be colony color in response to X-gal. Or we can
replace the LacZ gene with URA3 and screen with Ura dropout and 5-FOA media.
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Why are two repression domains required for Crt1 function? Probably it reflects
the importance of tight control over the cellular pool of dNTP. It was recently shown that
elevated dNTP pool results in higher mutation rate during normal cell cycle, while the
inability to increase in response to DNA damage results in cell death (Chabes et al.,
2003). As the enzyme catalyzing the rate limit step of dNTP synthesis, RNR activity is
elevated both in S-phase and upon DNA damage, but through distinct mechanisms.
RNR1, which encodes for the large subunit of RNR, is induced at S-phase, but not
significantly affected by DNA damage. RNR3, another large subunit gene, and the small
subunit genes RNR2 and RNR4 are induced specifically by DNA damage (Elledge and
Davis, 1990; Huang and Elledge, 1997; Cho et al., 1998). The designated DNA damage
specific transcription regulation underscores the importance of achieving precise
increases of RNR activity and dNTP pool in response to genome crisis. In transcriptional
regulation of the RNR genes, using two repression domains can increase the contrast
between repressed and induced conditions, thus leading to a more dramatic change in
RNR quantity in a timely manner. Another potential implication of two independent
repression domains is that Crt1 might function at some promoters in an Ssn6-Tup1
independent manner. The human Crt1 homologue RFX1 has been shown to be able to
cooperate with different factors in a context dependent manner (Iwama et al., 1999). So
having both Ssn6-Tup1 dependent and independent repression function might increase
the flexibility of Crt1 function under different promoter conditions.
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Promoter specific involvement of HDACs
In chapter 2, we have shown that HDA1 is involved in the repression of the DNA
damage inducible genes, while Rpd3 is required for their full induction. However, here in
the ß-galactosidase assay we found the repression mediated by Crt1 was not affected by
hda1 deletion, but reduced in the rpd3 mutant. We think this reflects the promoter and
context specific character of Ssn6-Tup1 function. Although at both the endogenous DNA
damage inducible genes and the reporter construct, the involvement of HDACs is
mediated by Crt1 and Ssn6-Tup1, the regulatory sequence, core promoter, and the coding
sequence of the genes are different. At the native DNA damage inducible genes, Crt1Ssn6-Tup1 corepressor complexes are recruited by the DRE elements upstream of the
TATA box, while at the LacZ reporter gene, Crt1 is fused to a LexA DNA binding
domain and recruited through eight tandem LexA binding sites. The lacZ reporter
promoter also has fragments of the GAL1 upstream regulatory sequence that don’t exist
at RNR3 and HUG1. In addition, the LacZ coding sequence is known to affect the
sensitivity of Ssn6-Tup1 repression to certain mutations. For example, repression of the
HO-lacZ and PHO5-lacZ reporters was affected by ∆sin4, ∆nut1, or ∆nut2 mutations,
while that of the native HO and PHO5 loci was not (Tabtiang and Herskowitz, 1998).
Both Hda1 and Rpd3 have been shown to participate in repression of some Ssn6-Tup1
regulated genes, but not others (Davie et al., 2000; Wu et al., 2001). Our finding of the
difference between native DNA damage inducible genes and the LacZ reporter could also
reflect this promoter dependency or redundancy of Ssn6-Tup1 and HDAC function.
Regardless of the promoters specificity effect, histone deacetylases play important roles
in Ssn6-Tup1 mediated repression.
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Crt1 is required to overcome its own repression
In contrast to its homologues in higher eukaryotes, which have well established
activator functions, Crt1 was isolated as a repressor and was not expected to play a role in
activation (Huang et al., 1998; Li and Reese, 2001). Its potential to be an activator was
suggested by the interaction with TFIID and SWI/SNF coactivators in vitro, but the
importance of this interaction was puzzling given that ∆crt1 mutants display full
activation and remodeling of RNR3. In retrospect, the hypothesis that Crt1 cannot
function as an activator was naively based upon an assumption: that deleting crt1 fully
mimics what happens after DNA damage. The truth is, in the wild type strain DNA
damage inducible genes are under elaborate repression carried by Crt1, Ssn6-Tup1, ISW2
and perhaps other regulators. Nucleosomes are tightly positioned and histones are
hypoacetylated prior to activation under normal conditions (Chapter 2 and 3). On the
other hand, in ∆crt1 cells, a repressive structure is never established, thus no effort is
required to overcome it. In response to DNA damage, the cells not only need to release
the promoter bound repressor and corepressor, but also need to convert the repressive
chromatin structure into one more permissive to transcription. One effort required for this
conversion, for example, is SWI/SNF recruitment. In ∆snf2 mutant (or in the
derepression defective mutants which all showed SWI/SNF recruitment defect), although
Crt1 and Ssn6-Tup1 can be released from RNR3 promoter, the chromatin structure
cannot be remodeled and transcription is compromised (Sharma et al., 2003; Zhang and
Reese, unpublished data). The relaxed requirement for coactivators at active promoters is
exemplified by the regulation of the human interferon- ß (IFN- ß) gene. Under
physiological conditions, a nucleosome is positioned on the promoter masking the TATA
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box. In response to virus infection, an elaborately organized “enhanceosome” formed,
which recruits GCN5/PCAF and SWI/SNF complex to modify and relocate that
nucleosome and allow TBP binding (Lomvardas and Thanos, 2001). However, if that
nucleosome is pre-slid to a position that mimics the activated state, SWI/SNF is no longer
required for its activation (Lomvardas and Thanos, 2002).
If such a “switching” process is required for the rapid expression of the DNA
damage inducible genes, finding the factor with such a function is crucial. Crt1 is a good
candidate given its interaction with TFIID and SWI/SNF in vitro and being the only
sequence specific protein identified to bind to these promoters to date. By constructing
crt1 mutants capable of recruiting and releasing the corepressor but defective in the
induction of the target genes, we demonstrated that a region of Crt1 is crucial to
transcriptional activation, and that Crt1 may function as an activator during a DNA
damage response. In the derepression-defective mutants, Crt1 and Ssn6-Tup1 can
dissociate from the promoters, while TFIID and SWI/SNF can not be recruited,
chromatin structure can not be remodeled, and transcription is not induced (Fig. 4-7 and
4-9). Thus under physiological conditions (DNA damage) releasing of the repressor and
corepressor is not sufficient for transcription induction, recruitment of coactivators are
also necessary, and the repressor, Crt1 itself is required for the latter process. Since Crt1
dissociates from the target promoter upon DNA damage (Huang et al., 1998; Li and
Reese, 2001), its function as an activator might be transient. Consistent with the role of
overcoming its own repression mechanisms, once the activation is achieved, Crt1 is no
longer required for continuous transcription.
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One interesting question is how Crt1 functions as a transient activator. In vivo
analysis of the derepression defective mutants indicate that it is required for the
recruitment of the TFIID and SWI/SNF coactivators. Despite the fact that no strict
correlation in the interaction of TFIID and SWI/SNF with the mutants was observed with
the in vitro pull-down assay (only one of the derepression-defective mutant showed
defect in TFIID and SWI/SNF binding), it is possible that some physiologically relevant
difference might be masked by the mass-driven nature of the in vitro assay. On the other
hand, these mutants might be defective for the binding of another coactivator that might
also participate in the recruitment of these complexes in vivo and the activation process.
It is intriguing that the corepressor Ssn6-Tup1 has recently been shown to be
required for the activation of many target promoters (Proft and Struhl, 2002; PapamichosChronakis et al., 2002). The exact mechanism of its “coactivator” function and the
“corepressor-coactivator” transition is not clear though. One protein, Cti6, was shown to
be able to bridge Ssn6-Tup1 with SWI/SNF and SAGA complexes (PapamichosChronakis et al., 2002). In contrast to the fact that Ssn6-Tup1 remains at the GAL and
osmotic response promoters (Proft and Struhl, 2002; Papamichos-Chronakis et al., 2002),
the complex dissociates from the DNA damage inducible promoters upon inducing
conditions. So if Ssn6-Tup1 function as a coactivator at the DNA damage inducible
genes, their function should be transient. This is consistent with the transient nature of the
activator function of Crt1. Interestingly, after DNA damage, the tup1 crosslinking at
RNR3 promoter was slightly, but reproducibly, lower in the derepression-defective
mutants as compared with the wild type strain. Could the defect be due to the inability to
keep Ssn6-Tup1 at the promoter long enough to let it finish its function as a coactivator?
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A time course examination of the dissociation or association of various factors at the
promoter upon DNA damage might shed some lights on the mechanism of how Crt1
transiently function as an activator.

Functional homology between yeast Crt1 and human RFX1
Crt1 belongs to the same family as the human RFX proteins which have a unique
winged-helix DNA binding domain and an independent dimerization domain at the Cterminus (Emery, et al, 1996; Gajiwala et al, 2000). The DNA binding domain is highly
conserved, while the dimerization function is less, particularly for the budding yeast
homologue Crt1 (Katan-Khaykovich et al., 1999). In addition to the DNA binding
domain, the human RFX1 has one N-terminal activation domain and one C-terminal
dimerization/repression domain, which together, make it a context-dependent regulator
(Katan et al., 1997). On the other hand, the yeast Crt1 N-terminus has repression function
(Li and Reese, 2001) and no repression or dimerization function was observed in the Cterminus when fused to RFX1 or Gal4 DNA binding domain and examined in a
mammalian cell system (Katan-Khaykovich et al., 1999). Here we provided evidence that
the Crt1 C-terminus is a repression domain in the yeast. The difference between our study
and that of Katan-Khaykovich et al could be due to the difference between the two
reporter systems, or some cofactors required for Crt1 function might be missing in
mammalian cells. Thus, regardless of the low sequence similarity between yeast Crt1 and
the human homologues at the regions outside of the DNA binding domain, there are
parallel functions.
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MATERIALS AND METHODS

Strains construction
Some of the strains used in this study are listed in Table 4-1. Gene deletions were
carried out by one-step replacement using PCR-generated cassettes (Brachmann et al.
1998). Detailed information on their construction will be provided upon request. The crt1
mutants with internal deletions (∆162-172, ∆172-182, ∆172-202, ∆172-220) were
constructed in vitro. The CRT1 open reading frame, together with about 400 bp of 5’ and
3’ flanking sequences, was cloned into integration plasmid pRS404 (Brachmann et al.

Strain name
BY4705
JR460

JR461

JR464

JR473

Relevant genotypes
Mat a ade2-1; his3-11,15; leu2-3,112;
trp1-1; ura3-1; can1-100
mat a ∆hda1::HIS3
ade2; his3-∆200; leu2; ura3; trp1-∆63;
lys2; met15-∆0
mat a ∆rpd3::LEU2
ade2; his3-∆200; leu2; ura3; trp1-∆63;
lys2; met15-∆0
mat a ∆hda1::HIS3; ∆rpd3::LEU2
ade2; his3-∆200; leu2; ura3; trp1-∆63;
lys2; met15-∆0
mat a ∆rpd3::LEU2; ∆hos1::URA3;
∆hos2::LYS2
ade2; his3-∆200; leu2; ura3; trp1-∆63;
lys2; met15-∆0

Reference

V.M. Sharma

V.M. Sharma

V.M. Sharma

V.M. Sharma

PH499

YJR415

PH499 ∆ssn6::LEU2

ZZ

PH499 ∆tup1::TRP1

ZZ

PH499 ∆ssn6::LEU2; ∆tup1::TRP1

ZZ

BY4705, ∆crt1::LEU2
BY4705, ∆crt1::LEU2; ∆tup1::TRP1

Li and Reese 2000
ZZ

Table 4-1 List of some strains used in Chapter 4.
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1998), mutated with conventional method or one-step PCR-mediated method (GIBCO),
and integrated back into the natural genomic locus where the wild type CRT1 gene was
deleted by homologous recombination. In this way, the crt1 mutants were under the
control of the native CRT1 promoter and the termination signals with no variation in
expression expected. The C-terminal deletion mutants were constructed with the
homologous recombination based one-step in situ tagging/partial deletion method
(Longtime et al., 1999).

ß-galactosidase assay
The assay was carried out as described in previous publications (Brent and
Ptashne, 1985; Rose et al., 1990). In brief, the LexA-Crt1 fusion proteins were expressed
from pEG202 in which different regions of CRT1 coding sequence were fused in frame to
LexA DNA binding domain. The reporter plasmid pJK101 contains a LacZ (ßgalactosidase) gene under the control of a modified GAL1 promoer in which eight LexA
binding sites were inserted between the upstream activating sequence (UASG) and the
TATA box. The LexA and pJK101 derived plasmids were cotransformed into yeast
strains and selected with proper synthetic dropout (SD) media supplemented with
dextrose (2%) as carbon source. Three to six colonies from each transformation were
picked and restreaked on SD-dextrose plates. Then each isolate was inoculated to 5ml
liquid SD-raffinose (3%), incubated at 30ϒC with shaking until saturation. The liquid
cultures were then reseeded into 5ml fresh SD-raffinose liquid media, grown to log phase
(OD600 of 0.5-1.0), collected by centrifugation and washed with cold STE buffer (10mM
Tris-HCl pH7.4, 100mM NaCl, 1mM EDTA). The cell pellets were resuspended in 250ul
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breaking buffer (100mM Tris-HCl pH8.0, 1mM dithiothreitol, 20% glycerol), cell lysates
were prepared with the standard glass bead beating method, and ß-galactosidase activity
analyzed as described (Rose et al., 1990). For the ß-galactosidase assay in

∆rpd3/∆hos1/∆hos2 mutant that is URA+, the URA3 marker in pJK101 was replaced with
TRP1 marker.

GST-pull-down assay and Western Blot
The GST-Crt1 fusion proteins were expressed in E. coli and purified with
glutathione-agarose beads according to the manufacturer’s recommended conditions
(Amersham). The purity of the fusion proteins was examined by SDS-PAGE gel and
Coomassie staining. The concentration of purified protein was quantified with by
Bradford method (Biorad). If the protein concentration is significantly more or less than
1mg/ml of beads, the GST fusion proteins were eluted with free glutathione, dialysed,
and rebound to proper amount of glutathion-beads to a final concentration of about
1mg/ml of beads.
The Ssn6 and Tup1 proteins used in the pull-down assay was in vitro transcribedtranslated in rabbit reticulocyte in the presence of S35-Methionine. Bound proteins were
detected by autoradiography. For the interaction of Crt1 with TFIID and SWI/SNF, yeast
whole cell extracts (prepared as described in Reese et al., 1994) from wild type or Myctagged Swi2 strain was used. The factors interacting with Crt1 were detected by
corresponding polyclonal antiserum, except for Swi2 which was detected by monoclonal
antiserum specific for the Myc tag (9E10, Covance).
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Nuclease mapping
Nuclei preparation was carried out essencially as described (Ryan et al., 1999; Li
and Reese 2001). In brief, 1 liter of cells were grown in YPAD rich media to an OD600 of
around 1.0, harvested, and digested with Zymolyase T100 (Seikagaku). The nuclei were
isolated by differential centrifugation and resuspended in digestion buffer, accordingly to
the size of the nuclei pellet, and digested by 0, 2, 4, and 8 unit/ml of micrococcal
nuclease (MNase, Worthington) for 10 minutes at 37ºC. The digestion was stopped by the
addition of EDTA, and the DNA was purified by RNaseA and protease K treatment and
phenol/choloroform/isoamylalcohol extraction. The purified DNA then was digested by
Pst I restriction enzyme and electrophoresed for Southern Blot assay with a 200 bp probe
specific for one end of the Pst I fragment (Li and Reese 2001). For the naked DNA, the
treatment was the same except for that the MNase digestion was after the purification of
the DNA from the nuclei.

Antiserum and ChIP assay
The chromatin immune precipitation was performed as described with minor
changes (Hecht and Grunstein 1999; Sharma et al., 2003). Details are as described in
chapter 2, with the following modifications in IP and antiserum. 50ul of each lysates was
used per immune precipitation, together with 0.2ul anti-Crt1-N, 1ul anti-Crt1-C, 0.2ul
anti-TBP, 0.2ul anti-TAFI, 0.2ul anti-Snf2, and 0.001ul anti-Tup1p, which are all rabbit
polyclonal antiserum. The Crt1-N and Crt1-C antiserum were raised against Crt1(1-240)
and Crt1(240-811), respectively. The Snf2 antibody was raised against Snf2(1-851). And
the others were raised against full-length proteins.
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Figure 4-1. Derepression caused by SSN6/TUP1 deletion is partial in comparison
with CRT1 deletion
RNA isolated from wild type and ∆ssn6, ∆tup1, and/or ∆crt1 mutants was analyzed
by Northern Blot. Small cellular RNA (scR1) is transcribed by RNA polymerase III
and was used as loading control. The RNR3 and HUG1 hybridization signals were
quantified, normalized to the scR1 control, and expressed as fold of derepression in
comparison with the wild type strain as shown below each blot.
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Figure 4-2. Mapping of two Crt1 repression domains with β-galactosidase assay.
Different fragments of Crt1 were fused to LexA DNA binding domain and expressed
from pEG202, and cotransformed into yeast with the reporter plasmid pJK101
(containing the β-galactosidease gene under the control of a mini-GAL1 promoter and
LexA binding sites). Panel (A) is a schematic diagram of the GST-Crt1 fusion constructs
used in the assay. The location of the truncation in Crt1 is shown in amino acid residue
numbers on the top. Panels (B) and (C) are the mapping of the N-terminal domain( and
the C-terminal domain, respectively. Specific β-galactosidease activity was measured and
expressed on top of each panel. “Fold of repression” caused by each Crt1 fragment was
obtained through dividing the specific enzymatic activity from yeast cells with LexA
alone by that from cells with LexA-Crt1 fusion constructs in each experiment.
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Figure 4-3. Corepressor dependency of the two Crt1 repression domains.
Similar to Figure 4-2, β-galactosidease was done in various strain backgrounds: (A) wild
type, ∆ssn6 and/or ∆tup1 strains; (B) wild type and ∆rpd3 strains; (C) wild type, ∆hda1;
∆rpd3/∆hda1; and ∆rpd3/∆hos11/∆hos2. The upper part of each panel is the β galactosidease activity measured in different strain background. The lower part is
expressed as fold of repression where the repression caused by each LexA-Crt1 construct
was normalized to the LexA control in the same strain background.
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Figure 4-4. In vivo function of the Crt1 C-terminal domain.
(A) Northern Blot analysis of Crt1 C-terminal deletion mutants. (B) Western Blot
examining the protein level of crt1 C-terminal deletion mutants. (C) Chromatin
immunoprecipitation analysis of the in vivo crosslinking of crt1 mutants to RNR3
promoter and its response to DNA damage. Antiserum raised against Crt1 (1-240) was
used in the IP to secure equal recognition of different Crt1 proteins. Preimmune serum
was used for IP background control. (D) Chromatin immunoprecipitation analysis of in
vivo Tup1 crosslinking to RNR3 promoter in the crt1 (∆709-811) mutant.
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Figure 4-5. Epistasos analysis of crt1(∆709-811) and ∆ssn6/∆tup1.
Northern Blot analysis showing the partial derepression caused by crt1 (∆709-811),
∆ssn6, or ∆tup1, and the increased derepression when crt1 (∆709-811) was combined
with ∆ssn6 or ∆tup1.
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Figure 4-6. Distinct regions of Crt1 interact with corepressor and coactivators in
vitro.
Crt1 fragments were expressed and purified as GST fusion proteins and immobilized on
glutathione-agarose beads. For the interaction with Ssn6-Tup1, In vitro translated and S35
labeled Ssn6 and Tup1 were used in the Pull-down assay, and detected by
autoradiography. For the interaction with TFIID and SWI/SNF, yeast nuclear extract
prepared from SNF2-MYC9 strain was used and the proteins were detected by Western
Blotting with polyclonal TAF1 and TBP antisera and monoclonal Myc antibody.
Crt1(240-811) doesn’t interact with Ssn6-Tup1 or TFIID (Li and Reese, 2000).
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Figure 4-7. In vivo function of derepression-defective crt1 mutants.
(A) Northern Blot analysis of transcription of RNR3 and HUG1 in various crt1 mutants.
(B) Western Blot results showing protein level of crt1 mutants. (C) Chromatin IP
analyzing Crt1 and Tup1 crosslinking and releasing from RNR3 promoter in response to
DNA damage. The IPed signals were normalized to the input and expressed as percentage
IP.
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Figure 4-8. In vitro coactivator interaction of mutant Crt1 proteins.
Fragments of Crt1 from wild type and mutants were expressed and purified as GST
proteins. The pull-down assay was carried out with yeast nuclear extract from a
SNF2-9Myc strain. Antibodies against Myc epitope, TAF1, and TAF6 were used
to detect the proteins retained from the extract.
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Figure 4-9. In vivo chromatin remodeling and coactivator recruitment of the
derepression-defective mutants.
(A) Nuclei were isolated from wild type and the derepression-defective crt1 mutants
(either treated or not treated with MMS), digested by Micrococcal nuclease (MNase) and
subjected to indirect end labeling detection. M is an inner control marker digested by (Pst
I + Eag I) and (Pst I + Mlu I). ND is the deproteinized DNA digested by MNase. The
open circles indicate the hypersensitive site at the edge of DREs which disappear in the
wild type strain upon MMS treatment but is preserved in all the derepression-defective
mutants. (B) Chromatin IP examining SWI/SNF and TFIID in vivo recruitment to RNR3
promoter in response to DNA damage. Polyclonal antisera against Snf2, TAF1, and TBP
were used.
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Figure 4-10. Crt1 in the regulation of DNA damage inducible genes.
(A) Under normal growth conditions, Crt1 binds to the URS and represses transcription
through two independent domains: the N-terminal Ssn6-Tup1 dependent domain and the
C-terminal Ssn6-Tup1 independent domain. The function mechanism of Ssn6-Tup1 is
discussed in Chapter 2 and 3. The mechanism of the C-terminus domain is not clear.
(B) Upon DNA damage, the corepressors are released first. Before its dissociation from
the URS, Crt1 might transiently recruits coactivators, such as TFIID and SWI/SNF, which
are required for chromatin remodeling and full activation of transcription. See text for
more discussion.
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Chapter Five

CONCLUSIONS AND PERSPECTIVES
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ELABORATE REGULATION OF RIBONUCLEOTIDE REDUCTASE
ACTIVITY
The ribonucleotide reductase (RNR) is an extensively regulated enzyme. In
response to the increased demand on cellular dNTP for DNA synthesis in S-phase or
repair upon damage, RNR and the genes encoding its subunits are subject to regulations
at different levels. At the transcription level, their mRNAs are induced in all the
organisms examined (for review see Elledge et al., 1993). The fission yeast RNR gene
suc22 mRNA is stabilized post-transcriptionally by cytoplasmic polyadenylation (Saitoh
et al., 2002). During the normal cell cycle, the large subunits, Rnr1 and Rnr3 are
predominantly localized to the cytoplasm while the small subunits, Rnr2 and Rnr4, are in
the nucleus. In response to DNA damage, Rnr2 and Rnr4 relocate to the cytoplasm to
form active enzyme with Rnr1 and Rnr4 (Yao et al., 2003). In addition, the enzyme can
be inhibited by binding of the inhibitor Sml1 (Zhao et al., 2001). During S-phase or DNA
damage, Sml1 is phosphorylated, dissociates from RNR enzyme, and releases the
repression. Transcription induction, cellular translocation, and Sml1 phosphorylation are
all regulated by the DNA damage checkpoint pathway, suggesting the coordination of
different aspects of RNR regulation. In addition to the different levels of regulation
mentioned above, the RNR enzymatic activity is constantly monitored and adjusted by
allosteric regulation (Reichard et al., 2000; Kashlan et al., 2002).
The elaborate regulation of RNR reflects the importance of the precise adjustment
of concentration of the building blocks for genetic material. It was recently shown that an
elevated dNTP pool results in higher mutation rate during the normal cell cycle, while the
inability to increase results in cell death upon DNA damage, reinforcing the biological
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relevance of this regulation (Chabes et al., 2003). Our characterization of the
transcriptional regulation of the yeast RNR genes elucidated the complexity in the
repression and induction of these genes. In the repressed state, Crt1, the sequence specific
repressor, recruits the global corepressor Ssn6-Tup1, which can function with as many as
three redundant mechanisms to achieve repression. In addition to Ssn6-Tup1 recruitment,
Crt1 also has another C-terminal domain to secure the repression. However, the purpose
of gene regulation is not to simply repress transcription, but rather to promptly readjust
transcription programming in response to environmental cues. From this point of view,
Crt1 is an excellent regulator. It not only can efficiently repress transcription, but also can
be converted into an activator when transcription is required to overcome the elaborately
established repressive condition.

DUAL-FUNCTION REGULATORS AND THE SWITCH
The dual role in transcription regulation is not unique to Crt1. The nuclear
receptors (NRs) in higher eukaryotes are well known for their ability to repress or
activate transcription in a ligand or context-dependent manner (reviewed in Glass and
Rosenfeld, 2000; McKenna and O’Malley, 2002). For example, the ligand-free thyroid
and retinoic acid receptors bound to cognate DNA can repress transcription by recruiting
corepressors N-CoR (nuclear receptor co-repressor) and SMRT (silencing mediator of
retinoid and thyroid-hormone receptors) (Horlein et al., 1995; Chen et al., 1995). Ligand
binding causes an coregulator exchange, in that corepressors are released and coactivators
such as TRAP (thyroid receptor associated proteins), a complex homologous to the yeast

178

Mediator, are recruited (Kurokawa, et al., 1995; Fondell et al., 1996; Rachez et al., 1999).
The yeast regulator of glucose repressed genes, Mig1 is another dual function factor
(Treitel and Carlson, 1995). In glucose rich media, Mig1 recruits Ssn6-Tup1 and repress
transcription in a wild type strain. However, in ssn6/tup1 mutants where the corepressor
function is disrupted, Mig1 activates transcription when it is recruited to a LacZ reporter
as a LexA fusion protein. It was then proposed that Mig1 might participate in the
activation of glucose repressed genes (Treitel and Carlson, 1995). However, since Mig1
is phosphorylated, and exported out of the nuclus upon glucose starvation, its activator
role might be transient, and not required for the constitutive transcription under induced
conditions (Treitel and Carlson, 1995; Devit et al., 1997). The Ssn6-Tup1 corepressor
also has dual roles in transcription, as mentioned previously. In particular, it is recruited
to the osmotic stress induced genes by the sequence specific protein Sko1 and represses
transcription under normal growth conditions (Marquez et al., 1998; Proft et al., 2001). In
response to osmotic stress, Sko1 and Tup1 remain at the promoter and are converted to a
coactivator by the Hog1 kinase that is required for SAGA and SWI/SNF recruitment
(Proft and Struhl, 2002).
The interesting question is what causes the conversion of Crt1 from a repressor to
an activator. In response to DNA damage, Crt1 is phosphorylated in a check point
pathway dependent manner, which coincides with RNR gene induction (Huang, et al.,
1998). Could this modification alter the affinity between Crt1 and corepressors (such as
Ssn6-Tup1) and coactivators (such as TFIID and SWI/SNF)? If that is true, during
activation of the DNA damage inducible genes there might be a transient exchange
between corepressors and coactivators at the promoter before Crt1 dissociates. A careful
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time course examination of crosslinking of these factors at the promoter would be
informative. It is also important to find the phosphorylation sites on Crt1 and the specific
kinase, and confirm their role of DNA damage inducible gene regulation.

DIFFERENCE BETWEEN DELETING A REPRESSOR GENE AND
REMOVING A REPRESSOR UNDER PHYSIOLOGICAL CONDITIONS
Under many circumstances, deletion of one gene has been assumed comparable to
the removal of the corresponding protein in response to physiological signals. However,
such an assumption is not always correct. A lesson is learned from our work on Crt1.
Deletion of CRT1 leads to full activation of the DNA damage inducible genes. Logically,
it would be deduced that at these promoters, activation was the default state of lack of
repression, and Crt1 was nothing more than a repressor. However, as discussed in
Chapter 4, the assumption is not correct that CRT1 deletion was equal to the removal of
Crt1 repressor from the promoter in response to DNA damage. In CRT1 deletion, a
repressive condition has never been established, while induction upon DNA damage
needs to overcome the elaborately organized repressive mechanisms. So the positive
effect from Crt1 under physiological conditions is not required when its target promoters
are constitutively transcribed in the deletion mutant. Through careful design that
preserves the repression ability of Crt1 under normal growth conditions, we revealed the
activator function of Crt1 during the DNA damage response. Trying to make the
experimental conditions as close as possible to the physiological situation has been one of
our consideration in designing experiments. For example, in construction of the Crt1
mutants, we deliberately cloned the CRT1 gene with the adjacent upstream and
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downstream sequence on one integration plasmid, mutated it in vitro, then reintroduced
the wild type and mutants into the native CRT1 locus so that their expression wouldn’t be
affected by the manipulation. As repression by Crt1 is dose-sensitive (Huang, et al.,
1998), our effort avoid many potential complexity in the latter data interpretation.

NUCLEOSOME POSITIONING VERSUS CHROMATIN REMODELING:
COORDINATION OF TRANSCRIPTION FACTORS
Mechanisms of nucleosome positioning are a relatively under-explored area in the
field of chromatin and transcription. Two groups of complexes, Ssn6-Tup1 and ISWI
containing complexes, have been shown to participate in nucleosome positioning.
However, there are some important questions unanswered regarding the function of these
two factors. For example, a “spreading and scaffold” model might explain Ssn6-Tup1
function at some promoters, but certainly not all. On the other hand, the ISWI containing
complexes were known to slide nucleosomes bidirectionally in vitro, but in vivo, they
usually slide nucleosomes in one direction. What accounts for the difference? Some
cellular factors have been proposed to modify or guide the function of ISWI complexes in
vivo, but such a factor has not been identified (Fazzio and Tsukiyama, 2003). By
demonstrating the extensive nucleosome positioning at certain loci and the collaboration
of Ssn6-Tup1 and ISW2, we provided an explanation to both questions. We proposed that
Ssn6-Tup1 is a cellular factor that can modify ISW2 function in vivo and brings locus
specificity to ISW2 function, and by collaborating with ISW2 nucleosome sliding
activity, Ssn6-Tup1 localized at URS can affect nucleosome positioning far downstream.
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As to the mechanism of the collaboration, we proposed a “barrier-sliding” model.
There are still many remaining questions to be answered. One question, for example, is
why ISW2 only affects the nucleosome positioning downstream of the RNR3 URS. Is that
due to the specific nature of the underlying DNA sequence? Or the directionality of ISW2
dependence is due to the intrinsic orientation of transcription? To check whether the
ISW2 dependency of nucleosome positioning is determined by the underling DNA
sequence, we can replace the upstream sequence with some RNR3 sequence (which is
dependent on ISW2 for nucleosome positioning) and examine the chromatin structure in
response to the ISW2 deletion. Checking the second possibility is challenging, but also
intriguing. Transcription machinery is known to leave “marks” on chromatin as it moves
through a gene (see Chapter 1 about histone covalent modifications), some of which can
be recognized by chromatin remodeling complexes (for example, H3 lysine 4 methylation
recognition by Isw1 and human SNF2h containing factors). These “marks” certainly
might affect the local distribution of chromatin remodeling complexes. In addition, as
histone tails are crucial for ISWI chromatin remodeling activity (Clapier et al., 2001),
histone modifications might also adjust the function of localized chromatin remodeling
complexes. Transcription in itself requires and likely results in disruption of nucleosome
positioning. It is intriguing to hypothesize that transcription machinery and activity might
automatically lead to some nucleosome positioning activity as a feedback. This
“feedback” might also explain why the nucleosome repeat of budding yeast is almost the
shortest in eukaryote kingdom (165 bp in yeast versus 180bp to 220 bp in higher
eukaryotes). It is known that yeast genome has a much greater portion of actively
transcribed genes than that of higher eukaryotes. Could the extensive transcription,
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through the potential “feedback” nucleosome positioning mechanism somehow lead to a
more tightly packaged chromatin structure? To address this hypothesis, we need to find a
way to completely abolish transcription at RNR3, including the basal level observed
under the repressed condition. Another strategy is to knock out the enzymes responsible
for the “marks” left by transcription machinery, which is worth a trial but might be
restricted by our knowledge about these marks and the potential redundancy among them.
Related to the “barrier-sliding” model is the role of factors that might function in
the opposite way, disrupting nucleosome positioning. By proposing that Ssn6-Tup1
functions as a barrier and ISW2 as nucleosome sliding factor, we imply distinct functions
for these two factors and the necessity of collaboration, and argue against their
independent role in nucleosome positioning at RNR3. However, antagonistic interactions
between Ssn6-Tup1 and SWI/SNF has been reported (Gavin and Simpson, 1997; Fleming
and Pennings, 2001). In addition, the nucleosome depositing/spacing activity of ISWI
complexes is somehow apparently opposite to the chromatin remodeling activity of the
SWI/SNF group (see Chapter 1 about chromatin remodeling strategies and results). Since
we know SWI/SNF plays a role in disrupting nucleosome positioning at RNR3 in
response to DNA damage, could it be possible that the nucleosome positioning at RNR3
is from the independent contribution of Ssn6-Tup1 and ISW2 in combating SWI/SNF
chromatin remodeling activity? We think this is unlikely based on our analysis of the
derepression-defective Crt1 mutants. If a combined force of Ssn6-Tup1 and ISW2 were
required for competing against SWI/SNF, loss of Ssn6-Tup1 would result in a break of
the balance and loss of nucleosome positioning. However, DNA damage treatment of the
derepression-defective mutants resulted in dissociation of Ssn6-Tup1 and unchanged
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crosslinking of SWI/SNF, without losing nucleosome positioning, suggesting such an
antagonistic mechanism is not the predominant mechanism controlling the chromatin
structure of the RNR3 locus. Taken together with the loss of nucleosome positioning in
SSN6, TUP1, or ISW2 deletion strains, this result also suggests that Ssn6-Tup1 and ISW2
collaboration is required for the establishment, but not maintenance of nucleosome
positioning at RNR3. (The difference between corepressor deletion and removal under a
relatively physiological condition, as discussed in last section, is underscored again here.)
On the other hand, SWI/SNF is required for the disruption of nucleosome positioning in
response to DNA damage (Sharma et al., 2003; Chapter 4). Although these two groups of
factors function oppositely, they are well coordinated in a way that they don’t function at
the RNR3 promoter at the same time. Ssn6-Tup1 and ISW2 function in the de novo
process of nucleosome positioning when SWI/SNF is not recruited to the promoter, while
SWI/SNF is recruited and functions in the disruption of nucleosome positioning upon
DNA damage when Ssn6-Tup1 is released from the promoter. So both nucleosome
positioning and its disruption (chromatin remodeling) are actively regulated processes,
and may be the result of a dynamic between positioning and disruptive activities (Fig. 51). It is not difficult to imagine why the cells prefer to do both process in an active (and
ATP-consuming) manner. If one state (for example, chromatin remodeling) was set as the
default of the other (nucleosome positioning), it would take longer time (maybe
generations) to passively achieve that state (chromatin remodeling) by only removing the
other (Nucleosome positioning). So achieving both states in an active manner secures
prompt and precise transcription regulation in response to environmental or physiological
cues. At some loci like RNR3, nucleosome positioning is achieved through recruiting
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Ssn6-Tup1 that collaborates with ISW2 under normal growth conditions, while chromatin
remodeling is achieved through releasing Ssn6-Tup1 and recruiting SWI/SNF complex in
response to DNA damage. To complement our knowledge about chromatin structure
regulation at RNR3 discussed above, an in vitro biochemical system with purified factors
would be very informative.
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Figure 5-1. Coordination of complexes in regulation of nucleosome positioning
(A) Under the repressed state, Crt1 recruites Ssn6-Tup1 which, in collaboration with
ISW2 complex positions nucleosomes at the promoter and the coding region (Chapter 2).
(B) Upon induction, Ssn6-Tup1 is released, but nucleosome positioning can be remained
unless SWI/SNF complex is recruited either transiently by Crt1 (Chapter 4) or by basal
transcription machinery (Sharma et al., 2003). Physical location of Ssn6-Tup1 and
SWI/SNF are regulated by a targeting mechanism, while that of ISW2 is not. The result
of ISW2 activity is adjusted by local chromatin factors such as the Crt1-Ssn6-Tup1
"barrier" bound to the URS. Without the barrier, the nucleosome sliding activity of ISW2
can not result in nucleosome positioning in vivo. SWI/SNF recruitment happens after
dissociation of Ssn6-Tup1, thus the factors responsible for chromatin remodeling and
nucleosome positioning (respectively) are coordinated temporally in response to the need
of transcription regulation.
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