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We have investigated the requirements for nucleosome

remodeling upon transcriptional induction of the GAL1

promoter. We found that remodeling was dependent on

two SAGA complex components, Gcn5 and Spt3. The

involvement of the latter was surprising as its function

has been suggested to be directly involved in TATA-binding

protein (TBP) recruitment. We demonstrated that this

novel function was in fact independent of TBP recruitment

and this was further validated using a Gal4-driven syn-

thetic promoter. Most importantly, we showed that the

involvement of Spt3 in chromatin remodeling was inde-

pendent of transcription, as it was also observed for a

nonpromoter nucleosome located next to an activator-

binding site. In an effort to explore how the Spt3 function

was elicited, we found that Mot1, an ATPase of the Snf2

family that genetically interacts with Spt3, was also re-

quired for nucleosome remodeling independently of TBP

recruitment. Interestingly enough, Spt3 and Mot1 were

recruited on the GAL1 promoter as well as on the non-

promoter site in an interdependent manner. These find-

ings show that the two proteins cooperate in nucleosomal

transactions.
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Introduction

Transcription initiation in eucaryotes is accomplished through

a well-orchestrated assemblage of large multisubunit com-

plexes onto gene regulatory regions. In yeast, these complexes

are recruited via interactions with DNA-binding transcrip-

tional activators and fall into operational categories. For

instance, there are those devoted in chromatin modifica-

tion—a prerequisite for gene activation—typified by the

Swi/Snf complex, but also those that establish physical inter-

actions between activation domains and the basic transcrip-

tional machinery, typified by the Mediator complex. A third

class, represented by the SAGA complex, has been implicated

as having both chromatin modification and adaptor functions.

The SAGA component, which is the major player in its

chromatin-related functions, is Gcn5. This protein is a histone

acetyltransferase (HAT) that preferentially acetylates specific

lysine residues at the N-termini of H3 histone, a modification

believed to assist nucleosome remodeling activities (Sterner

et al, 1999; Roth et al, 2001). Other SAGA components such as

Ada2 and Ada3 have been implicated in the regulation and

potentiation of the Gcn5 catalytic activity (Balasubramanian

et al, 2002; Sterner et al, 2002), whereas others such as Taf 68

are involved in the recognition of nucleosomal histones by

Gcn5 (Grant et al, 1998). SAGA is recruited to promoters via

the interaction of its Tra1 component with the activation

domain of transcriptional activators (Brown et al, 2001) and

its adaptor function is thought to be accomplished by com-

ponents such as Spt8 and Spt3, for which a number of

experiments suggest an interaction with the TATA-binding

protein (TBP) (Eisenmann et al, 1992, 1994; Lee and Young,

1998; Sterner et al, 1999).

As is the case for most nonessential for integrity SAGA

components, Spt3 is required for a subset of SAGA-regulated

genes and in a manner largely independent of Gcn5 (Lee et al,

2000). The SPT3 gene was first identified as a suppressor of

defects caused by Ty insertions into the promoter regions of

certain genes (Winston et al, 1984), a scheme that led to the

genetic isolation of other SPT genes encoding components of

the SAGA complex as well as the yeast TBP gene (SPT15)

(reviewed in Yamaguchi et al, 2001). Genetic and biochemical

studies have supported a direct interaction of Spt3 with TBP

(Eisenmann et al, 1992; Lee and Young, 1998; Dudley et al,

1999), and this has put forward the idea that Spt3 has a role

in the recruitment of TBP at certain promoters. This idea was

strengthened by the fact that Spt3 displays genetic interac-

tions with Mot1, Not1 and TFIIA, proteins that have also been

implicated in the biochemistry of TBP recruitment (Collart,

1996; Madison and Winston, 1997). Finally, this model is in

concert with recent studies showing that for both GAL1 and

the PHO5 promoters, Spt3 is required in vivo for TBP recruit-

ment upon transcriptional activation (Dudley et al, 1999;

Larschan and Winston, 2001; Barbaric et al, 2003).

The totality of the evidence suggests that Spt3 has a pivotal

role in the function of the SAGA complex as an adaptor,

perhaps equivalent to the role of Gcn5 HAT in the chromatin-

related functions of this complex. We were therefore intri-

gued by our earlier observations, which implicated a chro-

matin remodeling function for Spt3 on a synthetic promoter

(Syntichaki et al, 2000). In order to investigate further this

possibility, we initiated studies on nucleosome transitions of

the Spt3-dependent GAL1 promoter. Surprisingly, these stu-

dies revealed that Spt3 is indeed required for nucleosome

remodeling and in a manner independent of TBP recruitment.

These findings were further confirmed using a synthetic

promoter and more importantly the involvement of Spt3 in
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nucleosome remodeling was also observed at a nonpromoter

site (NPS) having an activator-binding DNA target.

Interestingly enough, results from additional experiments

gave functional significance to the genetic interaction of

Spt3 with the Mot1 ATPase, as they demonstrated a TBP

autonomous involvement of Mot1 in nucleosome remodeling

but in a manner dependent on Spt3.

Results

Spt3 is required for nucleosome remodeling at the GAL1

promoter

We investigated the possibility for the involvement of Spt3 in

the Gal4-dependent remodeling of two nucleosomes posi-

tioned at the GAL1 promoter (Figure 1A, see also Lohr,

1997). We first tested the contribution of the entire SAGA

complex, by eliminating the Spt20 component, which is

required for its integrity (Sterner et al, 1999). As shown in

Figure 1B, loss of Spt20 impaired nucleosome remodeling.

We then tested the contribution of individual SAGA compo-

nents such as Gcn5 and Spt3 both affecting transcriptional

activation of GAL1 (Dudley et al, 1999; Papamichos-

Chronakis et al, 2002). Consistent with its described role,

elimination of Gcn5 blocked nucleosome remodeling

(Figure 1B). Unexpectedly, the same phenotype was also

exhibited when Spt3 was absent, a result that assigned a

second function for Spt3, other than that involved with TBP

interactions. In order to examine the autonomy of the two

functions, we uncoupled TBP recruitment from chromatin

remodeling using a mutation of the GAL1 TATA (Topalidou

et al, 2003). On such a mutated promoter, TBP failed to be

recruited and transcriptional activation was compromised

(Topalidou et al, 2003), but the process of remodeling of

nucleosomes �2 and �1 was both qualitatively (Figure 1B

and C, top panels) and quantitatively (Figure 1B and C,

bottom panels) clearly unaffected (see also Axelrod et al,

1993; Topalidou et al, 2003). We found that this remodeling

was again relying on both Gcn5 and Spt3 (Figure 1C). We

concluded that Spt3 functions in nucleosome remodeling at

the GAL1 promoter in a manner independent of TBP recruit-

ment.

Spt3 functions in chromatin remodeling independently

of promoter context

GAL1 is a complex promoter and its transcriptional activation

requires, in addition to Gal4, derepression from a Mig1–

Ssn6–Tup1-mediated repression (Johnston et al, 1994;

Papamichos-Chronakis et al, 2002). In order to generalize

the above observations, we utilized a simplified synthetic

promoter based on PHO5 and in which a Gcn4 response

element was inserted in the linker region between nucleo-

somes �1 and �2 (Figure 2A, see also Topalidou et al, 2003).

Gal4-dependent transcriptional activation of this promoter

was achieved through a chimeric protein bearing the Gcn4

DNA-binding domain fused to the Gal4 activation domain

and expressed under the translational control system of

native Gcn4 (Thireos et al, 1984). In this way, we could

monitor Gal4-dependent transcriptional activation through

amino-acid limitation, thus avoiding the galactose-induced

signaling. As shown in Figure 2B, amino-acid limitation

resulted in a marked increase in transcription through this

promoter, which was highly dependent on Spt3 but not on
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Figure 1 Nucleosome remodeling at the GAL1 promoter depends on Spt3 and Gcn5 but not on TBP binding. (A) Schematic representation of
the GAL1 promoter indicating the Gal4-binding site (UAS), the positioned nucleosomes (�2, �1), the TATA element and the start site of
transcription (arrow). The restriction endonuclease cleavage site (PvuII) used to monitor nucleosomal remodeling is also indicated. (B)
Remodeling of �1 and �2 nucleosomes of the native GAL1 promoter (TATA) and (C) of a TATA less derivative (CGTA) was assayed by
micrococcal nuclease sensitivity in the indicated strains grown under repressive (GLU) or inducing (GAL) conditions. nDNA is the MNase
cleavage pattern for the purified GAL1 promoter. Bottom panels of (B) and (C) show the densitometry profile of the lanes corresponding to
MNase pattern of the repressed (GLU) and induced (GAL) wild-type or the TATA mutated GAL1 promoter.
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Gcn5. This dependency was not an indirect consequence of

the prohibition of activator recruitment as this was unaffected

by the Spt3 lesion (Figure 2C, left panel). Examination of the

requirement for nucleosome remodeling revealed that this

process also required Spt3 but not Gcn5 (Figure 2C, right

panel). Finally, the Spt3 involvement in nucleosome remo-

deling was independent of TBP recruitment as it was also

evident on a promoter mutated for the TATA element

(Figure 2C, right panel). We concluded that the TBP-inde-

pendent involvement of Spt3 in chromatin remodeling does

not depend on the promoter context.

Spt3 functions in nucleosome remodeling at a

nonpromoter site

Based on the fact that SAGA can be recruited by Gal4 even at

nonpromoter regions containing the cognate DNA target

(Bhaumik and Green, 2001), we transferred the DNA region

occupied by nucleosome �2 along with the Gcn4-binding site

on a yeast episomal vector (Figure 2D, left, see also Topalidou

and Thireos, 2003). As expected, high amounts of the Gcn4–

Gal4 hybrid protein could recruit SAGA on this site (see

below) but not TBP (data not shown). When growth was

shifted to amino-acid limitation conditions, the nucleosome

organized by this DNA was remodeled in a manner depen-

dent on Spt3 but not on Gcn5 (Figure 2D, right). This result

was important as it uncoupled completely Spt3’s participa-

tion in nucleosome remodeling not only from TBP recruit-

ment but also from other steps in transcription initiation.

Mot1 is required for Gal4-directed nucleosome

remodeling

Given the above results, the obvious question was how Spt3

could mediate chromatin remodeling. We approached this

question by examining factors that have been previously

shown to interact genetically with Spt3 and are required for

GAL1 transcription. One of these is the TBP interacting

protein Mot1 that belongs to the Snf2 family of ATPases

(Auble et al, 1994; Collart, 1996; Madison and Winston,

1997; Prelich, 1997). Strains mutated for the MOT1 gene

proved to have some interesting properties. Firstly, in the

absence of a functional Mot1, both transcriptional activation

and nucleosome remodeling at the GAL1 promoter could not

be accomplished (Figure 3A, top and 3B) and this was not

due to a failure of Gal4 recruitment (Figure 3A, bottom).

Secondly, the positive function of Mot1 on nucleosome

remodeling involved its ATPase domain, as a point mutation

that affects this function (Dasgupta et al, 2002) exhibited the

same phenotypes (Figure 3B). Finally, Mot1 was also re-

quired for nucleosome remodeling at the NPS as assayed

both by restriction endonuclease sensitivity and micrococcal

nuclease digestions (Figure 3C), and this was not the indirect

result of activator recruitment (Figure 3D). Interestingly

enough, Mot1 dependence was activator independent as

transcriptional activation through the bPHO5 promoter direc-

ted by the Gcn4 activation domain was also compromised in

a mot1-1 strain (data not shown). We concluded that Mot1,

a protein that, similarly to Spt3, has been connected with

TBP recruitment (Andrau et al, 2002; Geisberg et al, 2002), is

involved in Gal4-guided nucleosome remodeling in a TBP

recruitment autonomous manner.

Interdependent recruitment of Spt3 and Mot1

The similar phenotypes of mot1-1 and spt3D prompt us to

investigate any dependencies in the recruitment of the corre-

sponding proteins on the tested chromatin templates. We first

investigated whether Mot1 occupied these regions. For the

GAL1 promoter, we observed that under inducing conditions

Mot1 was indeed recruited and this was dependent on both

the presence of Gcn5 and Spt3 (Figure 4A). These dependen-

cies were not due to an indirect effect on the amount or the

recruitment potential of Mot1, as its reported occupancy

(Andrau et al, 2002) at the SAGA-independent PGK1 promoter

(Lee et al, 2000) was unchanged in either gcn5 or spt3 strains

(Figure 4A). In addition, we should note that in both strains
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Figure 2 Spt3 is involved in nucleosome remodeling independently
of the promoter context. (A) Schematic representation of the bPHO5
synthetic promoter indicating the positioned nucleosomes (�2,
�1), the Gcn4-binding site (GCRE), the TATA element, the start
site of transcription (arrow) and the ClaI cleavage site used for
monitoring nucleosome remodeling. (B) bPHO5–HIS3 mRNA
(bPHO5) isolated from the indicated strains expressing the Gcn4–
Gal4 chimeric activator and grown under repressive (M) or inducing
(AT) conditions. DED1 mRNA was used as a loading control. (C)
Left: occupancy of the bPHO5 promoter by the Gcn4–Gal4 hybrid
activator in gcn4 (WT) and gcn4spt3 (spt3) strains growing either
under repressive (open bars) or inducing (gray bars) conditions.
This was determined by ChIP and quantitative PCR and numbers
reflect the fold enrichment of the tested DNA relative to a region of
PHO5 ORF after correction for the ratios of amplification achieved
using input DNA. Right: remodeling of the �2 nucleosome at the
bPHO5 synthetic promoter (TATA) and its mutated derivative
(CGTA). Remodeling was assayed by accessibility to restriction
enzyme ClaI in the gcn4 (WT), gcn4gcn5 (gcn5) and gcn4spt3
(spt3) strains expressing the chimeric activator and growing under
repressive (M) or inducing (AT) conditions. P is the protected DNA,
whereas U is a fragment that results by ClaI cleavage and secondary
digestions. Also shown is the quantification of these experiments
expressed as the ratio of unprotected to protected (U/P) DNA
fragments. (D) Left: schematic representation of the NPS indicating
the �2 nucleosome, the Gcn4-binding site (GCRE) and the ClaI
cleavage site used for monitoring nucleosome remodeling. Right:
remodeling of the �2 nucleosome at the NPS. Remodeling was
assayed and quantified as described in (C).
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wild-type levels of Gal4 are recruited on GAL1 (Dudley et al,

1999). Interestingly enough, Mot1 was also recruited at the

NPS in the absence of any bound TBP but this was only

dependent on Spt3 (Figure 4B). Neither Mot1 occupancy on

PGK1 promoter (Figure 4B, left) nor Gcn4–Gal4 recruitment

at the GCRE site (Figure 2C, left) was dependent on Spt3, two

facts arguing again against indirect effects resulting from the

absence of this SAGA component. Surprisingly, Spt3 (and

presumably SAGA) could not be assembled on both tested

sites in the absence of Mot1 (Figure 4C and D). It should be

noted that in mot1-1 strains, Gal4 recruitment on GAL1 as

well as that of Gcn4–Gal4 at the nonpromoter GCRE were

unaffected (Figure 3A, bottom and 3D). In addition, Mot1

was not required for the integrity of SAGA as in a mot1-1

strain, SAGA was assembled properly on promoters requiring

its function (Bhaumik and Green, 2002) but not requiring

Mot1 (Andrau et al, 2002) such as that of ADH1 (Figure 4C

and D). This observed interdependent recruitment indicated a

tight coordination for the assembly and chromatin remodel-

ing function of Mot1 and Spt3 on Gal4-regulated promoters.

Discussion

In this report, we have revealed a novel role involving

nucleosome remodeling for two transcriptional regulators,

Spt3 and Mot1, both implicated in taking part, either posi-

tively or negatively, in the mechanisms of TBP recruitment

(Auble et al, 1994, 1997; Dudley et al, 1999; Larschan and

Winston, 2001; Andrau et al, 2002; Bhaumik and Green,

2002; Barbaric et al, 2003). Our results demonstrate unequi-

vocally that their function in nucleosome remodeling is

independent of the stable recruitment of TBP, as it was

evident in both tested promoters in the absence of a TATA

element. Most importantly, both proteins were required for

the remodeling of a nucleosome located just next to an

activator landing site where not only TBP cannot be as-

sembled but also transcription initiation is precluded.

Elegant genetic studies have identified allele-specific inter-

actions between spt3 and spt15 mutations (Madison and

Winston, 1997; Larschan and Winston, 2001). These data,

combined with the evidence for interaction between Spt3 and

TBP (Eisenmann et al, 1992), led to the proposal that this

SAGA component is involved in the adaptor functions of the

complex that support the recruitment of TBP (Larschan and

Winston, 2001; Bhaumik and Green, 2002; Barbaric et al,
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mRNA isolated from wild-type (WT) and mot1-1 strains grown
under inducing conditions (GAL). ACT1 mRNA was used as a
loading control. Bottom: GAL1 promoter occupancy by Gal4 mon-
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PGK1 promoters by Mot1. Chromatin immunoprecipitation was
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and growing under repressive (GLU) or inducing (GAL) conditions.
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2003). Now we show that Spt3 has a function in nucleosome

remodeling, which is independent of TBP recruitment. These

two functions could be completely separable or alternatively

they might be detached but highly coordinated. Finally, we

cannot exclude the possibility that both phenotypes could

reflect a single but yet elusive function in which one reaction

permits both nucleosome remodeling and the recruitment of

TBP.

It is well established that another SAGA component in-

volved in nucleosome remodeling is the Gcn5 HAT. Whole

genome studies have shown that among the SAGA-dependent

genes, the requirements for Gcn5 or Spt3 are distinct and only

a small proportion requires both proteins for transcriptional

activation (Lee et al, 2000). Indeed, both activation and

remodeling of the synthetic promoter and its derivatives

were Gcn5 independent, a fact demonstrating that the invol-

vement of Spt3 in nucleosome remodeling is not mediated by

this HAT. On the other hand, nucleosome remodeling at the

GAL1 promoter was dependent on both Gcn5 and Spt3. It is

possible that these requirements reflect the complexity of the

transcriptional activation of this promoter that necessitates

relief from Ssn6/Tup1-mediated repression. This repression,

being mediated by HDACs, could explain the requirement for

an opposing activity such as the Gcn5 HAT on the native

GAL1 promoter.

If Gcn5 does not mediate Spt3 function then how is this

elicited? A clue that could offer mechanistic explanations on

the role of Spt3 in nucleosome remodeling was offered by our

findings for a similar function performed by the Mot1 ATPase.

Mot1 was initially identified as a negative regulator of

transcription involved in the mechanics of TBP recruitment

(Auble et al, 1994). Mot1 was found to bind in vitro to either

free or DNA bound TBP and to effect an ATP-dependent

dissociation of TBP from its target DNA (Auble et al, 1994,

1997). Although this enzymatic property can explain its

repressive function, it is insufficient to provide reasoning

for the recently discovered positive function of Mot1 in

transcription (Andrau et al, 2002; Dasgupta et al, 2002).

Indeed, whole genome studies revealed that approximately

7% of the yeast genes do require Mot1 for transcription and

this was positively correlated with TBP recruitment (Andrau

et al, 2002; Geisberg et al, 2002). This correlation is far from

demonstrating a direct involvement of Mot1 in TBP recruit-

ment, but it is in concert with an indirect effect as suggested

by our findings. Thus, the positive role of Mot1 in transcrip-

tion and specifically that of its ATPase activity can be

attributed to its role in nucleosome remodeling, which in

turn allows for the stable recruitment of TBP. Mechanistically,

this role can be direct and analogous to that of Snf2, a known

player in nucleosome remodeling that belongs to the same

ATPase family.

Irrespective as to whether Mot1 involvement in chromatin

remodeling is direct, such a function could mediate the

observed role of Spt3 in nucleosome remodeling. Support

for such mediation comes from the reported genetically

deduced interaction of the two proteins, and our findings

showing the requirement of Spt3 for the stable recruitment of

Mot1. The fact though, that Mot1 was also required for

recruitment of SAGA, excludes a simple model based on

sequential dependencies for recruitments and suggests a

functional coordination on chromatin remodeling that deter-

mines the stability of the recruitments. Given the fact that

upon remodeling the DNA contacts with nucleosomal his-

tones are lost (Boeger et al, 2003; Reinke and Horz, 2003), an

interesting speculation is that following an initial Spt3-de-

pendent Mot1-driven nucleosome remodeling, SAGA could be

stabilized through contacts of the now free DNA with its

histone fold containing TAF II components (Selleck et al,

2001). In turn, stabilization of Mot1 and thus maintenance of

the remodeled state could be secured through its interaction

with SAGA, a fact supported by relevant immunoprecipitation

experiments (our own unpublished observations).

Materials and methods

Yeast strains and media
The gcn4D, gcn5D, gcn4Dgcn5D, spt3D and spt3Dgcn4D strains were
obtained by appropriate gene disruptions of a GAL2 S288C parental
strain with the genotype MATa trp1-1, leu2-3, ura3-52 as described
in Georgakopoulos et al (1995). The FY1291 strain (MATa, leu2D1,
ura3-52, arg4-12, lys2-173R2, trp1D63, spt20D::ARG4) was provided
by F. Winston. The JD215B strain (Mata, leu2-3,112, ura3-52, trp1-1,
his4-519, can1-101 mot1-1) was rendered gcn4D using kanamycin
selection. Wild-type, gcn5D or spt3D strains bearing the mutated
GAL1 CGTA element were derived by two step replacements of their
endogenous loci as described previously (Topalidou et al, 2003).
Mot1 and Spt3 were tagged at the C terminus with 9 Myc epitopes,
as described in Topalidou and Thireos (2003). Repressed growth
conditions were either rich medium (YPD) or minimal medium
supplemented with the required amino acids. High levels of Gcn4-
dependent transcription were achieved either by adding 3-AT to the
medium at a concentration of 10 mM and thus eliciting histidine
limitation or by histidine depletion of histidine auxotrophic strains.
GAL1 induction was achieved by growing cells to mid log phase in
rich media containing 2% raffinose and then shifted to YPG (2%
galactose) for 30 min.

Plasmid constructions
The synthetic reporter bPHO5 and mononucleosomal construct NPS
have been described in Topalidou and Thireos (2003). The bPHO5–
HIS3 reporter was derived by replacing the LacZ ORF of bPHO5 with
a truncated HIS3 gene. The Gcn4–Gal4 hybrid was constructed by
replacing the activation domain of a genomic clone of Gcn4 (amino
acids 54–168) with the activation domain of Gal4 (amino acids 768–
881). The TATA box mutations within the synthetic reporter or the
GAL1 gene were obtained by site-directed mutagenesis as described
in Topalidou and Thireos (2003). The plasmid expressing the Mot1
ATPase mutant (mot1–K1303A) was a gift from D Auble (Dasgupta
et al, 2002).

Gene expression analysis and in vivo nucleosome remodeling
assays
Total yeast RNA was isolated from yeast cells grown to an OD550

B0.6–0.8 by the hot phenol method as described in Topalidou et al
(2003). Remodeling of nucleosome �2 was assayed by the
restriction enzyme accessibility assay as described in Topalidou
and Thireos (2003). Accessibility was monitored following second-
ary digestions with EcoRI/HindIII or PvuII/HindIII (for the mono-
nucleosomal construct) and probing with the EcoRI–HindIII PHO5
fragment. Micrococcal nuclease assays were performed using
nystatin-permeabilized spheroplasts (Topalidou et al, 2003). Fol-
lowing MNase digestions, the nucleosomal structure of the GAL1
promoter was analyzed by the indirect end labeling method, using
PvuII for secondary digestion and the BsaI–PvuII fragment of GAL1
as a probe. Similarly, the nucleosomal structure of the region
upstream of the nonpromoter GCRE was analyzed by indirect end
labeling using SspI for secondary digestion and a PCR fragment
encompassing positions 1360–1700 of pRS316.

Chromatin immunoprecipitation
Chromatin was immunoprecipitated as described in Topalidou et al
(2003) using either anti-Myc antisera (Santa Cruz) or an antibody
against Gal4 C-terminal activation domain (Abcam). The recovered
DNA was subjected to quantitative real-time PCR analysis. GAL1
promoter was analyzed using primers encompassing the Gal4 UAS
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and nucleosome �2 (primer coordinates �169 and �370). A primer
corresponding to the GCRE element along with a primer specific to
the region of nucleosome �2 (50 CATTGGTAATCTCGAAT 30) were
used for PCR amplification of the mononucleosomal reporter DNA.
The coordinates of the primers amplifying the ADH1 promoter were
�220 and �9 and those of PGK1 were �310 and �69 relative to the
start codon. Quantification reflected the fold enrichment of
the tested DNA relative to a region of PHO5 ORF (primer
coordinates þ 1017 and þ 1220) after correction for the ratios of
amplification achieved using input DNA. Each chromatin IP was

repeated at least three times and the variation between experiments
was 78–10%.
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