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Chaperones, nucleosome remodeling complexes, and histone acetyltransferases have been implicated in nucleosome disas-
sembly at promoters of particular yeast genes, but whether these cofactors function ubiquitously, as well as the impact of
nucleosome eviction on transcription genome-wide, is poorly understood. We used chromatin immunoprecipitation of his-
tone H3 and RNA polymerase Il (Pol ) in mutants lacking single or multiple cofactors to address these issues for about 200
genes belonging to the Gen4 transcriptome, of which about 70 exhibit marked reductions in H3 promoter occupancy on
induction by amino acid starvation. Examining four target genes in a panel of mutants indicated that SWI/SNF, Gcnb, the
Hsp70 cochaperone Ydjl, and chromatin-associated factor Yta7 are required downstream from Gcn4 binding, whereas
Asfl/Rttl09, Napl, RSC, and H2AZ are dispensable for robust H3 eviction in otherwise wild-type cells. Using ChlP-seq
to interrogate all 70 exemplar genes in single, double, and triple mutants implicated Gen5, Snf2, and Ydjl in H3 eviction
at most, but not all, Gen4 target promoters, with Gcn5 generally playing the greatest role and Ydjl the least.
Remarkably, these three cofactors cooperate similarly in H3 eviction at virtually all yeast promoters. Defective H3 eviction
in cofactor mutants was coupled with reduced Pol Il occupancies for the Gen4 transcriptome and the most highly expressed
uninduced genes, but the relative Pol Il levels at most genes were unaffected or even elevated. These findings indicate that
nucleosome eviction is crucial for robust transcription of highly expressed genes but that other steps in gene activation are

more rate-limiting for most other yeast genes.
[Supplemental material is available for this article.]

Nucleosome disassembly in promoters accompanies gene activa-
tion in the yeast Saccharomyces cerevisiae (Boeger et al. 2003;
Reinke and Horz 2003) and is thought to enhance transcriptional
activation by increasing access of general transcription factors
(GTFs) and RNA polymerase II (Pol II) to the promoter and tran-
scription start site (TSS) (Adkins et al. 2007; Zhang and Reese
2007). Genome-wide maps of nucleosome locations reveal a ster-
eotypical pattern of nucleosome-depleted regions (NDRs) of
~120 bp flanked by the —1 and +1 positioned nucleosomes, with
the TSS lying within the +1 nucleosome. Promoter elements and
upstream activator binding sites (UAS elements) reside within
the NDR and can extend upstream into the —1 nucleosome
(Jiang and Pugh 2009b; Wang et al. 2011; Cui et al. 2012; Rando
and Winston 2012). The position of the TSS implies that the +1 nu-
cleosome will be displaced or evicted at least transiently by Pol II.
Similarly, binding of GTFs should be hindered by nucleosomes
in the NDR, and activators will compete with nucleosomes in
the NDR or -1 locations. The paucity of nucleosomes in the
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NDRs appears to be dictated by a combination of poly(dA:dT)
tracts thought to destabilize nucleosomes, binding sites for abun-
dant GTFs, and recruitment of chromatin modifying activities by
gene-specific activators bound to UAS elements (Cairns 2009;
Jiang and Pugh 2009Db; Bai et al. 2011).

Nucleosome disassembly may occur by reversing the assem-
bly process catalyzed in vitro by histone chaperones, such that re-
moving H2A-H2B dimers would precede dissociation of the (H3/
H4), tetrameric core from DNA (Elsasser and D’Arcy 2012). If so,
chromatin immunoprecipitation (ChIP) analysis of H3 occupancy
is well suited for monitoring eviction of nucleosome cores (hence-
forth described as nucleosome eviction). Other approaches that
measure susceptibility of DNA to cleavage by nucleases may not
distinguish between noncanonical nucleosomes, e.g., lacking an
H2A-H2B dimer, and histone-free DNA. Importantly, ChIP analy-
sis of H3 has demonstrated that the histone chaperone Asfl
promotes nucleosome eviction at activated PHOS5 and PHOS pro-
moters without affecting UAS occupancy of the activator Pho4
(Adkins et al. 2004, 2007; Korber et al. 2006). Asfl likely also
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contributes to eviction of H3/H4 at GAL genes following dissocia-
tion of H2A-H2B dimers (Schwabish and Struhl 2006). Yeast FACT
complex (Spt16/Pob3) and Nhp6a/Nhp6b, often considered sub-
units of yFACT, are required for efficient eviction of both H2A-
H2B and H3/H4 at PHOS5 (Ransom et al. 2009) but could affect
UAS binding by Pho4. Both Asfl and yFACT are required for WT
nucleosome eviction at URS2, but not at URS1, of the HO gene, al-
though yFACT and the activator SBF are interdependent for WT
URS2 occupancy (Takahata et al. 2009). Interestingly, the general
chaperones Hsp90/Hsp70 are required for rapid loss of nucleo-
somes at GAL genes, without affecting activator Gal4 occupancy,
and both proteins are recruited by Gal4 to the UAS (Floer et al.
2008). Thus, among the chaperones, Asfl and Hsp90/Hsp70
most clearly function downstream from activator binding.

ATP-dependent chromatin remodelers have also been impli-
cated in nucleosome remodeling or eviction (Elsasser and D’Arcy
2012). Eliminating Snf2, a catalytic subunit of SWI/SNF, reduces
nucleosome remodeling at PHOS (Gregory et al. 1999) and impairs
remodeling and eviction at PHOS; however, binding of activator
Pho4 to the PHOS UAS is also reduced in snf2A cells (Adkins et
al. 2007; Barbaric et al. 2007). Reduced Pho4 binding could also ap-
ply to overlapping functions described for SWI/SNF, Ino80, RSC,
Iswl, and Chdl in nucleosome remodeling at PHO5 (Musladin
et al. 2014). SWI/SNF is needed for efficient nucleosome remodel-
ing (Hirschhorn et al. 1992) and eviction at SUC2 (Schwabish and
Struhl 2007), GAL1 (Bryant et al. 2008), HO (Gkikopoulos et al.
2009), RNR1I (Sharma et al. 2003), and CHA1 (Ansari et al. 2014),
but whether it functions upstream of or downstream from activa-
tor binding is not always clear. SWI/SNF also contributes to nucle-
osome eviction at heat-shock-induced genes (Shivaswamy and
Iyer 2008), but functional redundancy between SWI/SNF and
Isw1 in histone eviction at heat-shock promoters involved effects
on activator Hsfl binding (Erkina et al. 2010). Depleting the es-
sential catalytic subunit of RSC, Sth1, was found to increase nucle-
osome occupancy at a subset of 100-200 yeast promoters in
the region of the +1 nucleosome (Parnell et al. 2008) or NDR
(Hartley and Madhani 2009), implicating RSC in nucleosome evic-
tion from promoters; however, the opposite conclusion emerged
from a reduction in promoter H3 occupancies evoked by Sth1
depletion for the genes enriched for RSC in promoter regions
(Spain et al. 2014).

Histone acetylation can promote nucleosome eviction by de-
stabilizing nucleosome structure or promoting recruitment of
chromatin remodelers. Hyperacetylated histones promote recruit-
ment of SWI/SNF in vitro (Hassan et al. 2002), consistent with
the requirement for both Gcn$, the HAT subunit in SAGA, and
Snf2 for nucleosome remodeling at ADH2 (Verdone et al. 2002;
Biddick et al. 2008) and PHOS8 (Gregory et al. 1999). GenS and
Snf2 also promote remodeling at PHOS under suboptimal induc-
tion conditions (Barbaric et al. 2007), although Pho4 binding at
PHOS is impaired in snf2A and gcnSA cells under certain conditions
(Adkins et al. 2007). Interestingly, GenS is required for nucleosome
displacement at URS2 but not URS1 at HO, whereas SWI/SNF func-
tions at both sites (Takahata et al. 2009). Acetylation of H3K56 by
Rtt109/Asf1 also plays a role in nucleosome eviction, as the dele-
tion of RTT109 or the substitution of H3K56 with nonacetylatable
R56 mimics asfIA in delaying nucleosome eviction at PHOS
(Williams et al. 2008).

The full complement of chaperones, remodelers, and HATs
that participate directly in nucleosome eviction at any yeast pro-
moter is incompletely understood. It is unclear whether every co-
factor implicated at one gene also contributes at a majority of other

yeast genes. Moreover, the magnitude of changes in transcription
that accompany reductions in nucleosome eviction in mutants
has not been addressed on a genome-wide scale. To address these
issues, we examined the Gcn4 transcriptome, composed of hun-
dreds of genes, including most amino acid biosynthetic genes,
that are coordinately induced by amino acid starvation, owing to
rapid induction of activator Gen4 (Hinnebusch 2005). Multiple
cofactors have been implicated in modifying promoter nucleo-
somes and recruiting TATA-binding protein (TBP; Spt15 in yeast)
and Pol II to particular Gen4 target gene promoters (Berger et al.
1992; Georgakopoulos and Thireos 1992; Pina et al. 1993; Drysdale
etal. 1998; Grant et al. 1998; Natarajan et al. 1998, 1999; Kuo et al.
2000; Swanson et al. 2003; Qiu et al. 2004; Govind et al. 2005).
Induction of Gen4 evokes strong eviction of H3 from the promoter
of one such target gene, ARG1 (Govind et al. 2010), and genome-
wide analysis of MNase-resistant nucleosomal DNA revealed ex-
tensive nucleosome loss in promoters and coding sequences
(CDSs) of many Gcn4 targets (Cole et al. 2011). However, the co-
factors required for nucleosome disassembly at ARG1 and other
Gcen4 target genes are largely unknown.

Here, we examined a panel of mutants lacking one or more
chaperones, remodelers, or HATs for defects in H3 eviction or
Gcen4 binding at four canonical Gen4 target genes and identified
the Hsp70 cochaperone Ydj1, Snf2, and GenS as cofactors with im-
portant roles in nucleosome disassembly downstream from Gcn4
binding at one or more of these genes. We then examined the
consequences of eliminating one or more of these cofactors on nu-
cleosome eviction and transcription for the entire Gen4 transcrip-
tome, as well as all other yeast genes. The results indicate extensive
cooperation by Gen$, Snf2, and Ydjl in eviction of promoter nu-
cleosomes genome-wide and in achieving robust transcription of
the most highly expressed subset of genes in yeast.

Results

Functional cooperation of SWI/SNF, Gen5, and Ydjl
at four Gen4 target promoters

By use of ChIP assays, we showed previously that induction of
Gcn4 by limiting cells for isoleucine and valine (Ile/Val) using
the drug sulfometuron methyl (SM) evokes reduced H3 occupancy
in the ARG promoter (Govind et al. 2005). We verified that the
SM-induced reduction in H3 occupancy at ARG1 requires Gcn4
(Supplemental Fig. S1A,B) and demonstrated Gen4-dependent re-
ductions in H3 occupancy in the promoters of ARG4, HIS4, and
CPA2 (Supplemental Fig. S1C-E). Subsequently, we conducted
H3 ChIP analysis of these four genes in various mutants with de-
fects in the catalytic subunits of remodeling complexes SWI/SNF
(Snf2) or RSC (Sth1), GenS, cofactors required for H3K56 acetyla-
tion (Rtt109/Asf1), or histone chaperones Nap1 or yFACT (Spt16).
We also examined mutant chaperones in the Hsp90 family
(Hsp82/Hsc82), Hsp70 family (Ssal/Ssa2), the Hsp40 cochaperone
Ydj1 implicated in nucleosome eviction of GAL genes (Floer et al.
2008), and a mutant lacking chromatin-associated AAA-ATPase
Yta7 (Gradolatto et al. 2008; Lombardi et al. 2011, 2015). Aiming
to identify mutations that impair H3 eviction without reducing
Gcn4 binding, we conducted Gen4 ChIP analysis in the same
mutants.

The snf2A strain displayed elevated H3 occupancy at HIS4 ap-
proaching that seen in gcn4A cells, but showed nearly WT H3 occu-
pancies at the other genes (Fig. 1A). The ydjIA mutant had a less
pronounced defect in H3 eviction, limited primarily to ARGI
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Figure 1.
Gcen4 (D) under inducing conditions, as in Supplemental Figure S1. Mean (+SD

Snf2, Gen5, and Ydj1 cooperate in H3 eviction from promoters of four Gecn4 target genes. (A-D) Conventional ChIP analysis of H3 (A-C) or

) values from three or more biological replicates; Student’s t-tests identify

significant differences [(*) P<0.01]. (E) Mean H3 eviction defect indices (EDIs) were calculated as in Supplemental Figure S3A from experiments summa-

rized in Supplemental Figure S4A and color-coded, with all SEMs <20% of mea

n values. Gcn4 occupancies were determined from replicate experiments

conducted as in D and summarized in Supplemental Figure S4B. Occupancies in each mutant were normalized to those in WT cells, and mean normalized

occupancies were calculated from three or more replicates, with all SEMs <20%
Figure S3A,B and are duplicated here for comparison.

(Fig. 1A). WT or greater Gen4 occupancies occurred at all four
genes in both mutants (Fig. 1D). Similar ChIP analyses of gcn5A
cells revealed a significant defect in H3 eviction only at ARG4
(Fig. 1A), which was not attributable to reduced Gcn4 occupancy
(Fig. 1D). Defects in H3 eviction conferred by snf2A and gcn5A
were restricted to inducing conditions (Supplemental Fig. S2).
The results of ChIP experiments for all single mutants are
summarized in Supplemental Figure S3A, using an eviction defect
index (EDI) that compares the magnitude of the defect in H3 evic-
tion in each mutant to that observed in the gcn4A strain (with the
maximum defect in Gcn4-dependent eviction) (Supplemental
Fig. S3A). EDI values of zero and 1.0 indicate, respectively, low-
level H3 occupancies seen in induced WT cells (WT)) and the
high levels observed in gcn4A cells. Negative EDI values indicate
H3 eviction more extensive than in WT; cells and likely signify de-
fective nucleosome replacement versus eviction. Importantly,
none of the mutants lacking only a single cofactor showed marked
eviction defects at all four genes (fewer than four yellow to red

of mean values. (N/A) Not applicable. These data appear in Supplemental

cells in rows 2-17), and many displayed either no substantial evic-
tion defect (all white cells) or apparent defects in nucleosome re-
placement (all grey cells) at multiple genes (Supplemental Fig.
S3A). The adalA strain, lacking a core subunit of SAGA, displays
marked H3 eviction defects at ARG4 and HIS4 (Supplemental
Fig. S3A, row 5), and as gcnSA strongly affected only ARG4 (row
6), a non-HAT function of SAGA impaired by adalA is likely re-
quired at HIS4. The spt16-169 mutant, with an impaired yFACT
complex, exhibits moderate H3 eviction defects at ARGI and
ARG4; however, the corresponding Gcn4 occupancies are substan-
tially reduced at both genes (Supplemental Fig. S3A, row 9), pre-
cluding the conclusion that yFACT acts downstream from Gcn4
binding.

Eliminating Asfl or Rtt109 did not impair H3 eviction and,
generally, evoked lower H3 occupancies than in WT cells
(Supplemental Fig. S3A, rows 7-8), which might reflect the known
function of Asf1 in nucleosome reassembly (Das and Tyler 2012).
Among mutations affecting HSP chaperones, only ydjIA and the
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ssalAssa2A double deletion conferred significant defects in H3
eviction with little effect on Gecn4 occupancy, which were limited
to ARG1 (Supplemental Fig. S3A, rows 12-16). Deletion of HTZ1,
encoding H2A variant H2A.Z, did not markedly alter H3 eviction,
neither did inactivation of the RSC ATPase subunit in sth1-3 cells at
the restrictive temperature nor elimination of the Med15/Gall1
subunit of Mediator, which reduces Mediator recruitment at
ARG]1 (Supplemental Fig. S3A; Zhang et al. 2004).

Our finding that H3 eviction was generally impaired at only a
single gene in these mutants could indicate distinctive mecha-
nisms of nucleosome eviction at each gene. Alternatively, the co-
factors might function broadly, but their contributions are
masked by other cofactors at particular genes. To explore this sec-
ond possibility, we conducted ChlIP analysis of various double mu-
tants lacking Snf2, GenS, Yta7, or Ydj1, cofactors whose absence in
single mutants impaired nucleosome eviction at one or more
genes without reducing Gen4 binding (Supplemental Fig. S3A).
H3 eviction in the snf24ydj1A double mutant is substantially defec-
tive at all four promoters; however, Gecn4 UAS occupancy was
30%-40% below WT at these genes (Fig. 1E, row 4). Importantly,
after introducing additional copies of GCN4 on a low-copy (Ic)
plasmid, the resulting snf2Aydj1A/lcGCN4 strain displayed marked
defects in H3 eviction at all four genes (Fig. 1B) with essentially WT
Gcen4 binding (Fig. 1D,E). Comparing mean EDI values from mul-
tiple replicates confirmed that the snf2Aydj1A/1lcGCN4 mutant ex-
hibits H3 eviction defects at ARG4 and CPA2 that are significantly
greater than those seen in the single mutants, in addition to
defects at ARGI and HIS4 evident in the single mutants (Supple-
mental Fig. S4A). Thus SWI/SNF and Ydj1 do not act exclusively
at HIS4 and ARG]I, respectively, and have overlapping functions
at ARG4 and CPA2.

Analogous results were obtained for the gcn54ydj1A double
mutant, except that extra copies of GCN4 were not required for
WT Gcn4 occupancies. In the double mutant, H3 eviction was
markedly impaired at ARG4, HIS4, and CPA2 (Fig. 1C), whereas
only ARG4 was affected in gcnSA cells (Fig. 1A). Moreover, the
defect at ARG4 conferred by gcnSA was exacerbated by ydjIA in
the double mutant (Fig. 1E, rows 6,7; Supplemental Fig. S4A).
Thus, GenS and Ydj1 have overlapping functions in H3 eviction
at ARG4, HIS4, and CPA2. That H3 eviction at ARG1 is impaired
in the ydj1A mutant but not in the gen5A4ydj1A strain can be ex-
plained by noting that gcn5A confers a defect in nucleosome re-
placement at ARG1 (negative EDI value) that likely compensates
for the eviction defect conferred by ydjIA (Fig. 1E, rows 3,6,7).

To determine whether Snf2 and GenS also have overlapping
functions, we generated P7z7~SNF2 strains, where Snf2 can be de-
pleted by doxycycline (Dox) supplementation (Supplemental
Fig. S5), as snf2AgcnSA double mutants are lethal (Roberts and
Winston 1997). The Prp~SNF2 single mutant in +Dox medium
gave results similar to those described above for snf2A (Supplemen-
tal Fig. S3B, rows 2,7). The absence of GenS in the Prg-SNF2gcnSA
double mutant exacerbated the effect of depleting Snf2 at HIS4,
producing an eviction defect comparable to that of gcn4A cells,
and also confers eviction defects at ARG4 and CPA2 that are
more severe than those seen in the genSA or Prgr-SNF2 single
mutants (Supplemental Figs. S3B, S4A). Comparing the Prgr-
SNF2gcn5Aydj1A triple mutant (also harboring IcGCN4) with the
gen5Aydj1A double mutant indicated that Snf2 also functions at
ARG1 (Supplemental Figs. S3B, S4A). Thus, Snf2 and GenS have
overlapping or additive functions at these genes. While we sought
to determine whether Yta7 and Asf1 also cooperate with Snf2 and
GcenS in nucleosome eviction, the relevant double mutants show

reduced Gen4 occupancies that could not be corrected with extra
copies of GCN4 (Supplemental Fig. S6A,B).

Identification of genes exhibiting marked eviction of promoter
nucleosomes on SM induction

To extend our analysis to the entire Gen4 transcriptome, we con-
ducted genome-wide ChIP analysis of H3 and Pol II subunit
Rpb3 (ChIP-seq) in WT cells to identify genes exhibiting apprecia-
ble eviction of H3 on SM induction. ChIP-seq results for Rpb3 and
H3 were highly reproducible in biological replicates (Supplemental
Fig. S7A-D). We observed the expected large increase in Rpb3
densities on induction of known Gcn4 targets (Supplemental
Fig. S8A-D, upper panels), and identified 223 genes with increased
Rpb3 occupancies averaged over the CDSs of greater than or equal
to twofold on Gcn4 induction (Supplemental Fig. S9, above
dashed diagonal; Supplemental File S1, “211 genes”), of which
~80% were found by microarray expression analysis (Saint et al.
2014) to exhibit a comparable increase in mRNA abundance on
SM treatment (P=1 x 1073%) (Supplemental File S1, “WT+/-SM").

Metagene analysis of H3 occupancies aligned with the TSSs of
all approximately 5800 genes (TSS alignment) (Fig. 2A) reveals the
expected NDR just upstream of the TSS, as well as H3 occupancy
peaks flanking the NDR at the expected positions of the —1 and
+1 nucleosomes (Jiang and Pugh 2009a). The locations of addi-
tional nucleosomes known to exhibit positional phasing (+2, +3,
+4, etc.) are not evident, owing to random fragmentation of chro-
matin in ChIP-seq. However, we also conducted paired-end se-
quencing of nucleosomal core particle DNA fragments generated
by MNase digestion (Nuc-seq) under the same conditions, and ob-
served the expected nucleosome phasing (Jiang and Pugh 2009a;
Cole et al. 2011), with the TSS just inside the 5’ boundary of the
+1 nucleosome (Supplemental Fig. SI0A). The TSS shows essential-
ly the same location in our H3 ChIP-seq analysis (Fig. 2A). Below,
we employed ChIP-seq rather than Nuc-seq for analysis of H3
eviction primarily because the latter technique employs 30-min
incubation in sorbitol during preparation of nuclei, during which
Gcn4 promoter occupancy was found to decline (H Qiu and AG
Hinnebusch, unpubl.).

The TSS alignments for all genes were similar under SM-in-
ducing (I) and -uninducing (U) conditions, with only slight reduc-
tions in H3 occupancies in the NDR and -1 regions (Fig. 2A). In
contrast, alignments for a group of 204 genes with greater than
or equal to twofold Pol II induction ratios on SM treatment
(Rpb3;/Rpb3y > 2) revealed markedly lower H3 in promoters and
CDSs (Fig. 2B), indicating that marked nucleosome depletion oc-
curs primarily at genes transcriptionally induced by SM. (Only
211 of the 223 SM-induced genes identified in Supplemental Fig.
S9 contain the annotation required for analyses of promoter H3
occupancies described below, and seven of these genes were ex-
cluded from the set of 204 genes analyzed in Fig. 2B because
they share a divergent promoter with another of the genes.) The
expected correlation between transcription and H3 eviction is il-
lustrated by a heat map depiction of changes in H3 occupancies
for 1000 genes exhibiting the greatest nucleosome eviction on
SM induction, aligned relative to +1 nucleosome dyads (deter-
mined by Nuc-seq data), and sorted on the extent of H3 eviction
(Fig. 2D, i). H3 eviction extends upstream of the +1 nucleosome
into the NDR and -1 regions for genes at the top of the map
with the greatest H3 depletion. Identically sorted maps depicting
average Rpb3 occupancies in the CDS of uninduced versus induced
cells show that most genes exhibiting appreciable SM induction of
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Differences in relative Rpb3 occupancies between WT, and WT, cells (left) or between gcn4A and WT cells (right), color-coded as on far right. ChiP-seq
data for H3 and Rpb3 were combined from three biological replicates. (E) Scatterplot of Rpb3 occupancies per base pair in CDS in WT, cells versus the ratio
of average relative H3 occupancies in the [-1,NDR,+1] intervals of WT, versus WT, cells for 211 SM-induced genes, calculated from ChIP-seq data from
three biological replicates. Pearson’s (r) and Spearman’s (p) correlation coefficients are indicated. Seventy-three genes above the red line exhibit a reduction
in H3 occupancy of >30% on SM-induction. For genes in red exhibiting high-level Rbp3, with little or no H3 eviction (SNZ1, FMN1, PHM8, ARGS8, HSP78,

MCHT), nucleosome sliding to a new location in the promoter, or eviction of only H2A:H2B dimers, may suffice for PIC assembly.

Rpb3 are clustered near the top and thus display strong eviction of
Rpb3 in a gcn4A mutant revealed that a large fraction of SM-in-
duced genes require Gen4 for robust induction of Pol II (Fig. 2D,
iii, middle).

To quantify the extent of H3 eviction in the —1, NDR, and +1
zones of each gene, we used Nuc-seq data to identify coordinates of
the 147 bp surrounding peak positions of the —1 and +1 dyads and
intervening NDR at each gene (Supplemental Fig. S10B). We deter-
mined the average relative H3 occupancies per nucleotide (Avg. H3
Occ.) across the [-1, NDR, +1] interval for each gene and calculated
the ratio of occupancies in uninducing versus inducing conditions
(H3y/H3)). Importantly, for the 211 highly induced genes, the
H3y/H3, ratio was significantly correlated with both the induced
Rpb3 level (Rpb3;) (Fig. 2E) and Rpb3 induction ratio (Rpb3,/
Rpb3y) (Supplemental Fig. S11A). A similar correlation was ob-
served for all genes (Supplemental Fig. S11B). Among the highly
induced genes, only 70 exhibit reduced H3 occupancies of >30%

of the uninduced value (above red line in Fig. 2E; Supplemental
File S1 “70 genes”), and Figure 2C depicts the profile of H3 eviction
for this subset of 70 exemplar induced genes. The correlation be-
tween Rpb3 induction and reduction of promoter H3 occupancy
on SM treatment (Fig. 2E) supports the idea that eviction of pro-
moter nucleosomes is rate-limiting for transcriptional induction
at many genes.

Gcen5, SWI/SNF, and Ydjl function broadly in the Gecn4
transcriptome

We examined the effects of eliminating Snf2 in cells containing or
lacking Ydj1 on H3 eviction at the 70 exemplar genes by H3 ChIP-
seq analysis of replicate cultures of SM-treated snf2A, ydj1A, and
snf2Aydj1A/lcGCN4 mutants. As a group, the 70 genes displayed
substantial defects in H3 eviction in snf2A cells, stronger than in
the ydj1A mutant and nearly as great as seen in the snf2Aydj1A/
1cGCN4 double mutant (Fig. 3A,D, ydj1A, snf2A, and snf2Aydj1A/
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Figure 3. Snf2, Ydj1, and Gen5 cooperate in H3 eviction from promoters of 70 exemplar induced genes. (A-C) TSS plots of average relative H3 occu-

pancies calculated as in Figure 2A-C, except for only the 70 exemplar genes, for WTy, WT,, and the indicated mutants under inducing conditions. (D)
Notched-box plots of average relative H3 occupancies in the [-1,NDR,+1] region for the 70 exemplar genes calculated from ChlIP-seq data from three
replicates for each mutant. Each box depicts the interquartile range containing 50% of the data, intersected by the median; the notch indicates a 95%
confidence interval (Cl) around the median. (E) Mean Avg. H3 Occ. per base pair (+95% ClI) calculated for the 70 exemplar genes for the three promoter
zones using the relative H3 occupancies determined by ChIP-seq analysis of three replicates. Asterisks indicating significant differences in Student’s t-tests
(P<0.05) are color-coded to indicate strains being compared, e.g., red asterisk above the gcn5A +1 nuc bar indicates a mean significantly different than the

corresponding +1 nuc mean for the snf2A strain (labeled red).

IcGCN4 vs. WTj). In all three mutants, the largest increases in
mean H3 occupancy occurred in the NDR, approximately twofold
in the double mutant (Fig. 3E; tabulated in Supplemental File S2,
sheet 1). That H3 occupancies in the double mutant remained low-
er than in WTy cells (Fig. 3A,D,E) implies that only a portion of
SM-induced nucleosome eviction at these 70 genes requires Ydj1l
and Snf2.

H3 ChIP-seq of mutants containing gcnSA revealed that
eliminating GenS alone evokes a marked H3 eviction defect slight-
ly greater than in snf2A cells, and combining gcnSA with ydj1A
produced an insignificant further increase in H3 occupancy
for the group of 70 genes (Fig. 3B,D,E, ydjiA, gen54, and
genSAydji1A vs. WTy). However, the H3 eviction defect in the
Prpr-SNF2gcn5AydjlA/lcGCN4 triple mutant is significantly larger
than seen in gcnSA cells, indicating cooperation between GenS,
Snf2, and Ydjl at the exemplar genes (Fig. 3C-E). Essentially
identical conclusions were reached by analyzing the larger group
of 204 SM-induced genes (Supplemental Fig. S12). The fact that
the triple mutation increases the mean H3 occupancies in the
—1, NDR, and +1 zones to the level observed in WTy cells (Fig.
3C-E; Supplemental Fig. S12) indicates that Ydjl, Snf2, and

GcnS mediate a large measure of the nucleosome eviction from
promoters at SM-induced genes. Interestingly, the mutations do
not increase H3 occupancies in the adjacent CDS relative to that
seen in WTj cells.

Gene-specific patterns of cooperation among SWI/SNF, Gen5,
and Ydjl in H3 eviction

To examine the effects of snf2A, ydj1A, and gcn5A on H3 eviction at
each of the 70 genes individually, the Avg. H3 Occ. for the [-1,
NDR,+1] window was calculated from three biological replicates,
averaged, and mean values compared between SM-treated mutant
and WTj cells. Results for the snf2A, ydj1A, and snf2Aydji1A/1lcGCN4
mutants are presented in Supplemental Figure S13, A-E (with
significant changes summarized in Supplemental File S3, sheet
1) and analyzed by hierarchical clustering in Figure 4A. Cluster
analysis reveals that a majority of genes exhibit higher H3
levels in snf2A versus WT cells, but the magnitude of the increases
varies considerably at different genes, and statistically signifi-
cant changes were observed for only 25 of 70 genes (P<0.05)
(Supplemental File S3, sheet 1, col. 3). Relatively few genes exhibit

216 Genome Research
www.genome.org



Gcenb5, Snf2, and Ydjl cooperate in histone eviction

Al

g

f: M
L
vguob

VipA

VilpAvguob

GGci @ l‘s

SWI/SNF:
52 genes

HOR?, LEUA,

YPRO36W-A, ICY2,

ADHS, MCH4, YGL117, ARG3,

LYS20, TRP4, YPS1(g"), CIT2,
TRPS, ISU1, CPA2(g"),

SDH6(g™), MCT1, HSP12(sg”),
PIC2(g*), TMT1(sg"),

BAT2(sg"), YBT1(g"), TPO1(s")

(23)

'ARG5,6, AROT,
LYS21, HIS5,
ARG7, MPC2,
HIS7(g*), AROS,
NCE103(g"),
PRMS(gr),
TPN1(g’),
YDLO25C(g"),
FMP23,
YDR531W(g")

HIS4, ORT1, ARGA4,
ARO10, HOM3(g"), MMF1(g*),
YHR022C("g), HIS1, CPAT,
ESBP6(g"), ARO4(g"),
AGA2(syg*), YPL264C(g"),
TEA1(g*), GSY2, BAR1(sg"),
STE2(syg"), PHM7, WTM1(g"),
BSC5(sg’). DDR2(sg"),
GGC1 AGA1(syg*), SST2(syg*), CTT1,

UGP1(g"), ACO1(g"),
(26)

Ydji:

29 genes

Figure4. Snf2, Gen5, and Ydj1 cooperate in promoter H3 eviction at many of the 70 exemplar induced genes. (A, B) Hierarchical clustering analysis of the
average relative H3 occupancies in the [-1, NDR, +1] regions was performed in R using the “pheatmap” function, with the following parameters: scale
="row,” clustering_method = “average,” clustering_distance_rows = “euclidean,” cluster_rows = TRUE, cluster_cols = FALSE, cutree_row=10. The avg.
H3 occ. values for each gene given in Supplemental Figures S13 and S14 were transformed to z-scores. Boxed genes display additive effects of mutations;
those with bullets show strong eviction defects only in double mutants. (C) Venn diagram depicting involvement of Snf2, Gen5, or Yd;j1 at the 70 exemplar
genes deduced from effects of single, double, or triple mutations eliminating or depleting these cofactors on H3 promoter occupancies in SM-treated cells,
quantified in Supplemental Figures S13-S15 and summarized in Supplemental Figure S18. (g*, s*, or y*) Strong defect in H3 eviction in gcn5A, snf2A, or
ydj1A single mutants, respectively, with H3 occupancies similar to those in WTy, cells. As described in Supplemental Results, there was generally good agree-
ment between conclusions reached from ChlIP-seq (Supplemental Figs. S13-S16) and conventional ChIP (Supplemental Fig. S3B) for ARG1, ARG4, HIS4,
and CPA2. However, the lower variance of conventional ChIP data for ARG4 (Supplemental Fig. S4A) led us to place it among the group of genes employing

all three cofactors.

pronounced increases in H3 levels in ydjIA cells (Fig. 4A), and
only 18 genes display significant increases compared with the
WT (P<0.05) (Supplemental File S3, sheet 1, col. 4). In fact,
ARG1 is the only gene with a significantly greater eviction defect
in ydjl1A versus snf2A cells (Fig. 4A, gold box). Numerous genes
show stronger eviction defects in the snf2Aydj1A/IcGCN4 double
mutant versus either single mutant (Fig. 4A, red boxes), and con-
sistent with this, a large set of 52 genes showed significantly in-
creased H3 levels in this double mutant compared with WT cells
(P<0.05) (Supplemental File S3, sheet 1, col. 5). Thus, Snf2 and
Ydj1 cooperate in H3 eviction at a sizeable fraction of the exemplar
genes. Their functions appear to be highly redundant in a subset of
genes (black bullets in Fig. 4A) where a marked defect occurred
only in the double mutant, including CPAI (Supplemental Fig.
S13B), GSY2, ISU1, PHM?7 (Supplemental Fig. S13C), CTT1, and
ACO1 (Supplemental Fig. S13E). Genes AROI0 (Supplemental

Fig.S13A) and MMF1 (Supplemental Fig. S13B) provide contrasting
examples of additive contributions by Ydj1 and Snf2, as both sin-
gle mutations confer lesser eviction defects than seen in the double
mutant.

H3 promoter occupancies measured in the gcnSA, ydjiA, and
genSAydj1A mutants are presented in Supplemental Figure S14,
A-E, and Supplemental File S3, sheet 2, and analyzed by clustering
in Figure 4B. As observed for snf2A, the majority of genes exhibit
increased H3 occupancies in the gen5A mutant, covering a broad
range of eviction defects (Fig. 4B). As gcn5A has comparatively
stronger effects than snf2A, there are relatively fewer genes where
cooperation between GcnS and Ydjl is revealed by a marked exac-
erbation of eviction defects in the double mutant (boxed red in Fig.
4B). STE2 (Supplemental Fig. S14C) represents a clear case where
defects in the single mutants appear to be additive in the double
mutant, whereas GGCI (Supplemental Fig. S14E) and HIS4
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(Supplemental Fig. S14A) provide examples of pronounced func-
tional redundancy. Similar analyses of the gcn5A, Prg~SNF2, and
Prer-SNF2gcnSA strains (Supplemental Fig. S15A-E) uncovered a
sizeable group of genes where the eviction defect conferred by
genSA was exacerbated by combining it with Pr~SNF2 or both
Prer-SNF2 and ydj1A (red boxes in clustergrams of Supplemental
Fig. S16A,B), consistent with functional cooperation of GcnS
with Snf2 and Ydj1.

The gene-specific nature of dependencies on Snf2 and GenS is
illustrated by evaluating the proportions of exemplar genes dis-
playing different H3 eviction defects (Supplemental Fig. S17). In
both gecnSA and snf2A cells, the 70 exemplars exhibit a broad distri-
bution of EDI values ranging from almost none (EDI=0.0-0.1)
to apparent loss of H3 eviction (EDI>1.0), while in ydjIA cells,
the 70 genes exhibit a narrower distribution of less severe eviction
defects.

Evaluation of statistically significant increases in H3 occu-
pancy in the gcn5A and gen5Aydj1A strains (Supplemental File S3,
sheet 2) identified 42 genes where GcnS appeared to function
alone and 18 genes where GenS and Ydj1 cooperate in H3 eviction
(Supplemental File S3, sheet 2, cols. 8,9). Comparing results for
the Prg~SNF2, genSA, and Prp-SNF2gcnSA strains increased the
GcenS-dependent genes from 60 to 65 by uncovering defects con-
ferred by gcnSA in the Prp~SNF2 background and, likewise, in-
creased the number of Snf2-dependent genes from 44 to S1.
Similarly compiling effects of ydjIA in the two double mutants
containing snf2A or gcn5A, as well as in the triple mutant, revealed
29 genes clearly dependent on Ydj1 (Supplemental Fig. S18). The
dependencies of all 70 genes deduced from combining results
from all of the mutants are summarized in Figure 4C. This analysis
provides a minimal estimate, as contributions of Gen$, Snt2, or
Ydj1 might be too small, or the variance in data too large, to reveal
a significant defect in H3 occupancy at particular genes in a given
mutant. It is instructive, however, that 93% and 74% of the
exemplar genes were scored as dependent on GenS or Snf2, respec-
tively, indicating a broad role for both cofactors in the Gcn4
transcriptome.

Defects in H3 eviction are associated with reduced transcription
of induced genes

We analyzed the consequences of impaired H3 eviction on tran-
scription by ChIP-seq analysis of Rpb3 on the same biological rep-
licates of the mutants analyzed above (Supplemental File S4). Heat
maps of changes in H3 and Rpb3 occupancies in different mutants
are depicted in Figure 5, A-D, and Supplemental Figure S19, A-C,
for the 1000 genes with the greatest nucleosome eviction in in-
duced WT cells. As noted in Figure 2D for this gene set, those
with the greatest Rpb3 induction in WT cells are clustered near
the top of each map. Consistent with the results described above,
among single mutants, ydjIA has the smallest effect, while gcn5A
confers the greatest increases in H3 occupancy compared with
WT; cells (Fig. SA-C). Combining ydjIA and snf2A or combining
genSA and Prgr-SNF2 in double mutants (Supplemental Fig.
S19A,C) evokes greater increases in H3 occupancies versus the cor-
responding single mutants (Fig. SA-C), and the triple mutation
confers the largest increases, extending across the entire promoter
regions of highly induced genes at the top of the map (Fig. 5D). As
discussed below, genes in the lower portions of the maps also show
increased H3 occupancies that are largely restricted to the NDRs,
and many genes throughout the maps exhibit decreased H3 levels
in the adjacent CDS in cofactor mutants (Fig. SA-D). Examining

Rpb3 difference maps for each of the mutants shows that a sub-
stantial fraction of the highly induced genes at the top of each
map exhibit decreased Rpb3 occupancies, with the gcn5A, double
and triple mutants displaying the most pervasive reductions (Fig.
5A-D; Supplemental S19A-C, maps at far right). Thus, increases
in promoter H3 occupancies in the mutants are associated with de-
creased Pol II levels at many induced genes.

This relationship was examined in greater detail for the 70 ex-
emplar genes by comparing their EDI values to a comparable mea-
sure of the transcription defect, the TDI, which expresses the
reduction in Rpb3 occupancy in an SM-induced mutant as a pro-
portion of the total Rpb3 induction seen in WT cells. Consistent
with findings above, the EDI values are generally lower for single
mutants, higher for double mutants, and greatest for the triple mu-
tant (Fig. 6A; Supplemental File S5, sheet 2 for EDI and TDI values).
A similar trend was observed for TDIs, but of a smaller degree (Fig.
6B; Supplemental File S5, sheet 2 for EDI and TDI values), and the
mean TDI and mean EDI values for the group of 70 genes are high-
ly correlated among different strains (Supplemental Fig. S20A).
Thus, progressive impairment of histone eviction is associated
with increasing reductions in transcription in the eight mutants
for the group of 70 exemplar genes.

This conclusion was supported by analyzing EDI-TDI rela-
tionships for individual genes. In correlations of EDIs with TDIs
for each gene across eight different mutants, the Pearson’s coeffi-
cient (r) was >0.45 for more than two-thirds of the 70 genes
(Supplemental Fig. S20B). Moreover, the EDIs and TDIs for the ma-
jority of exemplar genes are highly correlated in each of the differ-
ent mutants, as shown for the Prg~SNF2gcnSA strain in Figure 6C
(Supplemental File S5, sheet 1 for EDI and TDI values) and for the
other mutants in Supplemental Figure S21A-F. Deviations from
the trendline observed for certain genes in Figure 6C do not arise
from experimental error, as indicated by errors bars for the two
genes with the largest standard deviations in the EDI or TDI values
calculated from replicate measurements. Despite the variance in
EDI-TDI association, two-thirds of plotted genes with EDIs > 0.3
(>30% reduction in H3 eviction relative to WT cells) exhibit an
equally strong transcription defect, with TDI > 0.3 (Fig. 6C; inter-
section of blue and yellow sectors). That the increased H3 occu-
pancy is associated with decreased transcription in mutant cells
for most exemplar genes suggests that GenS, SWI/SNF, and Ydj1
generally cooperate to stimulate transcription at least partly by
their roles in evicting promoter nucleosomes.

Thirteen genes exhibit appreciable H3 eviction defects but lit-
tle transcriptional defect (Fig. 6C, in blue sector only), and seven
(red labels) actually show increased Rpb3 levels in the mutant to
yield negative TDI values. Similar analyses of other mutants (Sup-
plemental S21A-F) revealed a set of six genes exhibiting this
behavior (EDI > 0.3 and TDI<0), including CPA1, LYS20, LYS21,
CIT2, LEU4, and ICY2 and was also observed for ARGS,6, and
ARG3 in Prgr-SNF2gcn5A cells (Fig. 6C). These genes might under-
go transcriptional repression in SM-induced cells that requires one
or more cofactors, so that transcription is elevated in the mutants
despite increased H3 occupancies. Indeed, ARGS,6, and ARG3 are
repressed by the ArgR/Mcml repressor in arginine-replete cells
(Hinnebusch 1992).

Interestingly, all mutants containing ydjIA exhibit larger
mean TDIs than expected from the magnitude of their mean
EDIs for the 70 exemplars (Supplemental Fig. S20A). This is also ev-
ident in heat map analyses of Figure 5, A and B, revealing compa-
rable reductions in Rpb3 in snf2A and ydj1A cells despite greater
increases in H3 occupancies in snf2A cells. Thus, Ydjl likely
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enhances transcription by an additional mechanism independent
of its role in nucleosome eviction.

Gcenb5, SWI/SNF, and Ydjl cooperate in NDR formation
at virtually all genes but enhance transcription
of only highly expressed genes

Inspection of heat maps in Figure 5, A-D, suggested that ydjIA,
snf2A, genSA, and the triple mutation confer increased promoter
H3 occupancy at many genes beyond those at the top of the
maps with the greatest H3 eviction in WT; cells. To examine this
further, we constructed a heat map for a group of 4744 genes
with Rpb3;/Rpb3y less than 1.5-fold in WT cells, which excludes
the approximately 600 genes most highly induced by SM, aligned
at the +1 dyad and sorted on H3 eviction in WT; cells (Fig. 7A).
Excluding the most highly induced genes eliminates the majority
of genes displaying strong H3 eviction, leaving only a small group
at the top showing modest H3 eviction in WT; cells. A group of
genes at the bottom display increased rather than decreased H3 oc-
cupancies on SM induction and also tend to exhibit reduced Rpb3
occupancies in WT; cells (Fig. 7A, right). Additional heat maps in
Figure 7, B-E, compare the effects of the single and triple muta-

tions on H3 and Rpb3 occupancies for the same order of 4744
genes. Regardless of position in the map, all genes show a fairly
uniform increase in H3 occupancy in the NDR that is the least in
ydj1A cells, progressively greater in snf2A and gcn5A cells, and great-
est in the triple mutant (Fig. 7B-E, left). Comparable heat maps for
the double mutants (Supplemental Fig. S22A-C) reveal increases in
H3 occupancies intermediate in degree between those in Figure 7
for the ydjIA or snf2A single mutants and the triple mutant.
Thus, it appears that Ydj1, Snf2, and GenS cooperate to promote
nucleosome depletion in the NDRs of nearly all genes.
Interestingly, however, the corresponding Rpb3 difference maps
do not indicate marked decreases in transcription, even for the tri-
ple mutant (Fig. 7B-E, maps on right). Thus, it appears that signifi-
cant increases in NDR H3 occupancy can occur at many genes with
little effect on transcription.

To examine this further, we divided the 4744 genes into
10 deciles based on Rpb3 occupancies in WT; cells. As might be ex-
pected, decile 1, with highest Rpb3 levels, shows the lowest medi-
an H3 occupancy in the [-1, NDR, +1] among all 10 deciles (Fig.
8A, WT). Median H3 occupancy is relatively higher in decile
2 but increases only slightly across deciles 2 to 10 (Fig. 8A). The
70 exemplar genes exhibit even lower median H3 occupancies
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and TDI values for the 70 exemplar genes in eight mutants (tabulated in Supplemental File S5, sheet 2). EDIs were calculated for each gene from H3 ChlP-
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designates average Rpb3 occupancy per base pair in CDS. (C) EDI versus TDI scatterplot for 54 of the group of 70 exemplar genes in Prer-SNF2gcn3A cells.
Mean EDI and TDI values (+SEM) were calculated for each gene by averaging the EDI or TDI values calculated from H3 or Rpb3 ChlP-seq data from each of
three biological replicates (tabulated in Supplemental File S5, sheet 1), and genes with both SEM values <0.25 of the mean EDI and with SEM values <0.125
of the mean TDI values (thus excluding genes CIT2, ACO1, SDH6, LYS21, LYS20, YDR531W, ESBP6, BSC5, UGP1, YBT1, CTT1, HOR7, BAR1, STE2, BAT2, and
NRGT) were subjected to correlation analyses to obtain the indicated Pearson’s and Spearman’s coefficients and P-values. Error bars (+SD) shown for two
genes (TPOT and ARG3) are the largest observed for any of the 54 genes. Yellow and blue zones indicate TDI or EDI values >0.3, respectively, and excep-
tional genes with EDI > 0.3/TDI < 0 are labeled red. Data for RTS3 were not plotted because its large negative EDI value would confine the majority of data

points to a small portion of the x-axis.

and higher median Rpb3 levels than decile 1 (Fig. 8A,B, WT, 70 ex-
emplars vs. decile 1). These findings support our conclusion that
strong eviction of promoter nucleosomes is restricted to only the
most highly transcribed genes, found in decile 1 and among the
70 exemplars.

In the triple cofactor mutant, only the 70 exemplar genes and
first decile display reduced median Rpb3 levels versus WT; cells,
with a substantially larger effect for the 70 exemplars (Fig. 8B).
Remarkably, the triple mutation evokes increased H3 occupancies
for deciles 4-10 comparable to that seen for decile 1 (Fig. 8A) with
little change (deciles 4-8) or even increased Rpb3 occupancies
(deciles 9-10) compared with WT; cells (Fig. 8B). This phenome-
non is also evident in Supplemental Figure S23, A-C, for genes
in deciles 1, 5, and 10 that exhibit increased H3 occupancies but
decreased (decile 1), unchanged (decile 5), or increased (decile
10) Rpb3 levels in cofactor mutants; with only decile 1 resembling
the response of the 70 exemplar genes to the mutations
(Supplemental Fig. S24A-B). Thus, it appears that defects in pro-
moter H3 eviction are associated with reduced Rpb3 levels in the
cofactor mutants only for genes with the highest Pol II levels in
WT; cells, which includes highly SM-induced genes and those in
decile 1 of the set of 4744 genes. The more than 3000 genes in dec-
iles 4-10, in contrast, exhibit no change or even increased relative
Rpb3 occupancies in the face of increased promoter H3 density in

mutant strains. Note that because Rpb3 occupancies for each gene
are expressed relative to all other genes in each strain, the absolute
transcription rate of genes in deciles 9 and 10 might actually be re-
duced in some or all cofactor mutants compared with WT cells but
decreased to a much smaller degree than occurs for other genes.
Similarly, if total H3 levels were reduced in cofactor mutants,
this would diminish the absolute increase in promoter H3 occu-
pancies relative to those in WTj cells but would not alter the fact
that increased promoter H3 levels in the mutants seem to reduce
transcription to a greater extent at highly expressed genes than
at the majority of other genes.

Discussion

Our results demonstrate that SWI/SNF, Gen$, and Ydj1 function
broadly in the yeast transcriptome, acting cooperatively at many
genes, and in many cases redundantly, to evict promoter nucleo-
somes and that defects in this process confer marked reductions
in transcription only for the most highly expressed genes. By con-
ventional H3 ChIP, we found that eliminating Snf2, Gen$, either
Ydjl or the Hsp70 proteins Ssal/Ssa2, or AAA-ATPase Yta7 all
impaired H3 eviction in SM-induced cells for at least one of four
target genes, and mutants lacking different combinations of
Ydj1, Snf2, and GenS displayed H3 eviction defects at three or all
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Elimination of Ydj1, Snf2, and Gen5 increases H3 occupancies in the NDRs of most genes without substantially altering Pol Il occupancies. (A)

Heat map depictions of changes in H3 and Rpb3 relative occupancies on SM treatment of WT cells for 4744 genes not appreciably induced by SM, dis-
played as in Figure 2D. (B-E) Heat maps for the identically ordered 4744 genes shown in A, constructed as described in Figure 5 for the indicated mutants.

four genes, with WT or higher Gen4 UAS occupancies. ChIP-seq
analysis of the same mutants implicated these three cofactors
in nucleosome eviction throughout the Gcn4 transcriptome.
Based on statistically significant increases in H3 occupancies con-
ferred by each cofactor mutation in single, double, or triple mu-
tants, which undoubtedly underestimates involvement of the
mutated cofactors, we determined that GenS, Snf2, and Ydj1 func-
tion at 93%, 74%, and 42%, respectively, of the 70 exemplar genes
showing the greatest H3 eviction in WT; cells. Functional cooper-
ation among Ydj1, Snf2, and GenS is widespread, as about two-
thirds of these 70 genes utilize both GenS and Snf2, and more
than one-third employ all three cofactors in nucleosome eviction
(Fig. 4C).

Nucleosome eviction is frequently overdetermined, such that
removal of one cofactor confers a strong H3 eviction defect only in
a mutant lacking another cofactor. Indeed, the H3 occupancies at
many of the 70 exemplar genes and the larger group of 204 highly
SM-induced genes increased progressively with elimination of two
or three cofactors and approached the high levels observed in
uninduced WT cells in the triple mutant lacking all three cofactors.
It is likely that these are not the only cofactors functioning at Gen4
targets, and combinations of other cofactor mutations might well
produce equally strong defects in H3 eviction. Indeed, that appre-
ciable H3 eviction remains intact in the triple mutant for a subset
of the 70 exemplars (e.g., LEU4, YPRO36W-A, ICY2, and RTS3 in
Supplemental Fig. S16B) implicates other cofactors at these genes.
The clustergrams in Figure 4A,B reveal a wide range of defects in H3
eviction among Gcn4 target genes in the snf2A and genSA single

mutants. Perhaps overlapping functions of other chaperones,
remodelers, or HATs can explain why certain genes are affected
less than others by elimination of Snf2 or GenS in otherwise WT
cells. However, we have discovered significant correlations be-
tween the A/T and T/A dinucleotide frequencies in DNA and the
increase in H3 occupancy in the [-1,NDR,+1] regions of the 204
highly induced genes observed in snf2A and gcn5A mutants, with
Pearson’s correlation coefficients of 0.51 and 0.61, respectively
(P-values <0.0001). This might suggest that GenS and Snf2 prefer-
entially promote eviction of nucleosomes that are relatively unsta-
ble (Jiang and Pugh 2009b), with other cofactors being needed to
evict more stable nucleosomes, although it could also reflect the
presence of an AT-hook motif in Snf2 (Aravind and Landsman
1998).

GenS and Snf2 probably act directly to evict nucleosomes at
Gcen4 targets, as we showed that SAGA and SWI/SNF are recruited
by Gcen4 to promoters (Qiu et al. 2005). Considering that med15A
reduces Pol Il recruitment to Gen4 targets (Qiu et al. 2004) but had
no effect on H3 eviction (Supplemental Fig. S3A), it is unlikely that
genSA and snf2A impair nucleosome eviction merely by their dele-
terious effects on PIC assembly (Qiu et al. 2004), although reduced
Pol II recruitment could exacerbate the effects of diminished his-
tone acetylation (gcn5A) or nucleosome remodeling (snf2A) on
H3 eviction in these mutants (Ansari et al. 2014).

Our analysis of 4744 genes that are either weakly induced by
SM, constitutively expressed, or nonexpressed unveiled a nearly
ubiquitous cooperation among Ydj1, Snf2, and GcenS in evicting
promoter nucleosomes from NDRs, albeit to a smaller degree
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Figure 8. Defects in promoter H3 eviction are associated with marked
reductions in Pol Il levels only for the most highly expressed subset of
genes. (A,B) Median relative H3 occupancies per base pair in the [-1,
NDR,+1] regions (A) or median log, values of Rpb3, occupancies per
base pair in CDS (B) for the 70 exemplar genes or for each Rpb3 decile.
The 4744 genes not appreciably induced by SM were divided into 10 dec-
iles according to Rpb3 occupancies in SM-induced WT cells.

than observed for highly induced genes. The relative contributions
of these cofactors, with Ydj1 contributing the least and GcnS the
most, and their functional cooperation at the 4744 genes was es-
sentially identical to our findings for the highly induced genes, im-
plying that these cofactors act similarly throughout much of the
genome.

Our finding of functional cooperation between GenS and
Snf2 in nucleosome eviction is consistent with previous results im-
plicating them in nucleosome remodeling at PHO8 (Gregory et al.
1999) and PHOS (Adkins et al. 2007; Barbaric et al. 2007). It also fits
with in vitro studies indicating that SWI/SNF binding to reconsti-
tuted nucleosomes, as well as attendant octamer displacement, are
stimulated by acetylation by SAGA (GcnS) (Hassan et al. 2001), de-
pendent on the bromodomain in Snf2 (Hassan et al. 2002, 2006).
Thus, GenS might stimulate nucleosome eviction indirectly at
some genes by enhancing SWI/SNF recruitment via the Snf2 bro-
modomain. However, there was no effect of gcn5A on SWI/SNF re-
cruitment by Gen4 at ARG1 (Yoon et al. 2004) or a modified PHOS
promoter (Syntichaki et al. 2000). Similarly, histone acetylation
promotes nucleosome remodeling independently of SWI/SNF re-
cruitment at RNR3 (Sharma et al. 2003) and PHOS (Barbaric et al.
2007). A SWI/SNF-independent role for GenS is also supported
by our finding that H3 eviction defects are generally greater in
genSA versus snf2A cells (Figs. 5, 7) and our identification of SM-
induced genes with a greater requirement for GenS versus Snf2
for nucleosome eviction (Fig. 4). Histone acetylation by GcnS
could stimulate the recruitment or function of a remodeler besides

SWI/SNEF, as there is evidence that RSC, Isw1, and Chd1 act with
SWI/SNF and INO80 in nucleosome remodeling at PHOS5
(Musladin et al. 2014), and functional overlap among different re-
modeling complexes occurs in mammalian cells (Morris et al.
2014).

Our results implicating Ydj1 in nucleosome eviction at Gen4
target genes follow on previous findings implicating Ydj1, Hsp70
orthologs Ssal/Ssa2, and Hsp90 chaperones (Hsp82 and Hsc82)
in rapid nucleosome eviction and induction of GAL genes by
Gal4. Ssal and Hsc82 were recruited to GALI under inducing con-
ditions (Floer et al. 2008), consistent with a direct role in nucleo-
some eviction. Although we observed no defects in nucleosome
eviction in the hsc824hsp82 double mutants, the ydjlA and
ssalAssa2A mutations had the strongest effects on GALI induction
(Floer et al. 2008). Hence, Hsp70 and cochaperone Ydj1l might be
generally more important than Hsp90 in nucleosome eviction.

As noted above, the cofactor mutations increase H3 occupan-
cies in the [-1,NDR,+1] regions but not in the adjacent CDS of the
70 exemplar genes, even in the triple mutant (Fig. 3C). One expla-
nation might be that because Pol II levels at these genes remain
much higher in the triple mutant compared with the WT levels
at most other genes (Fig. 8B), transcription-coupled nucleosome
eviction from CDSs (Schwabish and Struhl 2004) should still oper-
ate at the 70 exemplar genes in the triple mutant. However, it is
noteworthy that the heat maps in Figures 5, A-D, and 7, B-E, reveal
that the cofactor mutations reduce H3 occupancies in promoter-
proximal CDS (blue shading) while increasing H3 levels in the
NDR (orange-red shading) throughout the genome. We calculated
the decrease in average H3 occupancy throughout the CDS in the
triple mutant versus WT; cells to be 6.7% for all yeast genes, and
similar decreases were found for the 204 highly induced genes
(4.6%) and for the most highly or weakly expressed genes among
the set of 4744 genes (decile 1, 4.5%; decile 10, 6.7%). Given
that the NDRs of all genes exhibit increased H3 occupancies in
the cofactor mutants (Figs. 5A-D, 7B-E), at least a portion of the
reduced H3 levels in CDSs could involve redistribution of nucleo-
somes from the CDS into the NDR in cofactor mutants, although it
could also reflect a general defect in nucleosome replacement in
CDSs. Regardless of the mechanism, the general decrease in H3 oc-
cupancy in CDSs conferred by the cofactor mutations might con-
tribute to the moderately reduced H3 levels in the CDSs of the 70
exemplar genes seen in the triple mutant compared with WTy cells
(Fig. 3C).

Another important conclusion of our study is that defects in
nucleosome eviction are tightly associated with defects in tran-
scription, but this coupling is evident only for the subset of genes
with the highest transcription rates. Combining mutations that
eliminate or deplete Snf2, GenS, or Ydj1 produced increasingly
severe transcription defects that paralleled progressive increases
in promoter H3 occupancies for the 70 exemplar induced genes
and the first decile of the 4744 gene set with highest Rpb3
levels in WT cells. Thus, it appears that steady-state removal of
(H3/H4), tetramers across the promoter, as opposed to limited nu-
cleosome sliding or eviction of only H2A-H2B dimers, is important
for maximal transcription of the most highly expressed genes, pre-
sumably to facilitate cofactor recruitment, PIC assembly, and initi-
ation of transcription. Unexpectedly, a progressive increase in
promoter H3 occupancies was not associated with reduced tran-
scription for the majority of the 4744 genes, and the deciles with
lowest Rpb3 occupancies in WT cells showed increased, rather
than decreased, Rpb3 levels in the triple mutant (Fig. 8B; Supple-
mental Fig. $23B,C). This is consistent with previous observations
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of increased nucleosome occupancy at many promoters in an abf1
mutant that did not alter mRNA expression (Ganapathi et al.
2011).

To explain these findings, we propose that nucleosome evic-
tion is crucial to achieve WT levels of transcription at highly ex-
pressed genes, whereas recruitment of cofactors, GTFs, or Pol II
(or another step of initiation) is more rate-limiting at weakly ex-
pressed genes. Accordingly, increased H3 occupancies conferred
by cofactor mutations evoke the greatest reductions in transcrip-
tion at the most highly expressed genes. The resulting increased
availability of cofactors, GTFs, or Pol II could mitigate the effects
of increased nucleosome density at genes with inherently lower
transcription rates, such that their relative Pol II occupancies are
increased, rather than decreased, in the cofactor mutants. Thus,
although eviction of nucleosomes probably enhances the tran-
scription of all genes by increasing access of the transcription ma-
chinery to promoter DNA, the magnitude of the transcription
defect evoked by global attenuation of histone eviction in cofactor
mutants (or possibly an environmental state mimicking such mu-
tations) likely depends on the particular step of transcriptional ac-
tivation that is most rate-limiting at each gene.

Methods

Yeast strain and plasmid constructions

Yeast strains used in this study are listed in Supplemental Table S1,
and strain and plasmid constructions are described in the
Supplemental Material.

Conventional ChlP, ChIP-seq, and Nuc-seq analyses

Yeast cells were grown in synthetic complete medium lacking
isoleucine and valine (SC-Ilv) to log-phase (ODggpo = 0.6-0.8), and
SM was added at 1 pg/mL for 30 min to induce Gen4. Convention-
al ChIP experiments were conducted as described previously
(Qiu et al. 2012) using anti-H3 (abcam, ab1791) and anti-Gcn4
(Zhang et al. 2008) antibodies and primers summarized in Supple-
mental Figure S1. For ChIP-seq analysis, DNA libraries for Illumina
paired-end sequencing of chromatin immunoprecipitates (PESCI)
were prepared as described previously (Cole et al. 2014) with mod-
ifications indicated in the Supplemental Material. For Nuc-seq, nu-
cleosomal DNA was obtained by MNase digestion of nuclei and
prepared for Illumina paired-end sequencing (Cole et al. 2011;
Cole et al. 2012). Paired-end sequencing (50 nt from each end)
was conducted by the DNA Sequencing and Genomics core facility
of the NHLBI, NIH.

Sequence data were aligned to the SacCer2 version of the ge-
nome sequence using alignment software Bowtie 2 (Langmead
and Salzberg 2012). Numbers of aligned paired reads from
H3 and Rpb3 PESCI, as well as Nuc-seq, are summarized in Supple-
mental Tables S2 though S4, respectively. H3 (Supplemental
Figs. S7, §8), and Rpb3 occupancy profiles were obtained from
the alignment (.sam) files using custom Perl programs written by
Bruce Howard and James Iben (for Perl scripts used in this study,
see Supplemental File S6). The chromosomal coordinates of the
5’-ends of both reads in each pair were extracted and saved in chro-
mosome-specific (“cpsOut”) files, which were used to construct oc-
cupancy plots in zero-notation format (“.znt4” files) (Cole et al.
2011). The occupancy at each nucleotide is defined as the number
of sequenced molecules containing that nucleotide, such that the
occupancy plots in Supplemental Figure S8 represent the number
of sequenced molecules containing the nucleotide at coordinate n
plotted against coordinate n.

Positions of NDRs and flanking nucleosomes at each gene
(Supplemental Fig. S10B) were determined using a custom
MATLAB script (Supplemental File S6; also at https://github.com/
rchereji/Detect_NDRs_and_flanking_nucleosomes) using two rep-
licate Nuc-seq experiments from WTy cells, providing coordinates
of 147-bp regions centered on the +1 and —1 dyads, and interven-
ing NDR for each gene. Some pairs of divergent genes share the
same NDR and flanking nucleosomes, with exchanged roles; i.e.,
+1 nucleosome of one gene becomes —1 nucleosome of the diver-
gent gene.

As different chromosomes frequently have slightly different
sequencing depths, the H3 occupancy profiles are normalized
so that the average occupancy for every chromosome is unity;
i.e., the occupancy at each base pair is expressed relative to the
average occupancy on that chromosome. The genome-wide
average H3 distributions relative to TSS and the average H3 occu-
pancy in the three zones (-1, NDR, +1) for every gene were com-
puted using TSS data (Xu et al. 2009) and custom MATLAB
scripts (Supplemental File S6, also at https://github.com/rchereji/
Compute_H3_averages). Heat maps were generated in MATLAB
using the heatmap function (http://www.mathworks.com/
matlabcentral/fileexchange/24253-customizable-heat-maps).

Data access

Sequencing data from this study have been submitted to the NCBI
Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/
geo/) under accession number GSE74787.
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