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Summary

ATP-dependent chromatin remodelers regulate chromatin structure during multiple stages of 

transcription. We report that RSC, an essential chromatin remodeler, is recruited to the open 

reading frames (ORFs) of actively transcribed genes genome-wide, suggesting a role for RSC in 

regulating transcription elongation. Consistent with such a role, Pol II occupancy in the ORFs of 

weakly transcribed genes is drastically reduced upon depletion of the RSC catalytic subunit Sth1. 

RSC inactivation also reduced histone H3 occupancy across transcribed regions. Remarkably, the 

strongest effects on Pol II and H3 occupancy were confined to the genes displaying the greatest 

RSC ORF enrichment. Additionally, RSC recruitment to the ORF requires the activities of the 

SAGA and NuA4 HAT complexes and is aided by the activities of the Pol II CTD Ser2 kinases 

Bur1 and Ctk1. Overall, our findings strongly implicate ORF-associated RSC in governing Pol II 

function and in maintaining chromatin structure over transcribed regions.

Introduction

The ATP-dependent chromatin remodeling complex Remodels Structure of Chromatin 

(RSC) is an essential, abundant, fifteen-subunit complex with homology to SWI/SNF 

(Cairns et al., 1996; Cairns et al., 1999). RSC regulates the transcription of a wide array of 

Pol II and Pol III transcribed genes, including genes involved in metabolism, stress 

response, cell wall synthesis and mitochondrial function, as well as cell cycle progression 

(Angus-Hill et al., 2001; Campsteijn et al., 2007; Damelin et al., 2002; Govind et al., 2005; 

Mas et al., 2009; Ng et al., 2002; Van de Vosse et al., 2013). In addition to transcription, 
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RSC is important for chromosome segregation (Hsu et al., 2003), replication, and the 

response to DNA damage (Charles et al., 2011; Liang et al., 2007).

RSC possesses multiple domains that may be involved in recruiting the complex to its target 

genes. For example, the DNA binding domains of Rsc3 and Rsc30 recruit RSC to CGCG 

motifs in promoter regions (Badis et al., 2008; Floer et al., 2010). Rsc1 and Rsc2 possess A-

T hook motifs (Cairns et al., 1999) that likely stabilize RSC-DNA interactions, and the 

SWIRM DNA binding domain of Rsc8 potentially mediates RSC-nucleosome interactions 

(Da et al., 2006). The bromodomains of Sth1, Rsc1, Rsc2 and Rsc4 are also likely 

candidates for facilitating the recruitment of RSC to chromatin (Cairns et al., 1999; Kasten 

et al., 2004). In addition to the recognition of DNA binding motifs or histone modifications, 

the interaction of RSC with activators such as Gcn4 (Swanson et al., 2003) and Hog1 (Mas 

et al., 2009), as well as the interaction of RSC with all three RNA polymerases (Soutourina 

et al., 2006) potentially recruits RSC to its target sites.

While the role of RSC in transcription of Pol II and Pol III genes has been well established 

(Angus-Hill et al., 2001; Damelin et al., 2002; Ng et al., 2002; Parnell et al., 2008), whether 

RSC specifically modulates a particular stage of the process remains unclear. The presence 

of RSC in intergenic regions has been linked with low nucleosome occupancy and is 

required for normal mRNA levels (Badis et al., 2008; Hartley and Madhani, 2009; Parnell et 

al., 2008), suggesting that it promotes initiation. Additionally, upon induction of 

carbohydrate metabolism genes, RSC binds to the promoters prior to TFIIB, suggesting that 

RSC facilitates initiation at these genes (Ng et al., 2002). Mutations in the RSC complex 

resulted in reduced recruitment of Pol II and TBP at the promoter of the Gcn4 target gene 

ARG1 (Govind et al., 2005), and Rsc3 was shown to facilitate activator binding at the GAL1/

GAL10 locus (Floer et al., 2010), suggesting that the RSC complex regulates initiation at 

these genes as well.

Several recent in vitro and in vivo studies suggest that RSC facilitates transcription 

elongation in addition to initiation. RSC promotes transcription through a nucleosomal 

template in vitro (Carey et al., 2006) and the MAP kinase, Hog1, was shown to recruit RSC 

to the ORFs of osmo-stress-responsive genes to facilitate transcription (Mas et al., 2009). 

Furthermore, reduced RSC occupancy in the coding sequence of GAL1 in a gcn5Δ/esa1 

mutant was coupled with a reduced rate of elongation and histone eviction (Ginsburg et al., 

2009), suggesting that RSC function in the coding sequence facilitates elongation at that 

gene.

In this study, we have examined the genome-wide localization of RSC under three different 

growth conditions, including amino acid starvation stress. We report that RSC is enriched at 

two classes of genes, one characterized by intergenic binding and another in which RSC is 

predominantly localized to the transcribed regions. RSC recruitment is mediated by the 

HATs Gcn5 and Esa1, and by the Ser2 Pol II CTD kinases Bur1 and Ctk1, predominantly in 

the ORFs of weakly transcribed genes where RSC modulates both Pol II and histone 

occupancy. Collectively, our data strongly indicate a role for RSC in regulating post-

initiation steps of transcription.
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Results

RSC is cotranscriptionally recruited to coding sequences under amino acid starvation 
stress

While various studies have concluded that RSC binds predominantly to intergenic regions 

(Damelin et al., 2002; Ng et al., 2002), in vitro studies indicate a role for RSC in promoting 

transcription elongation (Carey et al., 2006; Kuryan et al., 2012). We observed recruitment 

of multiple RSC subunits, including the catalytic subunit Sth1, primarily to the open reading 

frame (ORF) of a Gcn4 target gene, ARG1 (Figures 1A and S1). To determine whether these 

results are indicative of a more global phenomenon, we utilized an inducible system in 

which Gcn4-target genes are upregulated under amino acid starvation stress (Natarajan et 

al., 2001).

WT and gcn4Δ cells were treated with sulfometuron methyl (SM; inhibits isoleucine/valine 

biosynthesis) to induce transcription of Gcn4 target genes, and Sth1 binding was determined 

by high resolution ChIP-chip (Affymetrix). Since these genes are minimally transcribed in 

gcn4Δ cells, we could measure transcription-dependent recruitment of RSC to Gcn4 target 

genes. The average Sth1 occupancy in coding regions genome-wide was quite similar 

(Pearson correlation, r=0.93) in WT and gcn4Δ cells (Figure 1B) suggesting that deleting 

GCN4 per se did not substantially alter RSC occupancy at non-Gcn4 targets genome-wide. 

In agreement with our gene-specific ChIP results (Figures 1A and S1), Sth1 bound across 

the coding regions of many Gcn4 target genes, including ARG1 and HIS4 in WT but not 

gcn4Δ cells (Figure 1C). Consistently, genes exhibiting the largest reduction in Sth1 ORF 

occupancy in gcn4Δ cells were enriched for Gcn4 targets (Harbison et al., 2004) (Figure 

1D), indicating that RSC localizes to the transcribed regions of Gcn4-regulated genes during 

active transcription.

We also observed increased Sth1 occupancy in the coding regions of some genes in gcn4Δ 

versus WT cells. These genes were enriched for Rap1 targets (p value < 6.4 × 10−22 for 

overlap) (Harbison et al., 2004) (Figure 1D, right), consistent with the observation that Gcn4 

mediates transcriptional repression of ribosomal protein genes, which are Rap1 targets, 

under amino acid starvation conditions (Joo et al., 2011). Thus, loss of Gcn4 causes up-

regulation of these Rap1 targeted genes, with concomitant increase in Sth1 binding. RSC 

was previously shown to localize to the promoters of the ribosomal protein genes (Ng et al., 

2002), whereas we find that RSC binds to the coding regions of these genes as well (Figure 

1E). Sth1 binding was additionally observed in the coding regions of many non-Gcn4 target 

genes, independent of Gcn4, indicating that RSC binds to the ORFs of multiple classes of 

genes (Figure 1F). Collectively, our results showing diminished Sth1 binding in gcn4Δ cells 

at Gcn4 target genes and increased binding at Rap1 target genes that exhibit Gcn4-

dependent repression strongly suggest that RSC binds to the coding regions of actively 

transcribing genes, at least under amino acid starvation stress.

RSC is recruited to the coding sequences of actively transcribing genes

To determine if RSC localization to coding regions is a general phenomenon and is not 

limited to amino acid starvation conditions, we measured Sth1 occupancy in synthetic 
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complete (SC) media with and without SM induction by ChIP-chip using Agilent 4×44K 

arrays. A previous study reported differences in Mediator binding in SC versus YPD, 

indicating condition-specific association of general regulatory factors with their targets (Fan 

and Struhl, 2009). We therefore measured Sth1 occupancy in YPD as well as SC, and Rpb3 

occupancy in all three growth conditions to validate the link between RSC occupancy and 

active transcription.

Heat-maps depicting genome-wide Sth1 binding reveal robust RSC enrichment in coding 

regions under all three growth conditions (Figure 2A). Consistent with a recent study 

showing RSC binding to the first three genic nucleosomes (Yen et al., 2012), RSC binding is 

slightly biased toward the 5’ ORF. Sth1 enrichment in the coding sequences appears to be 

greater than that of the promoter, at least at the genes showing the highest Pol II enrichment 

in all three conditions (Figure 2A), indicating that RSC localizes to the coding sequences of 

highly transcribed genes. While Rpb3 occupancy increased at Gcn4-regulated genes in SM-

treated cells (Figure S2A), it was noticeably reduced in the coding regions of many genes 

(Figure 2B, compare SC and SM Rpb3). RSC enrichment was generally lower across the 

genome in SM, consistent with the observed reduction in Rpb3 occupancy (Figure 2B). 

These last findings further support a link between RSC ORF occupancy and active 

transcription. Consistent with this finding, Rpb3 ORF occupancy correlated better with Sth1 

in ORFs than in promoters (Pearson correlation r=0.64 vs r=0.49) across all three growth 

conditions (Figures 2C and S2B). Similarly, transcription frequency (taken from (Holstege 

et al., 1998)) was more strongly correlated with Sth1 ORF occupancy than promoter 

occupancy (Figure 2D). Altogether, the large number of genes enriched for RSC in the 

coding region (Figure 2A), as well as the strong correlation between Sth1 and Rpb3 ORF 

occupancy (Figure 2C), indicate that RSC is globally recruited to the coding regions of 

actively transcribed genes.

To further examine Sth1 binding profiles, we selected genes displaying average Sth1 

binding greater than log2 (ChIP/Input) of 0.5 in the promoter (promoter-enriched) or in the 

coding region (ORF-enriched). The analyses described below were performed with these 

RSC-enriched genes unless indicated otherwise. We identified 330 genes in SM, 844 genes 

in SC and 545 genes in YPD that were promoter-enriched, while 704 genes in SM, 1351 

genes in SC and 1338 genes in YPD exhibited Sth1 enrichment in coding regions. The gene-

averaged profile of Sth1 binding in the promoter-enriched class showed maximum binding 

in the region upstream of the transcription start site (TSS), as expected, suggesting that RSC 

binds primarily to the promoters of these genes (Figure 2E). In contrast, the ORF-enriched 

class showed greater Sth1 binding across the coding region, peaking slightly downstream of 

the TSS and declining just prior to the transcription end site (TES) (Figure 2F). The Rpb3 

binding profile closely mirrored the Sth1 binding profile (Figure 2G) suggesting that RSC 

occupies the coding regions of actively transcribing genes. Only a small fraction of RSC-

enriched genes (9-12%, Figure S2C) met the threshold for Sth1 enrichment at both the 

promoter and the ORF, implying that RSC generally binds robustly to either promoter or 

coding regions genome-wide.

Interestingly the highly expressed ribosomal protein genes were more prevalent among the 

ORF-enriched class (82%, p=4.6 × 10−46) than the promoter-enriched class (34%, p=0.003) 
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in SC, suggesting that highly transcribed genes recruit RSC to their coding sequences. 

Consistent with this observation, the coding sequences of Gcn4-target genes, which are 

upregulated under amino acid starvation stress, were highly enriched for RSC in SM (Figure 

S2D). We also, however, observed a number of highly transcribing genes (Rpb3 > 0.5 log2 

ratio) in all three growth conditions that were devoid of Sth1 (Figure S2E), implying that 

RSC is not recruited to the ORF of all highly transcribed genes. Overall, the substantial Sth1 

ORF enrichment observed at a large number of genes in all three growth conditions, coupled 

with the strong correlation between Sth1 and Rpb3 strongly indicates that RSC is recruited 

to the coding sequences of actively transcribing genes.

Histone acetyltransferases promote RSC recruitment to weakly transcribed genes

Having determined that RSC binds to transcribed coding regions, we asked how RSC might 

be recruited to these regions. Four of the RSC subunits, including Sth1, account for almost 

half of the bromodomains found in S. cerevisiae (Kasten et al., 2004), and histone 

acetylation enhances RSC binding to nucleosomes in vitro (Carey et al., 2006; Chatterjee et 

al., 2011). These studies and others suggest a potential role of histone acetylation in RSC 

recruitment. Whether histone acetylation promotes RSC binding to chromatin in general or 

specifically to coding regions in vivo has not been addressed.

Gcn5-containing SAGA and Esa1-containing NuA4 are the two major histone H3 and H4 

histone acetyltransferase (HAT) complexes in yeast. Both SAGA and NuA4 promote RSC-

stimulated transcription in vitro (Carey et al., 2006) and the HAT double mutant gcn5Δ/

esa1ts reduces RSC occupancy at the GAL1 ORF (Ginsburg et al., 2009). We thus 

determined Sth1 and Rpb3 occupancy in gcn5Δ/esa1ts in both SC and SM to examine the 

role of histone acetylation in recruiting RSC genome-wide. Heat-maps representing Sth1 

binding at the ORF-enriched class (1351 genes in SC and 704 genes in SM) displayed a 

general reduction in RSC ORF enrichment in gcn5Δ/esa1ts (Figure 3A). Gene-averaged 

profiles revealed that the decrease in Sth1 ORF binding in SC was accompanied by reduced 

Rpb3 binding (Figure 3B), suggesting that the reduction in RSC binding could stem 

primarily from impaired transcription in the HAT mutant. However, the RSC binding defect 

in SM, although less pronounced than in SC, is not attributable to reduced Rpb3 binding 

(Figure 3B). This finding indicates that Rpb3 and Sth1 are recruited to some genes by 

distinct pathways (varying in dependence on Gcn5/Esa1) in yeast grown in SM. Why this is 

not the case in SC is not clear, but may reflect a distinct cohort of transcriptional activators 

underlying the different transcriptional programs in these two conditions.

Interestingly, in contrast to the gene average profile analysis, k-means clustering (k=4) of 

the changes in Sth1 and Rpb3 occupancies (HAT mutant versus WT) in SC revealed 

reduced Sth1 occupancy at genes weakly occupied by Pol II without corresponding defects 

in Rpb3 binding (Figure S3A; cluster 4). This result suggests that HATs are important for 

recruiting RSC to the coding regions of weakly transcribed genes. To examine this 

observation further, we divided the ORF-enriched genes into two classes based on average 

Rpb3 ORF occupancy (log2 (ChIP/Input) >0.5, high-Rpb3; log2 (ChIP/Input) <0.5, low-

Rpb3). Metagene analysis at the high-Rpb3 genes revealed similar reductions in Sth1 and 

Rpb3 occupancy in both SC and SM (Figure 3C). In contrast, at the low-Rpb3 genes, the 
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gcn5Δ/esa1ts mutant elicited a marked reduction in Sth1 occupancy (Figure 3D, left), 

whereas Rpb3 occupancy was largely unaffected or even increased (Figure 3D, right).

Given that promoter regions are generally enriched for acetylated histones as compared to 

their corresponding ORFs (Pokholok et al., 2005), we examined whether RSC binding was 

reduced at the promoter-enriched genes in gcn5Δ/esa1. Remarkably, Sth1 binding in the 

region upstream of the TSS of these genes was largely unaffected by the HAT mutations in 

SM, and was only slightly reduced in SC (Figure S3B). The reduction in SC was 

accompanied by a similar reduction in Rpb3. Thus, a direct role of HATs in recruiting RSC 

is evident only for weakly transcribed ORFs. Acetylated histones might also enhance RSC 

recruitment at highly transcribed genes, but the importance of HATs for high-level of Pol II 

occupancy obscures this possibility.

Serine 2 kinases promote RSC binding to the coding regions of weakly transcribed genes

The phosphorylated Pol II C-terminal domain (CTD) has been shown to recruit several 

factors involved in Pol II elongation (Jeronimo et al., 2013). The Pol II CTD is 

phosphorylated at Ser5 (Ser5P) by Kin28 very early during Pol II elongation, and later at 

Ser2 (Ser2P) by Ctk1. Ser2 is also phosphorylated by Bur1 at the 5’ region of transcribed 

genes (Qiu et al., 2009). As such, both Ser5P and Ser2P occur during early elongation, and 

either of these modifications could potentially facilitate RSC recruitment to coding 

sequences. Since RSC interacts with all three RNA polymerases (Soutourina et al., 2006), 

we asked if RSC interacts with phosphorylated Pol II. Our results show that multiple 

subunits of RSC coimmunoprecipitate Ser5P and Ser2P Pol II (Figure 4A), suggesting that 

phosphorylated Pol II could promote RSC recruitment to the coding sequences.

To test this hypothesis, we analyzed Sth1 recruitment in Pol II CTD kinase mutants. To 

determine whether Ser5P was important for recruiting RSC to coding regions, we measured 

genome-wide Sth1 occupancy in kin28as/bur2Δ (as; analog sensitive), a mutant which 

elicits greater reductions in Ser5P than the single kin28as mutant (Bataille et al., 2012). As 

expected, treating kin28as/bur2Δ with the ATP-analog NA-PP1 substantially reduced Ser5P 

levels at ARG1 (Figure S4A). Impairing Ser5 phosphorylation in SC led to a uniform 

reduction in Sth1 occupancy at ORF-enriched genes, but elicited a comparable reduction in 

Rpb3 binding (Figures S4C and S4D). Thus, the reduction in Ser5 phosphorylation could 

affect RSC recruitment indirectly by reducing transcription, making it unclear whether 

Ser5P has a direct role in RSC recruitment. Examining Sth1 and Rpb3 occupancy in Gcn4 

inducing conditions revealed essentially no effect of reducing Ser5P on RSC occupancy 

(Figures S4E and S4F).

To examine the role of Ser2 phosphorylation in recruiting RSC, we determined Sth1 and 

Rpb3 occupancy by ChIP-chip in the Ser2 kinase double mutant bur1as/ctk1Δ after treating 

the cells with the ATP-analog 3MB-PP1 to inactivate Bur1 kinase. This mutant produced 

similar reductions in Sth1 binding at the ARG1 3’ ORF with or without ATP-analog 

treatment (Figure S4B), suggesting that Ctk1-mediated Ser2P is important for RSC 

recruitment at this gene. We thus analyzed Sth1 binding genome-wide in the bur1as/ctk1Δ 

mutant without 3MB-treatment (hereafter referred to as ctk1Δ).
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The Ser2 kinase mutant (analog treated or untreated) reduced Sth1 occupancy across the 

coding regions of the ORF-enriched class of genes (Figure S4C), but diminished Rpb3 

occupancy as well (Figure S4D), suggesting that the reduction in Sth1 was likely due to a 

defect in transcription in the absence of Ser2P. Under amino acid starvation stress, while 

both bur1as/ctk1Δ and ctk1Δ produced similar reductions in Rpb3 occupancy at the ORF-

enriched genes (Figure S4F), Sth1 binding was reduced further in the double mutant (Figure 

S4E), suggesting that both kinases promote RSC recruitment to the transcribed regions. To 

distinguish the Sth1 binding defect from the effect of Ser2 kinase mutants on transcription, 

we analyzed Sth1 and Rpb3 binding profiles by average Rpb3 ORF occupancy (log2 ratio 

>0.5 high-Rpb3; <0.5 low-Rpb3). Under amino acid starvation stress, Sth1 binding was 

distinctly reduced at the low-Rpb3 genes in the Ser2 kinase mutants without any reduction 

in Rpb3 occupancy (Figure 4B). Similarly, Sth1 binding was diminished under normal 

growth conditions (Figure 4C), although this reduction could be partially attributed to Pol II 

binding defects particularly in the bur1as/ctk1Δ mutant. The defect in Sth1 binding at the 

high-Pol II occupied genes was indistinguishable from the Rpb3 binding defect (data not 

shown), suggesting that either Ser2 kinases are not required for RSC recruitment to these 

genes, or that their effect is masked by the reliance of these genes on Ser2 kinase activity for 

transcription. Together, our results implicate Ser2 kinases in promoting RSC binding to the 

coding sequences of weakly transcribed genes.

ORF-bound RSC is required for the transcription of low-Pol II occupied genes

Considering that RSC occupies coding regions, and that Sth1 and Pol II occupancy are 

highly correlated (Figure 2), we asked whether RSC facilitates transcription. To do so, we 

depleted RSC catalytic subunit Sth1 and measured Rpb3 occupancy genome-wide in both 

SC and SM. We depleted Sth1 by using an STH1-TET strain in which the endogenous 

promoter was replaced by a tetracycline-repressible promoter. Sth1 protein levels were 

greatly reduced in STH1-TET cells treated with doxycycline in both SM and SC (Figure 

S5A). Sth1 ORF enrichment in WT cells was mildly anti-correlated with the changes in 

average Rpb3 ORF occupancy upon Sth1-depletion in both SC (Pearson correlation r = 

−0.31, p-value < 2.4 × 10−122) (Figure 5A) and SM (data not shown). These results suggest 

that ORF-associated RSC promotes transcription by regulating Pol II occupancy in coding 

sequences of at least some genes.

To further investigate this phenomenon, we analyzed Rpb3 occupancy at genes that 

exhibited a change in average Rpb3 ORF occupancy (> log2 0.5; dox vs No dox) upon 

depleting Sth1. Rpb3 occupancy increased in the coding regions of 386 genes and decreased 

at 247 genes in SC (Figures 5B and 5C). Since these genes were selected solely on the basis 

of the change in Rpb3 occupancy, we asked whether these genes were actually enriched for 

RSC. The gene-averaged Sth1 binding profiles revealed that genes with decreased Pol II 

were indeed enriched for Sth1 in the coding regions (Figure 5D). In contrast, the genes 

exhibiting increased Pol II on Sth1 depletion were largely devoid of Sth1 in the ORF in WT 

cells. Similarly, genes showing reduced Pol II occupancy upon Sth1 depletion in SM were 

enriched for RSC in the coding regions, whereas the genes showing increased Rpb3 were 

not (Figures S5B-D). Altogether, these results strongly suggest that RSC recruited to coding 

regions promotes transcription.

Spain et al. Page 7

Mol Cell. Author manuscript; available in PMC 2015 December 04.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Having shown that ORF-bound RSC affects transcription of a subset of genes (Figures 5C 

and S5C), we analyzed the effect of Sth1-depletion on genes specifically enriched for RSC 

in the ORF. In SC, Sth1-depletion reduced Pol II occupancy in the coding region 

downstream of the TSS of the ORF-enriched genes (Figure 5E), indicating a role for RSC in 

Pol II elongation-coupled events. To examine if RSC recruitment to coding regions is 

equally important for genes transcribed at high and low levels, we examined the impact of 

Sth1-depletion on Rpb3 occupancy at high and low Pol II occupied genes (log2 > 0.5 and 

<0.5 Rpb3). Rpb3 was only mildly reduced in the coding regions of the high-Rpb3 genes 

(Figure S5E), suggesting that RSC is dispensable for the transcription of highly expressed 

genes. Interestingly, Rpb3 occupancy was severely reduced in the coding regions of low-Pol 

II occupied genes in the absence of Sth1 (Figure 5F, compare dox and No dox), indicating 

that the transcription of weakly transcribed genes is strongly dependent on the recruitment of 

RSC to the coding regions. Consistent with this observation, Rpb3 binding was greatly 

diminished only from the coding regions of the ORF-enriched low-Rpb3 occupied genes 

upon Sth1-depletion in SM (Figure 5G). Similar to SC, Rpb3 occupancy at the high Pol II-

occupied genes was largely unaffected by Sth1-depletion in SM (Figure S5F). Overall, our 

results indicate that RSC recruitment to coding sequences is critical for efficient 

transcription of weakly transcribed genes.

RSC is recruited to coding regions to maintain co-transcriptional histone occupancy

Having seen that RSC recruitment to transcribed regions promotes transcription of low-Pol 

II occupied genes, we considered whether RSC might promote histone eviction to allow 

efficient transcription of these genes. ChIP-chip of histone H3 occupancy in Sth1-depleted 

and non-depleted cells grown in SC revealed that Sth1 enrichment in coding regions was 

negatively correlated with changes in H3 occupancy in the ORF upon Sth1-depletion (r = 

−0.49, p-value <2.3 × 10−76) (Figure 6A). This result implies that histone occupancy 

decreases at RSC-occupied genes in the absence of RSC activity. Consistent with this 

finding, H3 occupancy at ORF-enriched genes (Sth1 enrichment > 0.5 log2 ratio) was 

reduced primarily in coding regions at both high and low Pol II-occupied genes on Sth1 

depletion (Figures 6B and 6C). To determine whether the reduction in H3 binding was 

linked to the presence of Sth1 in coding regions, we analyzed changes in H3 binding upon 

Sth1-depletion according to the WT Sth1 enrichment in deciles. This analysis revealed that 

the maximum histone depletion in the coding region was associated with the higher deciles 

of Sth1 occupancy whereas the lower deciles actually showed elevated histone occupancy in 

the ORF (Figure 6D). This data suggests that RSC localizes to coding regions to preserve 

ORF histone occupancy by stabilizing nucleosomes or by facilitating cotranscriptional 

histone deposition rather than disassembly.

Our finding that Rpb3 binding was substantially decreased at the ORFs of weakly 

transcribed genes (Figure 5F) indicates a reduction in H3 occupancy is associated with 

reduced transcription of these genes. This is surprising because a reduction in nucleosome 

occupancy would be expected to enhance transcription. Hence, the reduced Pol II occupancy 

at weakly transcribed ORF-enriched genes evoked by RSC inactivation does not arise 

simply from a defect in cotranscriptional nucleosome disassembly. Our finding suggests a 

dual role for RSC in regulating chromatin structure. RSC may enhance transcription by 
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remodeling at specific sites or stages during transcriptional activation, while regulating 

histone reassembly during ongoing transcription. Indeed, histone density is reduced at the 

ORF-enriched Gcn4-regulated genes upon activation of Gcn4 (SM) (Figure S6), likely 

reflecting activities of various chromatin remodeling activities, possibly including RSC (Yen 

et al., 2012). Similar to our findings, reduced occupancy by Pol II and histones has been 

reported upon the loss of Spt6 histone chaperone function (Ivanovska et al., 2011).

H3 binding was surprisingly decreased at promoter-enriched genes upon Sth1-depletion 

(Figure 6E) in contrast to a previous study in which increased nucleosome occupancy was 

observed in a rsc3ts mutant at a subset of promoters containing Rsc3 binding sites (Badis et 

al., 2008). Only a fraction of promoters containing Rsc3 binding sites, however, were 

present among our list of Sth1 promoter-enriched genes (Figure 6F). Additionally, the 

observed increase in nucleosomal occupancy in the rsc3 mutant was associated with a 

transcriptional defect, implying that impaired transcription might have contributed to the 

increase. Overall, we find that Sth1 depletion results in a general decrease in H3 occupancy, 

indicating a role for RSC in maintaining nucleosome occupancy in both promoter and 

coding regions.

Discussion

In this study, we show that RSC is recruited to the coding regions of actively transcribing 

genes under various growth conditions. RSC recruitment to the ORF is aided by Gcn5 and 

Esa1 containing HAT complexes, consistent with the preponderance of bromodomains in 

the RSC complex. Phosphorylation of the Pol II CTD at Ser2 additionally contributes to the 

association of RSC with coding regions. We further show that the transcription of weakly 

transcribed genes is highly dependent on the presence of RSC in their coding sequences. 

Finally, our results underscore the role of RSC in maintaining histone occupancy in 

transcribed regions genome-wide.

RSC binds to the coding sequences of actively transcribing genes

We find that RSC binding to coding regions is linked to active transcription. RSC binds to 

the ORFs of Gcn4 target genes in WT but not gcn4Δ cells upon induction (Figure 1C). RSC 

ORF occupancy at Rap1 target genes, which are repressed by Gcn4 under amino acid 

starvation, increased in the absence of Gcn4 (Figures 1D and 1E), linking RSC ORF-

occupancy to derepression. Additionally, RSC binding was well correlated with Pol II 

occupancy genome-wide under both amino acid starvation stress and normal growth 

conditions (Figure 2). Lastly, a general downregulation of transcription in SM-treated cells 

corresponded with reduced Sth1 ORF binding. Our findings that RSC localizes to the coding 

regions of a large proportion of genes strongly implicate RSC in regulating post-initiation 

steps of transcription.

In addition to the ORFs, RSC binds predominantly to promoter regions at a smaller 

proportion of genes (Figures 2E), consistent with earlier studies (Damelin et al., 2002; Ng et 

al., 2002; Parnell et al., 2008). RSC targets in these studies, however, were determined by 

intergenic (promoter) arrays that contained only 64 ORFs. In our study, the size of the ORF-

enriched class exceeds that of the promoter-enriched class across three different growth 
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conditions, implicating RSC in modulating transcription or chromatin structure post-

initiation, which is consistent with an in vitro study demonstrating that RSC promotes Pol II 

elongation through a nucleosomal template (Carey et al., 2006).

HATs and Serine 2 kinases promote RSC binding to coding regions

Multiple studies have suggested a role for histone acetylation in recruiting RSC to chromatin 

based on the interaction of RSC with acetylated histones in vitro (Carey et al., 2006; 

Chatterjee et al., 2011; Kasten et al., 2004). Whether acetylated histones are indeed required 

for promoting RSC recruitment in vivo, however, is unclear. One study has shown impaired 

RSC recruitment in HAT mutants, but only to one gene (GAL1) (Ginsburg et al., 2009). Our 

genome-wide analysis of RSC binding in gcn5Δ/esa1 cells, which reduces both H3 and H4 

acetylation, indicates that histone acetylation is globally important for efficient RSC 

recruitment (Figure 3). Strikingly, the gcn5Δ/esa1 mutant reduced Sth1 binding to the 

coding sequences of weakly transcribed genes without reducing Pol II occupancy (Figure 

3D), whereas Sth1 and Pol II occupancy was equally impaired in the ORFs of strongly 

transcribed genes. These findings suggest either that HATs are not important for RSC 

binding at strongly transcribed genes, or that the effect of depleting HAT activity is not 

visible at these genes due to their reliance on histone acetylation for transcription. 

Alternatively, ORF nucleosomes at strongly transcribed genes are potentially subject to 

rapid deacetylation, such as ARG1, where multiple HDACs, including Hos2 and Hda1, are 

recruited under activating conditions (Govind et al., 2010). Interestingly, hos2Δ and hda1Δ 

partially suppress the phenotype associated with Rsc4 bromodomain mutants (Kasten et al., 

2004). A pathway that is not related to histone acetylation may thus be more important for 

recruiting RSC to strongly transcribed genes, whereas the persistence of acetylated histones 

in the ORFs of weakly transcribed genes likely renders acetylation-dependent recruitment a 

more predominant mechanism there.

Although promoter regions are generally enriched for acetylated nucleosomes (Pokholok et 

al., 2005), the gcn5Δ/esa1 mutant unexpectedly did not impair RSC binding at Sth1 

promoter-enriched genes (Figure S3B) or in the region upstream of the TSS of ORF-

occupied genes (Figures 3C and 3D). RSC recruitment to the promoter by sequence specific 

DNA binding proteins, such as Reb1 and Abf1 (Hartley and Madhani, 2009), or by its Rsc3/

Rsc30 subunits (Badis et al., 2008) could explain the failure of the gcn5Δ/esa1ts mutation to 

abrogate RSC binding to promoters. Overall, our data indicate that histone acetylation 

enhances RSC recruitment to the transcribed regions of many genes.

The strong correlation observed between Rpb3 and RSC occupancy in coding regions 

(Figure 2A and 2F-G), as well as the interaction of RSC with Pol II (Soutourina et al., 2006) 

suggests that elongating Pol II promotes RSC recruitment to coding regions. Both Ser2 and 

Ser5 phosphorylated Pol II coimmunoprecipitate with RSC (Figure 4A) consistent with the 

presence of these modifications in transcribed regions (Jeronimo et al., 2013). Analysis of 

RSC binding in Pol II CTD kinase mutants revealed the importance of Ctk1 in promoting 

RSC recruitment to the coding sequences of weakly transcribed genes (Figures 4B and 4C). 

We were unable to detect any preferential binding of TAP-purified Sth1 or Rsc2 with 

phosphorylated CTD peptides (data not shown). It is, therefore, unlikely that Ser2 
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phosphorylation recruits RSC directly. We thus speculate that Ser2 phosphorylation 

indirectly stimulates RSC binding to coding sequences. The phosphorylated CTD is a well-

defined scaffold for recruiting various elongation factors to coding sequences (reviewed in 

(Jeronimo et al., 2013)) that potentially recruits an additional factor required for bringing 

RSC to ORFs. Both Spt6 and the Paf1 complex, which rely on Ser2 phosphorylation for 

recruitment, could potentially mediate RSC association with coding regions (Burugula et al., 

2014; Qiu et al., 2012).

Our finding that RSC binding is greatly reduced only at weakly transcribed genes in both 

HAT and Ser2 kinase mutants suggest that additional factors can contribute to RSC 

recruitment at highly expressed genes that can compensate for the reduction in histone 

acetylation or Ser2 phosphorylation. As such, either impairing histone acetylation or Ser2 

phosphorylation severely reduces RSC association with the coding regions of weakly 

transcribed genes.

ORF-bound RSC regulates Pol II and histone occupancy

Earlier genome-wide studies suggested a role for RSC in transcription activation as well as 

in the repression of many genes (Damelin et al., 2002; Ng et al., 2002). Consistent with 

these studies, Sth1 depletion increased as well as reduced Pol II occupancies at many genes 

(Figures 5B-5C and S5B-C). While the genes exhibiting increased Pol II were largely 

devoid of RSC in their coding regions (Figures 5D and S5D), the Sth1 binding profile at 

these genes resembled that of the promoter-enriched genes, suggesting that RSC might 

repress transcription initiation at these genes.

Remarkably, only the genes displaying reduced Pol II occupancy upon Sth1-depletion were 

enriched for RSC in the coding regions (Figures 5D and S5D), suggesting that ORF-bound 

RSC promotes transcription of this set of genes. Consistent with this finding, Pol II was 

drastically reduced upon Sth1 depletion in the coding regions of weakly transcribed genes 

specifically enriched for RSC in the ORF (Figures 5F and 5G). We propose that the 

chromatin remodeling activity of RSC, which may include histone eviction, maximizes the 

transcription rate. In the absence of RSC activity, the transcription of weakly expressed 

genes is more severely attenuated than that of strongly transcribed genes. The finding that 

Sth1 binding is anti-correlated with changes in Rpb3 upon Sth1 depletion (Figure 5A), 

coupled with the observation that Rpb3 preferentially declines near the TSS (Figure 5E), 

suggests that RSC is recruited to the ORF to regulate elongation or other post-initiation 

activities. Our results support studies showing stimulation of Pol II elongation through 

acetylated nucleosomal templates by RSC in vitro (Carey et al., 2006), and reduced Pol II 

ORF occupancy in RSC mutants at specific genes in vivo (Ginsburg et al., 2009; Mas et al., 

2009).

Previous studies indicated that impairing RSC function leads to smaller nucleosome free 

regions (NFRs) (Badis et al., 2008; Hartley and Madhani, 2009), suggesting that RSC is 

involved in removing nucleosomes from these regions. We observe a reduction in H3 

occupancy in coding regions as well as at the promoters of RSC occupied genes upon Sth1 

depletion (Figures 6), suggesting that RSC is largely responsible for maintaining H3 

occupancy. Our results are not inconsistent with prior studies, as the promoters displaying 
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constricted NFRs were not definitively shown to be bound by RSC (Badis et al., 2008). In 

fact, consistent with our results, reduced nucleosome occupancy was observed at promoters 

lacking Rsc3 binding sites in a rsc3-1 mutant (Badis et al., 2008). Additionally, the elevated 

nucleosome occupancy observed in rsc3-1 in that study was associated with a transcription 

defect, rendering it difficult to ascertain whether the increase arose from the loss of RSC or 

from a general defect in transcription. It is possible that RSC complexes recruited to 

promoters through the DNA binding activity of Rsc3 perform a different function than those 

recruited to coding regions by HATs, Ser2 kinases or other factors. In support of this 

hypothesis, the RSCa complex lacks the Rsc3/Rsc30 dimer (Angus-Hill et al., 2001). Our 

finding that H3 occupancy generally decreases upon Sth1 depletion is additionally supported 

by a recent study showing depletion of nucleosomes in BRG1 and SNF5 deletion mutants 

lacking functional SWI/SNF complex (Tolstorukov et al., 2013)

We find that the overall reduction of H3 from coding regions upon RSC inactivation is 

strongly dependent on robust RSC enrichment under normal conditions (Figure 6D), 

suggesting that RSC is not only involved in remodeling or evicting histones but is also 

important for maintaining nucleosome density across coding regions during transcription. 

We propose that RSC coordinates with histone chaperones to efficiently reestablish 

chromatin structure perturbed by transcription. In support of this hypothesis, the histone 

chaperone NAP1 was shown to function coordinately with the RSC complex to maintain 

nucleosome occupancy in vitro (Kuryan et al., 2012). Additionally, Sth1 genetically 

interacts with the histone chaperone Spt6 (Du et al., 1998), and inactivation of either RSC or 

Spt6 reduces both Pol II and histone occupancy in coding regions (Figure 5 and 6) 

(Ivanovska et al., 2011). Alternatively, RSC inactivation could promote excessive histone 

eviction. Structural studies have shown that RSC can accommodate an entire nucleosome in 

its central cavity (Chaban et al., 2008), potentially insulating the nucleosome from the 

activity of other chromatin remodelers. In support of this hypothesis, multiple chromatin 

remodeling complexes were recently shown to act together at a single gene (Yen et al., 

2012). It is possible that the loss of RSC function exposes normally protected nucleosomes 

to abnormal eviction by other chromatin remodelers.

Collectively our results strongly implicate RSC in regulating transcription post-initiation. 

The robust enrichment of RSC in coding regions, mediated in part by HATs and Ser2 

kinases, the strong link between Sth1 and Rpb3 binding, and the reduction in Pol II and 

histone occupancy in the coding regions of weakly transcribed genes in Sth1-depleted cells, 

all support a role for RSC in promoting transcription and in maintaining nucleosome 

occupancy in coding regions.

Experimental Procedures

Yeast strains and growth conditions

Yeast strains utilized in this study are listed in Table S1. Cells were grown in SC and YPD 

to an absorbance A600nm of 0.7. For Gcn4 induction, cells grown in SC were treated with 

0.65 μM sulfometuron methyl (SM) for 30 min. To deplete Sth1, STH1-TET cells were 

treated with 50 μg/ml doxycycline for ~6 hr. bur1as/ctk1Δ cells were treated with 12 μM 

3MB-PP1 for 80 minutes and kin28asbur2Δ cells with 6 μM NAPP1 for 35 min to inactivate 
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kinase activities of Bur1 and Kin28, respectively. gcn5Δ/esa1ts cells were grown at 25°C to 

an A600nm of 0.5 and moved to 37°C for 1.5-2 hr. to inactivate Esa1 activity.

ChIP and ChIP-chip

Chromatin immunoprecipitation experiments were performed as described previously 

(Govind et al., 2012) using the following antibodies. Anti-myc (Roche), anti-Rpb3 

(Neoclone), anti-Ser5P (H14; Covance), anti-Ser2P (Bethyl), anti-H3 (Abcam). Primers 

used for ChIP are listed in Table S2. Affymetrix tiling arrays (P/N520055) and Agilent 

4×44K arrays (G4493A) were used for ChIP-chip experiments. ChIP and input DNA were 

amplified using the GenomePlex WGA-2 kit (Sigma). The samples (for Affymetrix arrays) 

were further fragmented to 30-70 bp before labeling and then hybridized to the arrays as per 

the manufacturer instructions and processed as described previously (Lee et al., 2007; 

Venkatesh et al., 2012).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• RSC is recruited to the coding sequences of actively transcribing genes

• HATs and serine 2 kinases promote RSC recruitment to coding regions

• ORF-bound RSC regulates RNA polymerase II and histone occupancies
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Figure 1. RSC is recruited to coding sequences during amino acid starvation
A) Myc-tagged Sth1 (Sth1) occupancy measured by chromatin immunoprecipitation (ChIP) 

at the UAS and 3’ ORF of ARG1 in WT and gcn4Δ cells after inducing with SM 

(sulfometuron methyl). Error bars represent SEM (n=3). B) Scatter plot of Sth1 enrichment 

([ChIP/Input] log2 ratios) in the coding regions, under inducing conditions (SM) in WT and 

gcn4. C) Snapshots of high resolution ChIP-chip indicating that Sth1 binds to the coding 

regions of Gcn4-target genes in WT (top) but not gcn4Δ cells (bottom). D) Venn diagram 

(left) and frequency plot (right) showing enrichment of Gcn4 target genes (red) among the 

genes showing the largest reduction in Sth1 binding (over ORFs) in gcn4Δ, and Rap1-target 

genes (green) enriched among the genes showing increased Sth1 binding (over ORFs) in 

gcn4Δ. E-F) Snapshots showing Sth1 enrichment in WT and gcn4Δ at ribosomal protein 

genes (E) and at non-Gcn4 target genes along with the Gcn4 target gene THR4 (F).

See also Figure S1.
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Figure 2. RSC is recruited to transcribed regions under multiple growth conditions
A) Sth1 and Rpb3 binding was determined by ChIP-chip (Agilent 4×44 arrays) in WT cells 

grown in YPD, synthetic complete (SC) or SC+SM medium. Heat maps depicting Sth1 

binding across the genes (n=5474) sorted from the highest to the lowest average ORF Rpb3 

values in each growth condition; SM (left), SC (middle) and YPD (right). The genes were 

computationally split in the center and the first half was aligned to the transcription start site 

(TSS) while the other half was aligned to the transcription end site (TES). B) Heat-maps 

showing Sth1 and Rpb3 binding (averaged over ORF) in SC and SM (n=5474). C-D) Scatter 

plots showing the correlation between Sth1 binding of the ORF-enriched and promoter-

enriched classes versus the Rpb3 occupancies (averaged over ORF) (C) and versus 

transcription frequencies (from Holstege et al., 1998) (D). The Pearson correlations are 

shown. E-G) Gene averaged profiles of Sth1 binding at the promoter-enriched genes (E), at 

the ORF-enriched genes (F) and Rpb3 binding profile for the ORF-enriched genes (G). The 

gray shading represents SEM.

See also Figure S2.

Spain et al. Page 18

Mol Cell. Author manuscript; available in PMC 2015 December 04.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. Histone acetyltransferases Gcn5 and Esa1 promote RSC recruitment to the coding 
region
A) Heat-maps depicting Sth1 distribution across the ORF-enriched genes (Sth1 average 

ORF occupancy greater than log2 0.5) ranked on the basis of Rpb3 enrichment in WT from 

the highest to the lowest in WT and gcn5Δ/esa1ts in SC (left) and SM (right). B) Sth1 (top) 

and Rpb3 (bottom) binding profiles at the metagene comprised of the ORF-enriched genes 

in SC and SM for WT and gcn5Δ/esa1ts are shown. C-D) Metagene profiles of Sth1 and 

Rpb3 binding are shown at the ORF-enriched genes with Rpb3 occupancies greater than 

log2 0.5 (high-Rpb3) (C) and less than log2 0.5 (low-Rpb3) (D) for WT and the gcn5Δ/esa1 

mutant in SC and SM. The gray shading represents SEM.

See also Figure S3.
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Figure 4. Ser2 kinases promote RSC recruitment to the coding regions of low transcribed genes
A) Myc-tagged Sth1 (left) or HA-tagged Sth1 and Rsc4 (right) were immunoprecipitated 

using anti-Myc or anti-HA antibodies, and the immunoprecipitates were detected by western 

blot for the presence of Pol II phosphorylated at Ser5 (Ser5P) or Ser2 (Ser2P). Untagged 

WT was used as a control. Ser5P, Ser2P and Myc signals were quantified after correcting for 

inputs are presented as fold enrichment. B-C) Gene average profile of Sth1 and Rpb3 at the 

ORF-enriched genes with low Rpb3 occupancy (log2 <0.5) in SM (B) and in SC (C) for the 

WT and the Serine2 kinase mutants are shown. The Bur1 kinase activity was inhibited by 

treating bur1as/ctk1Δ cells with the ATP-analog 3MB-PP1. The bur1as/ctk1Δ strain 

untreated with 3MB-PP1 is labeled ctk1Δ. The gray shading represents SEM.

See also Figure S4.
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Figure 5. Sth1-depletion reduces Pol II occupancies at RSC occupied genes
Rpb3 occupancy was determined by ChIP-chip in STH1-TET cells grown in the presence of 

doxycycline (dox) to deplete Sth1, or in the absence (No dox). A) Scatter plot showing the 

correlation between the changes in Rpb3 binding upon Sth1 depletion versus Sth1 

enrichment in coding regions in the WT control cells grown in SC genome-wide (n=5464). 

B-C) Rpb3 binding profiles at the genes exhibiting an increase in Rpb3 occupancy (> 0.5 

log2 ratio, n=386) or decrease (> −0.5 log2 ratio, n=247) upon Sth1 depletion. D) Sth1 

binding profiles at the genes analyzed in panels B and C. E-F) Metagene profile of Rpb3 

occupancy at the genes enriched for RSC in the coding regions (ORF-enriched genes; Sth1 

binding >0.5 log2 ratio, n=1351) and a subset of ORF-enriched, low-Rpb3 occupied genes 

(Rpb3 <0.5 log2 ratio, n=356). G) Rpb3 occupancy profile at the low-Rpb3 occupied genes 

(n=268) in dox and No dox cells induced by SM. The gray shading represents SEM.

See also Figure S5.
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Figure 6. ORF-bound RSC maintains cotranscriptional histone occupancies
A) Scatter plot showing the negative correlation between Sth1 enrichment in the coding 

regions in WT control cells grown in SC versus the change in histone H3 binding in Sth1-

depleted cells. B-C) Gene averaged H3 occupancy profile at the ORF-enriched genes with 

high Rpb3 >0.5 log2 (B) and low Rpb3 (<0.5 log2) (C) in dox and No dox treated cells. D) 

The ORF occupancies of Sth1 were grouped into deciles, and the changes in H3 binding 

under Sth1-depleting conditions are shown in the boxplot. A dashed line (blue) represents no 

change in H3 occupancy and the notches represent the 95% confidence interval for each 

median. E) H3 binding profile at the promoter enriched genes. The gray shading represents 

SEM. F) Venn diagram showing the overlap of Rsc3 binding site containing promoters 

(identified in Badis et al., 2008) with the genes showing enrichment of Sth1 (> 0.5 log2 

ratio) at the promoters.

See also Figure S6.
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