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SUMMARY

Gene expression shows a significant variation (noise)
between genetically identical cells. Noise depends
on the gene expression process regulated by the
chromatin environment. We screened for chromatin
factors that modulate noise in S. cerevisiae and
analyzed the results using a theoretical model that
infers regulatory mechanisms from the noise versus
mean relationship. Distinct activities of the Rpd3(L)
and Set3 histone deacetylase complexes were pre-
dicted. Both HDACs repressed expression. Yet,
Rpd3(L)C decreased the frequency of transcriptional
bursts, while Set3C decreased the burst size, as did
H2B monoubiquitination (ubH2B). We mapped the
acetylation of H3 lysine 9 (H3K9ac) upon deletion of
multiple subunits of Set3C and Rpd3(L)C and of
ubH2B effectors. ubH2B and Set3C appear to func-
tion in the same pathway to reduce the probability
that an elongating PolII produces a functional
transcript (PolII processivity), while Rpd3(L)C likely
represses gene expression at a step preceding
elongation.

INTRODUCTION

Cells that are genetically identical may still behave differently

under identical conditions (Barkai and Shilo, 2007; Raser and

O’Shea, 2005). This nongenetic variability is largely due to noise

in gene expression (Bar-Even et al., 2006; Elowitz et al., 2002;

Ozbudak et al., 2002). Noise varies between genes, and to a first

approximation, it decreases with mean abundance. Yet, many

genes deviate from this general trend (Bar-Even et al., 2006;

Newman et al., 2006). For example, the low noise of essential

genes and the high noise of stress-related genes are not

explained by differences in mean abundance, but instead may

depend on differences in the underlying gene expression

mechanisms.

The prevailing model of gene expression noise assumes that

proteins are made in ‘‘bursts’’: short time intervals in which

proteins are produced, interspaced by periods of negligible
production (Blake et al., 2003; Cai et al., 2006; Tan and van

Oudenaarden, 2010; Zenklusen et al., 2008). The main

stochastic event is burst initiation. Noise is amplified by the burst

size (number of proteins made per burst), such that for a given

level of mean expression, variability increases in proportion to

burst size (Paulsson, 2004; Tan and van Oudenaarden, 2010).

Burst frequency and burst size can be estimated from the distri-

bution of expression levels: Let m and h2 denote the respective

mean and coefficient of variation (noise) of the expression distri-

bution. The predicted burst size and burst frequency are esti-

mated by h2*m and h�2, respectively. Burst size is therefore the

normalized variance, accounting for the inherent link between

the noise and mean expression (Friedman et al., 2006; Raj

et al., 2006; Tan and van Oudenaarden, 2010).

A key implication of this model is that gene expression can

be regulated in two principally different ways. Regulation of burst

frequency will coordinately modify mean expression and noise.

By contrast, regulation of burst size will change mean expres-

sion, but will not alter the coefficient of variation. Therefore,

when studying the effect of a regulator of interest on gene

expression, it may be beneficial to examine both mean expres-

sion and noise. Mean expression will distinguish between

activators and repressors while noise may distinguish between

regulators of burst frequency versus regulators of burst size.

Identifying regulators of burst size is of a particular interest,

as it provides insight to noise control. We used the model

organism S. cerevisiae to search for regulators of burst size

among chromatin-associated factors. Chromatin affects gene

expression directly, by restricting DNA accessibility, and indi-

rectly, by recruiting other factors (Henikoff and Shilatifard,

2011). Previous reports implicated chromatin in noise regulation.

First, genes of high noise are associated with promoters that lack

the typical nucleosome-free region (NFR). These promoters,

termed Occupied Proximal Nucleosome (OPN), show increased

sensitivity to regulation by multiple chromatin factors (Blake

et al., 2006; Cairns, 2009; Field et al., 2009; Tirosh and Barkai,

2008). Furthermore, individual deletions of three chromatin

factors, the acetyl-transferase GCN5 and the chromatin remod-

elers SNF6 and ARP8, increased expression noise driven by the

inducible PHO5 promoter (Raser and O’Shea, 2004). Recent

systematic assays for noise regulators using a specific reporter

also pointed to chromatin-associated factors (Rinott et al., 2011).

Motivated by this data, we screened 137 nonessential

chromatin factors for modifiers of the normalized noise (the
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Figure 1. Screen for Chromatin Regulators that Change Gene

Expression Noise

(A) Screen design: 137 strains deleted of individual chromatin-associated

factors were obtained from the yeast deletion library. Each mutant was

combined with 11 strains carrying YFP under a specific reporter promoter

using the SGA method. All together, 137*11 strains were analyzed. For each

strain, the single-cell distribution of fluorescence levels was measured using

flow cytometry.

(B) Noise versus mean relationship for the reporters used in the screen: the

distribution of single-cell YFP expression levels driven by the reporter

promoters was measured in a wild-type background. Error bars represent

standard error over multiple independent measurements. We define the

noise h2 as the coefficient of variation.

(C) Distribution of expression levels: histograms of single-cell YFP expression

levels driven by ADH3 promoter for the strains indicated. Cells were gated

by the Forward-scattering and Side-scattering measures, to ensure a similar

cell-cycle phase and cell size.

(D) Noise versus mean relationship for the ADH3 promoter in all mutant

backgrounds: each point represents the noise and mean of YFP expression

driven by the ADH3 promoter in one of the 137mutant backgrounds. Error bars

represent standard error over three independent measurements. See also

Figure S1 and Table S1.
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predicted burst size). We initially hypothesized that burst size is

regulated primarily at the level of burst duration, likely depending

on the promoter or 50 end of genes. Surprisingly, themodification

that had the strongest predicted (repressive) effect on burst size

was H2Bmonoubiquitination (ubH2B), which is generally associ-

ated with transcription elongation (Fleming et al., 2008; Pavri

et al., 2006; Shilatifard, 2006) and is found primarily within the

coding region (Schulze et al., 2009). The second process identi-

fied was Set3C-dependent deacetylation. Similar to ubH2B,

Set3C was also associated with transcription elongation.

Further, at least in certain cases, its recruitment depends on

H3K4 dimethylation, which is promoted by ubH2B (Kim and Bur-

atowski, 2009; Wang et al., 2002).

PolII processivity is an elongation-related process affecting

burst size. This measure defines the probability that an elon-

gating PolII will produce a functional transcript, rather than termi-

nate prematurely (Mason and Struhl, 2005). Theoretically, when
194 Molecular Cell 47, 193–202, July 27, 2012 ª2012 Elsevier Inc.
burst events are well separated in time, burst size increases line-

arly with PolII processivity. Notably, since burst size is the total

number of proteins made per burst, other aspects affecting elon-

gation (e.g., elongation velocity) will modulate burst size only

through their effect on PolII processivity. We therefore hypothe-

sized that both ubH2B and Set3C-dependent deacetylation

repress PolII processivity and examined this hypothesis using

several high-throughput data sets.

Set3C is one of multiple histone deacetylation complexes

(HDACs) expressed in S. cerevisiae. HDAC complexes are

extensively studied, yet their individual functions are only

partially understood (Kurdistani and Grunstein, 2003). The

predicted role of Set3C in decreasing burst size was of particular

interest to us, as it differed from the predicted function of other

HDACs. The well-studied Rpd3(L) complex, for example,

repressed the predicted burst frequency and not the burst

size. Furthermore, while Rpd3(L)C is known to act as a repressor

of gene expression (Kurdistani and Grunstein, 2003; Robyr et al.,

2002), Set3C is required for the rapid induction of the Gal1 gene

(Kim and Buratowski, 2009; Wang et al., 2002). Our data, on the

other hand, suggest that Set3C, like Rpd3(L)C, acts primarily as

a repressor of gene expression, albeit through different means.

We therefore explored further the distinct activities of these

two complexes.

HDAC activities can be distinguished by their effect on the

genome-wide histone acetylation. Such mapping revealed, for

example, a ‘‘division of labor’’ between HDACs acting on

different gene promoters (Robyr et al., 2002; Wang et al.,

2002). Existing data reporting acetylation profiles in Rpd3(L)C

and Set3C mutant background, however, mapped acetylation

at promoter only, and are of a low spatial resolution. To examine

the role of Set3C in transcription elongation and PolII processiv-

ity, and to test whether ubH2B and Set3C function in the same

pathway, we wished to examine acetylation profiles in mutants

affecting histone acetylation and ubH2B. We therefore gener-

ated a high-resolution map of H3K9 acetylation in five mutants

deleted of Set3C and Rpd3(L)C components and in four mutants

deleted of ubH2B effectors. These data were analyzed in combi-

nation with existing functional genomic data sets. Based on this,

we now provide evidence that ubH2B and Set3-dependent

deacetylation function in the same pathway to reduce PolII

processivity, while Rpd3(L)C’s key role in gene repression

precedes elongation.

RESULTS

Screening for Chromatin Regulators of Gene
Expression Noise
We selected 137 chromatin factors and tested how their

individual deletions modulate the expression (mean and vari-

ance) of a fluorescence reporter driven by one of 11 represen-

tative promoters (Figure 1A). Our screen covered most of

the nonessential chromatin modifiers, including regulators of

histone acetylation, methylation, phosphorylation or ubiquitina-

tion, chromatin remodelers, histone variant, exchange factors,

elements of the general transcription machinery, and chromatin

silencing genes (Table S1). The 11 promoters used as reporters

spanned a range of intermediate expression levels that are high
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Figure 2. Effectors of Burst Size and Burst

Frequency

(A) Complexes affecting burst size or burst

frequency: the 137 chromatin regulators assayed

in the screenwere sorted into 37 complexes based

on their function and interactions (Table S1).

Fisher’s method was used to calculate the effect of

each complex on burst size and frequency of all

11 promoters, based on the expression distribu-

tion of each of the strains corresponding to its

individual constituents. The complexes were sor-

ted and ranked by the strength and the direction of

their effect. The color bar corresponds to signifi-

cance of the changes observed (log10 of p value).

(B) Deletion affecting burst size or burst frequency:

the effect of specific deletions on burst size

and frequency was verified using additional 200

GFP-fusion reporters. The median change in burst

frequency ([mutant � WT] O WT) is plotted as

a function of the median change in burst size. The

colors correspond to the different complexes/

functions: Rpd3(L) histone deacetylation complex

(Dsap30, Drpd3), blue; Set3 histone deacetylation

complex (Dset3), magenta; histone methylation

(Dset1), yellow; nucleosome remodeling (Disw1),

cyan; histone deubiquitination (Dubp8), green; and

histone ubiquitination (Drad6, Dlge1, h2b-K123R

[histone mutant unable to go through ubiquitina-

tion]), red. Error bars represent standard errors.

(C) Genomic ubH2B is inversely correlated with

burst size and PolI efficiency: genes were sorted

according to the average ubH2B levels through-

out the gene. Shown is the normalized noise

(predicted burst size) and PolII efficiency, aver-

aged over 400 genes sliding window. See also

Figure S2 and Table S2.
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enough to be detected by flow cytometry, yet not too high to

ensure a significant contribution of noise intrinsic to the tran-

scription process (Figure 1B). All promoters were inserted into

the HIS3 locus upstream of the reporter and were combined

with the deletion mutants using Synthetic Genetic Array (SGA)

(Tong and Boone, 2006). Altogether, we generated a set of

137X11 strains, each deleted of one chromatin regulator and

carrying one YFP-driving promoter.

We used flow cytometry to measure the single-cell reporter

expression in each strain. Promoters changed their expression

in �20%–30% of the deletions (Figure S1). The expression

changes were moderate (�30%) and did not correlate with

promoters’ mean abundance or noise. This is consistent with

a recent study showing that individual deletions of most chro-

matin regulators have minor effect on the transcription profile

(Lenstra et al., 2011).

Burst-size is regulated by H2B ubiquitination and Set3-depen-

dent deacetylation: From the distribution of expression levels,

we calculated the predicted burst size and burst frequency.

For this, we measured the coefficient of variation while gating

for cell population of similar cell-cycle phase and size. Burst

size was calculated by multiplying the coefficient of variation

by the mean expression, while burst frequency was calculated

as the inverse of the coefficient of variation, as noted above

(Figure S2A). Significant effects of the deletions on burst size
versus burst frequency were consistent between the different

promoters.

We classified the genes into known complexes and functional

groups (Table S1) and examined for consistent behavior (Fig-

ure 2A). Burst size was increased by deletions of LGE1 and

RAD6, genes required for H2B monoubiquitination at lysine resi-

dues 123 (ubH2B) (Robzyk et al., 2000). The predicted burst

frequency was most strongly affected by histone acetylation:

decreasing when acetyltrasferases were deleted (e.g., SAGA

complex) and increasing in cells deleted of Rpd3(L)C compo-

nents (SAP30 and PHO23, although not RPD3 itself) (Keogh

et al., 2005). Surprisingly, the deletion of Set3C HDAC compo-

nents (SET3 and HOS2) increased the predicted burst size, but

not burst frequency (Figures 1C, 1D, and 2A).

To further verify these results, we chose nine regulators,

including components of the Set3C and Rpd3(L)C, as well as

genes involved in ubiquitination, deubiquitination, methylation,

and histone remodeling, and deleted them individually in �200

additional reporter strains carrying different GFP-fused proteins

(Table S2). Consistent with the results of the initial screen, burst

frequency increased when deleting the SAP30 component of

Rpd3(L)C, while deletion of SET3 or genes required for ubH2B

(RAD6, LGE1), increased the predicted burst size. Further, pre-

venting H2B ubiquitination via theH2B-K123Rmutation (Robzyk

et al., 2000) increased the predicted burst size of most
Molecular Cell 47, 193–202, July 27, 2012 ª2012 Elsevier Inc. 195
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GFP-fused genes (Figures 2B and S2B). Taken together, this

analysis suggests that ubH2B and Set3C-dependent deacetyla-

tion repress burst size in multiple genes.

ubH2B May Reduce Burst Size by Limiting PolII
Processivity
Our analysis assigned ubH2B a role as a repressor of burst size.

If the activity of ubH2B in reducing burst size is general, then

highly ubiquitinated genes will be of low noise (per mean expres-

sion). To examine this prediction, we compared the genome-

wide profile of ubH2B (Schulze et al., 2009) with the predicted

burst size (normalized noise) of �2,000 yeast GFP-fused

proteins (Newman et al., 2006). Indeed, ubH2B levels were

inversely correlated with the predicted burst size (c = �0.37,

Figure 2C), supporting a general role of ubH2B in reducing burst

size. We further noticed elevated levels of ubH2B at highly ex-

pressed genes (c = 0.44). Together, our results suggest that

ubH2B is targeted to genes of high expression, where it acts to

reduce burst size.

ubH2B can repress burst size by increasing the transition from

permissive to nonpermissive chromatin state, thereby reducing

burst duration. Such regulation would imply a role at gene

promoter or 50 gene end. ubH2B, however, is found primarily

within the coding region and is relatively uniform there (Schulze

et al., 2009) (Figure S2C). Furthermore, previous studies

assigned ubH2B roles in transcription elongation: it stabilizes

nucleosomes, promotes their reassembly (Chandrasekharan

et al., 2009; Fleming et al., 2008), and is required for the elonga-

tion-promoting phosphorylation of PolII by Ctk1 (Wyce et al.,

2007). Further, limiting H2B ubiquitination increases sensitivity

to drugs interfering with transcriptional elongation (Kim and

Buratowski, 2009; Wyce et al., 2007). Thus, ubH2B is more likely

to affect burst size through its role in transcription elongation.

Burst size depends on PolII processivity, namely the proba-

bility that an elongating PolII will produce a functional tran-

script rather than terminating prematurely. PolII processivity is

regulated at the level of transcription elongation and not tran-

scription initiation (Mason and Struhl, 2005; Struhl, 2005; Zhang

et al., 2007). We hypothesized that ubH2B reduces burst size

by repressing PolII processivity. In support of that, preventing

H2B ubiquitination by the htb-K123R mutation led to PolII

processivity defects at the GAL1 gene (Chandrasekharan

et al., 2009; Fleming et al., 2008).

A measure that depends on PolII processivity, but is easier

to measure, is PolII efficiency, which we define as the number

of mRNA transcripts produced per gene-bound PolII (normalized

to gene length). We therefore predicted that PolII efficiency will

be low at genes that are of high ubH2B. To examine this, we

defined PolII efficiency using the genome-wide binding data of

the PolII Rpb3 subunit or the group of elongation factors (Mayer

et al., 2010). mRNA levels were quantified using the data of

Yassour et al., 2009 (Supplemental Experimental Procedures).

As predicted, PolII efficiency correlates with burst size

(c = 0.25; Figure S2F) and is inversely correlated with ubH2B

(c = �0.39; Figures 2C and S2F). An independent measure for

ubH2B levels is provided by the binding profile of Paf1, an

elongation factor facilitating ubH2B (Kim and Roeder, 2009;

Warner et al., 2007). Paf1 binding profile was strongly cor-
196 Molecular Cell 47, 193–202, July 27, 2012 ª2012 Elsevier Inc.
related with ubH2B level (c = 0.69) and was inversely cor-

related with PolII efficiency and burst size (Figure S2D).

PolII efficiency depends on PolII processivity, but may also

be regulated by additional processes. For example, slowing

elongation will decrease processivity (and burst size) only if

increasing the probability of premature PolII termination, but

will reduce efficiency even if not effecting processivity. As an

additional, more direct measure of PolII processivity, we exam-

ined the decrease in PolII density along the gene, using the

high-resolution data recently published (Churchman and Weiss-

man, 2011). Indeed, consistent with ubH2B repressing PolII

processivity, the decrease in PolII density along the gene was

inversely correlated with ubH2B levels (c = �0.28) and also

with Paf1 binding (c = �0.39) (Figures S2G and S2H).

Genome-wide Functions of Set3C and Rpd3(L)C
Our screen for noise regulators indicated that Set3C, like ubH2B

effectors, reduces burst size. In contrast, Rpd3(L)C was pre-

dicted to reduce burst frequency, suggesting fundamentally

different modes of action of these twoHDACs. Tomore generally

characterize the differences between Set3C and Rpd3(L)C, we

applied ChIP-Seq to map H3K9 acetylation (H3K9ac) in five

mutants, individually deleted for components of Set3C (SET3

and HOS2) or Rpd3(L)C (SAP30, PHO23, and RPD3). Note that

while the Sap30 and Pho23 are specific components of

Rpd3(L)C, Rpd3 itself participates also in Rpd3(S) HDAC

complex (Keogh et al., 2005).We profiled the H3K9acmark since

it correlates with gene expression (Liu et al., 2005; Robyr et al.,

2002) and was previously used to analyze the activity of Set3C

at individual genes (Kim and Buratowski, 2009; Liu et al., 2005).

Changes in acetylation were highly correlated between same-

complex deletions (Figures 3A and S3A). For Rpd3(L)C, the two

specific subunits (SAP30 and PHO23) correlated significantly

better than the nonspecific subunit RPD3, although all three

were closer to each other than to the two Set3C components.

The data we obtained were of high enough resolution to define

acetylation of single nucleosomes. H3K9ac is strongest at the +1

nucleosome, directly downstream of the transcription start site,

and decreases gradually within the coding region (Figures 3B

and S3C). A notable drop between the +1 and +2 nucleosomes

suggests a +1 specific acetylation or +2 nucleosome specific

deacetylation. All deletions increased acetylation primarily within

the coding regions, as reflected by the sharper increase in acet-

ylation between promoter and coding region in the mutants

relative to wild-type (Figures 3B and S3C). This is in contrast

with the common view that Rpd3(L)C acts preferentially in

promoters, but is consistent with the recent work showing

Rpd3(L)C binding also to coding regions (Drouin et al., 2010).

Gene Expression Correlates with H3 Acetylation Only
at the 50 End of Genes
Both Set3C and Rpd3(L)C were predicted to act as repressors of

gene expression in our screen. Yet, we find them to preferentially

deacetylate genes of high (Set3C) or medium (Rpd3(L)C) expres-

sion (Figures 3C, 3D, and S4A). Furthermore, while the role of

Rpd3(L)C as a repressor is well established, previous studies

have shown that Set3C is required for the rapid activation of

the GAL1 gene (Kim and Buratowski, 2009; Wang et al., 2002).
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Figure 3. H3K9ac Profiles in Set3C and

Rpd3(L)C HDAC Deletions

(A) Consistent profiles of Rpd3(L)C and Set3C

components: correlation matrix (Pearson)

between the log-ratio change in the acetylation

profiles in the mutants relative to wild-type. Acet-

ylation levels were averaged over the coding

region, for up to 800 bp from the transcription start

site (Xu et al., 2009).

(B) The pattern of H3K9ac: H3K9ac profile in

wild-type and two mutants, as indicated. Genes

were sorted by their wild-type expression (Yassour

et al., 2009). The average acetylation along each

gene is plotted at the top panel.

(C) Rpd3(L)C preferentially targets genes of mid

expression: Genes were sorted by their wild-type

expression. The (log2) change in gene acetylation

is plotted for the indicated mutants, averaged over

a sliding window of 400 genes. The decrease in

Rpd3(L)C effect at highly expressed genes

remains also when ribosomal proteins are

excluded (Figure S4A).

(D) Set3C preferentially targets genes of high

expression: same as (C) for deletion of Set3C

components. See also Figure S3.
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To verify their role as repressors of gene expression, we exam-

ined the relationship between H3K9ac, HDAC activity, and

gene expression.

The total H3K9ac over a gene increases with gene expression

(c = 0.4), consistent with previous reports (Liu et al., 2005;

Pokholok et al., 2005). Our high-resolution data demonstrate,

however, that this correlation varies along gene positions, with

high correlation at the 50 end but considerably lower correlations

at downstream nucleosomes (Figure 4A). In fact, gene expres-

sion does not correlate with H3K9ac downstream of the +4

nucleosome. Thus, H3K9ac peaks at the +1 nucleosome where

it is highly correlated with gene expression and gradually

decreases at subsequent nucleosomes while losing the correla-

tion with gene expression.

We next used published gene expression profiles in these

mutants (Lenstra et al., 2011) and compared the expression

changes with the changes in H3K9ac. In all mutants, changes

in expression and acetylation were correlated. The correlations

are rather small, in particular for the Set3C deletions that had

amoderate effect on gene expression (Figure 4B). In all mutants,

changes of +2 nucleosome acetylation best predicted expres-

sion changes. Together, these results support the notion that

both Rpd3(L)C and, to a lesser extent, Set3C, act as repressors

of gene expression.

Evidence that Set3C Reduces Burst Size by Repressing
PolII Processivity
We predicted that genes targeted by Set3C are of low normal-

ized noise, reflecting Set3C’s role in reducing burst size. Indeed,

comparing our acetylation profiles with the available large-scale

noise measurements (Newman et al., 2006), we find that Set3C

preferentially targets genes of low predicted burst size. In
contrast, Rpd3(L)C preferentially targets genes of high predicted

burst size (Figures 5C, 5D, and S4B).

We hypothesize that, similarly to ubH2B, Set3C represses

burst size of highly expressed genes by reducing PolII processiv-

ity. Consistent with a role in elongation, Set3C acts preferentially

within the coding region and affects nucleosomes relatively

uniformly (Figure 5A). In contrast, Rpd3(L)C acts preferentially

at the 50 end of genes, and specifically at the +2 nucleosomes.

In fact, the decrease in H3K9ac between the +1 and +2 nucleo-

somes is completely lost in all three strains deleted of Rpd3(L)C

components (Figures 5B and S3B). The activity of Rpd3(L)C at

the +2 nucleosome suggests a postrecruitment step in transcrip-

tion initiation. Notably, it was shown that genes of medium

expression accumulate PolII at the 50 gene end, consistent

with these genes being the preferred targets of Rpd3(L)C

(Venters and Pugh, 2009; Wade and Struhl, 2008).

Furthermore, we find that Set3C preferentially targets genes of

low PolII efficiency. In contrast, Rpd3(L)C targets are of mid to

high PolII efficiency (Figures 5E, 5F, S4C, and S4D). As explained

above, PolII efficiency is a surrogate for PolII processivity,

supporting the idea that Set3C reduces burst size by increasing

the chance that the polymerase will abort transcription. Consis-

tent with that, the spatial decay of PolII throughout genes was

faster in Set3C targets (Figure S2H).

ubH2B Promotes Set3-Dependent H3K9ac
Previous studies linked Set3C recruitment to ubH2B. First, at

least in some cases, Set3C was recruited by H3K4 dimethyla-

tion, a modification that requires Set1 recruitment by ubH2B

(Kim and Buratowski, 2009). Second, ubH2B may also promote

Set3C function through Paf1, in a Set1-indepenent manner

(Lenstra et al., 2011). We therefore hypothesized that ubH2B
Molecular Cell 47, 193–202, July 27, 2012 ª2012 Elsevier Inc. 197
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(A) Gene expression correlates with H3K9ac only at the 50 gene end: Pearson

correlations between wild-type expression and H3K9ac levels at each nucle-

osome. Note that H3K9ac signal strength at +5, +6, and +7 is the same as at

the 30 gene end where H3K9ac and gene expression are correlated.

(B) Changes in expression are correlated with changes in H3K9ac: gene

expression data were taken from published data set (Lenstra et al., 2011) and

were correlated with the change in H3K9ac. Promoter acetylation is approxi-

mated by the H3K9ac levels at the �1 nucleosome. Changes in acetylation

were averaged over all genes at the relevant regions.
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Figure 5. Gene Targets of Rpd3(L)C and Set3C

(A) Activities of Set3C and Rpd3(L)C along the coding region: for each mutant,

the ratio between the (log2) change in H3K9ac at gene beginning (TSS through

TSS + 400 bp) and at gene end (TSS + 400 through gene end) was measured.

Shown is the histogram of this ratio, averaged for twomutants of each complex

(Dsap30, Dpho23 for Rpd3(L)C and Dhos2, Dset3 for Set3C).

(B) The decrease in H3K9ac at the +2 versus +1 nucleosomes depends on

Rpd3(L)C: the (log2) ratio between H3K9ac levels at the +1 versus the +2

nucleosomes in the indicated mutants.

(C–F) Burst size and PolII efficiency of target genes: genes were ordered into

16 groups based on gene expression and burst size (or PolII efficiency, as

indicated). Shown is the average change in H3K9ac for each group and

indicated mutant. For burst size, the analysis was restricted to the �2,000

genes where data is available, while PolII efficiency was defined for all genes.

In each mutant, changes in H3K9ac were normalized to a mean of 0 and

standard deviation of 1 to allow easier comparisons. See also Figure S4.
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and Set3C repress burst size through the same pathway and

asked whether our data support such a link.

As a first indication that ubH2B promotes Set3C function,

we observed that Set3C (but not Rpd3(L)C) preferentially deace-

tylates genes of high ubH2B and high Paf1 occupancy (Fig-

ure 6D). We further expected an inverse correlation between

acetylation and ubH2B, but reasoned that such correlation

may be hindered by the mutual dependence of both H3K9ac

and ubH2B on gene expression (Henikoff and Shilatifard, 2011;

Kim and Buratowski, 2009; Lickwar et al., 2009). Following our

observations that expression correlates with H3K9ac at gene

beginning only, we examined the correlation between H3K9ac

and ubH2B at individual nucleosomes, expecting to observe

an inverse correlation between ubH2B and H3K9ac at down-

stream nucleosomes.

As predicted, we find that gene ubH2B levels correlate with

H3K9ac at the +1 nucleosome, but this correlation vanishes

rapidly at downstream nucleosomes (Figures 6B and S5A). In

fact, an inverse correlation between the gene average ubH2B

and H3K9ac was apparent for all positions downstream of +3

nucleosomes. Thus, in most regions inside genes, higher

average ubH2B is associated with lower acetylation, suggesting

that ubH2B promotes deacetylation, as predicted.
198 Molecular Cell 47, 193–202, July 27, 2012 ª2012 Elsevier Inc.
To further support the idea that the spatially varying correlation

pattern we observe reflects the mutual dependence of ubH2B

and H3K9ac on gene transcription, we grouped genes based

on expression levels and analyzed the correlation between

ubH2B and H3K9ac within each group (Figures 6A and 6B).

We found negative correlation between ubH2B and average

gene H3K9ac in genes ofmid expression, while highly expressed

genes showed no correlation and lowly expressed genes

showed positive correlation. To further understand the

difference between the expression levels, we looked at the
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Figure 6. Correlation between ubH2B and H3K9ac

(A and B) The correlation between H3K9ac and ubH2B depends on gene

expression and nucleosome position. Shown in (A): H3K9ac profile as a

function of gene ubH2B for the 10% lowest-expressed genes, 10% of

medium-expressed genes, and 10% highest-expressed genes, as indicated.

Linear fit is shown in red. The center plot in (B) shows the correlation between

H3K9ac at particular nucleosome and the gene average ubH2B for gene

groups of different expression. Each correlation value was measured for

a window of 500 genes, centered at the indicated expression. The correlation

of ubH2B with gene average H3K9ac is shown at the left, whereas the

correlation between ubH2B and the nucleosome-specific H3K9ac for all

expression level is shown on the bottom (see also Figure S5A for a similar plot

describing correlation between H3K9ac and PAF1 binding).

(C) Deletion of Set3C eliminates the negative correlation between H3K9ac and

ubH2B: correlation between gene average ubH2B and H3K9ac at different

nucleosomes is plotted for WT (same as in B, bottom), as well as strains

deleted of SAP30 or SET3.

(D) Set3C preferentially targets genes of high ubH2B.The average Rank

correlation between gene average ubH2B (or Paf1 binding) and changes in

gene H3K9ac is shown for the different mutants. See also Figure S5.
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correlations at individual nucleosomes. While high-expressed

genes showed negative correlation downstream inside the

gene, low-expressed genes didn’t. We hypothesized that the

two phenomena are due to the coupling of both modifications

to transcription process. While in the low-expressed genes

histone ubiquitination is mostly not present, in high-expressed

genes the high level of histone acetylase activity dominates the

H3K9ac pattern over the effect of deacetylation.

Together, our analysis supports the idea that ubH2B promotes

deacetylation. To examine whether ubH2B functions through

Set3C, we examined the correlation between ubH2B and

H3K9ac in the different deletion mutants. Deletion of Rpd3(L)

C-specific subunits (Dsap30 or Dpho23) had no effect on the

correlation pattern, while deletion of the Set3C subunits reduced

the negative correlation between ubH2B and H3K9ac in all

nucleosomes and at all expression levels (Figures 6C and

S5B–S5D). Notably, even in Set3C mutants, a negative correla-

tion was still observed in nucleosomes closer to the 30 gene
end, suggesting that ubH2B recruits additional HDACs.

H3K9ac Profiles of Mutants Deleted of ubH2B Effectors
Support Set3C Recruitment by ubH2B
Our analysis supports a genome-wide link between ubH2B

and Set3C. To more directly examine the prediction that

ubH2B promotes Set3C-dependent deacetylation, we mapped

the H3K9ac profile in mutants deleted of two H2B ubiquitinating

enzymes (Dbre1 and Drad6) and two H2B deubquitinating

enzymes (Dubp8 and Dubp10). Due to technical reasons, the

resolution of these ChIP-Seq data was lower than that of

the deacetylation mutants analyzed above, and we therefore

consider only the gene-averaged profile (rather than single

nucleosomes).

As predicted, deletion of BRE1 or RAD6 increased acetylation

preferentially at Set3-dependent genes and genes of high

ubH2B (Figures 7A, 7B, and S6B–S6F). Further, consistent

with a function of ubH2B in reducing PolII efficiency, both

mutants affected preferentially genes of low PolII efficiency

(Figures 7C and S6G–S6I). Those results directly support the

recruitment of Set3C by ubH2B to genes of high expression

and low noise.

Notably, the H3K9ac profiles in the strains deleted of UBP8

or UBP10 did not correlate with the profiles of Set3C deletions

(Figures 7B and S6D). This is consistent with the limited impact

of UBP8 on burst size, predicted by our screen, and also with

a recent report showing that deleting UBP8 or UBP10 does not

change the profiles of PolII binding or histone methylation

(Schulze et al., 2011).

DISCUSSION

Our study began with the theoretical observation that gene

expression variance (noise) can distinguish mechanisms of

gene expression regulation (Friedman et al., 2006; Raj et al.,

2006; Tan and van Oudenaarden, 2010). Applying this approach

to 137 chromatin-associated factors suggested distinct roles

of the Set3C and Rpd3(L)C HDACs. In our assay, both com-

plexes repressed the expression of multiple reporter genes, yet

appeared to function through distinct mechanisms: Rpd3(L)C
Molecular Cell 47, 193–202, July 27, 2012 ª2012 Elsevier Inc. 199
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Figure 7. H3K9ac Profiles in Mutants Deleted of Ubiquitination and

Deubiquitination Enzymes

(A and B) Deletion ofBRE1 orRAD6 increases acetylation of Set3C-dependent

genes. Genes were sorted by average change in H3K9ac in strains deleted of

SAP30 (A) or HOS2 (B). The (log2) change in acetylation in the indicated

mutants is shown. H3K9ac values were averaged over 400 genes sliding

window.

(C and D) Bre1 targets genes of high expression and low PolII efficiency.

Genes were ordered into 16 groups based on gene expression and PolII

efficiency. Shown is the average change in H3K9ac at the indicated mutant for

each group. In each mutant, changes in H3K9ac were normalized to a mean of

0 and standard deviation of 1, to allow an easier comparison (see also Figures

S6G–S6J for other mutants).

(E) Graphic model summarizing the results. In the prevailing model of gene

expression, genes are made in bursts, namely period of extensive expression

interspaced by time intervals in which expression is negligible. This is captured

by assuming that gene can be at two states: a state permissive for expression

(ON) and a state that is not permissive (OFF). The rate of transition from the

OFF to ON state defines the burst frequency, while the number of proteins

made per burst event defines the burst size. Gene expression can be regulated

through changes in either burst frequency or burst size. Our results indicated

that Rpd3(L)C represses burst frequency, probably by deacetylation of

nucleosomes at the beginning of a gene (+2 in particular). In contrast, Set3C

and ubH2B are predicted to repress burst size by reducing PolII processivity.

ubH2B and Set3C likely function within the same pathway, to modulate

nucleosomes within the gene. See also Figure S6.
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modulated the predicted burst frequency while Set3C modu-

lated the predicted burst size, as did ubH2B. Using genome-

wide profiling of H3K9ac, we further characterized the HDAC

activities of Set3C and Rpd3(L)C.

Previous studies associated both ubH2B and Set3C

with transcription elongation (Fleming et al., 2008; Kim and

Buratowski, 2009). This is also evident from the high correlation

between expression level and ubH2B inside the gene. We

suggest that this reflects the coupling of ubH2B to the transcrip-

tion machinery, rather than a role for ubH2B in promoting

transcription. Consistent with that, we find that Set3C functions

relatively uniformly in coding region. Based on our data, we

further refined the role of ubH2B and Set3C in elongation,

suggesting that they act to decrease PolII processivity, namely

the probability that an elongating PolII will produce a functional

transcript. Other elongation factors may not influence burst

size or could even have an opposite effect. For example, TFIIS

(DST1 in yeast) increases PolII processivity (Mason and Struhl,

2005). Notably, recent work in humans has shown that ubH2B

inhibits the ability of TFIIS to relieve stalled PolII (Shema et al.,

2011). Thus, both the increase of PolII processivity by TFIIS

and its inhibition by ubH2B appear to be conserved between

yeast and human.

How could ubH2B and Set3C reduce PolII processivity? Both

ubH2B and deacetylation can stabilize nucleosomes (Chandra-

sekharan et al., 2009; Henikoff and Shilatifard, 2011; Kurdistani

and Grunstein, 2003). Higher nucleosome stability may interfere

with PolII progression and increase the probability of pausing or

premature termination. Alternatively, factors that actively

promote premature PolII termination might be recruited in an

ubH2B- or Set3C-dependent manner. There are examples for

such active recruitment of the Nrd1-Nab3-Sen1 termination

complex (Kim and Levin, 2011; Terzi et al., 2011). Thus, the

Paf1 complex, which is required for ubH2B, also recruits Sen1

to repress the FKS2 gene. ubH2B and H3K4 dimethylation

were also associated with this recruitment (Kim and Levin,

2011). This pathway, however, functions mostly in the regulation

of snoRNA and acts at the 50 end of genes (Sheldon et al., 2005;

Steinmetz et al., 2006). In contrast, most of the effects we

observe occur within coding regions.

Our data support a general role of ubH2B in promoting Set3C-

dependent deacetylation, suggesting that they function through

the same pathway. ubH2B may promote Set3C function

indirectly, by recruiting Set1 and thereby promoting H3K4

dimethylation. Alternatively, ubH2B promotes Set3C function

primarily through a process independent of Set1, as was

suggested recently (Lenstra et al., 2011). We favor this latter

hypothesis since Set3C did not appear to prefer genes of high

H3K4 di- or trimethylation (Pokholok et al., 2005) (Figure S6A).

Further, in our screen, deletion of SET1 did not increase burst

size, although this result is hard to interpret due to the severe

growth limitation of this strain. Notably, the effect of ubH2B

on burst size is consistently stronger than that of Set3C,

suggesting that ubH2B effects burst size both by facilitating

Set3C function and by additional means.

More generally, the high resolution of our data enabled char-

acterizing acetylation at the level of single nucleosomes. We

found that transcription-dependent acetylation is localized to
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the 50 end of genes, but is largely absent from mid-gene and

downstream. Analysis of these nucleosomes can therefore be

used to identify direct interactions between different chromatin

marks, as we demonstrated in the context of ubH2B-dependent

recruitment of Set3C. We anticipated that, as sequencing tech-

nologies become more efficient, similar high-resolution spatial

analysis can be used to distinguish direct from indirect effects

of chromatin modifications.

Our study suggests that gene expression noise depends on

specific regulatory factors that function at only a subset of genes.

Noise may therefore be subject to selection independent of

mean expression. Tuning noise levels may be beneficial: some

genes are required at precise amount, while noise in others could

provide diversity to an otherwise genetically identical population.

It will be interesting to examine whether noise levels diversified

during evolution and whether this diversity was driven, at least

in part, by changing the function or specificity of chromatin

factors such as the ubiquitination or deacetylation enzymes.

EXPERIMENTAL PROCEDURES

Strains and Media

Construction of strains for noise screen was done by SGAmethod (Tong et al.,

2001) with minor extensions. GFP-fusion strains were taken from the yeast

GFP clone collection. The ChIP-Seq experiments were done on BY4741

strains. Full list of strains can be found in Tables S1 and S2.

Flow Cytometry

GFP fluorescence was measured for stains in logarithmic growth stage using

LSRII flow cytometer fitted with HTS sampler (Becton Dickinson). Analysis and

gating of FACS measurements are described in Supplemental Experimental

Procedures.

ChIP-Seq

Chromatin immunoprecipitation was done as described previously (Liu et al.,

2005), with some modifications. Samples were sonicated with bioruptor

sonicator for 60min (30 s intervals) and precipitated with H3K9-acetyl antibody

(Abcam ab12179) and conjugated to protein A beads.

High-throughput sequencing was done using Illumina GAII system for most

samples and HiSeq2000 for Dbre1, Drad6, Dubp8, Dubp10, and a secondWT.

Analysis of the high-throughput sequencing, definition of PolII efficiency, and

definition of nucleosome and gene regions are described in Supplemental

Experimental Procedures.
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