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ABSTRACT Most promoters in yeast contain a nucleosome-depleted region (NDR), but the
mechanisms by which NDRs are established and maintained in vivo are currently unclear. We
have examined how genome-wide nucleosome placement is altered in the absence of two
distinct types of nucleosome remodeling activity. In mutants of both SNF2, which encodes
the ATPase component of the Swi/Snf remodeling complex, and ASF1, which encodes a his-
tone chaperone, distinct sets of gene promoters carry excess nucleosomes in their NDRs
relative to wild-type. In snf2 mutants, excess promoter nucleosomes correlate with reduced
gene expression. In both mutants, the excess nucleosomes occupy DNA sequences that are
energetically less favorable for nucleosome formation, indicating that intrinsic histone-DNA
interactions are not sufficient for nucleosome positioning in vivo, and that Snf2 and Asf1
promote thermodynamic equilibration of nucleosomal arrays. Cells lacking SNF2 or ASF1 still
accomplish the changes in promoter nucleosome structure associated with large-scale tran-
scriptional reprogramming. However, chromatin reorganization in the mutants is reduced in
extent compared to wild-type cells, even though transcriptional changes proceed normally.
In summary, active remodeling is required for distributing nucleosomes to energetically favor-
able positions in vivo and for reorganizing chromatin in response to changes in transcrip-
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tional activity.

INTRODUCTION

DNA sequences upstream of the transcription start site of most
genes in yeast and other eukaryotes are depleted of nucleosomes
(Cairns, 2009; Clapier and Cairns, 2009; Rando and Chang, 2009;
Tolkunov and Morozov, 2010). These nucleosome-depleted regions
(NDRs) are flanked by two well-positioned nucleosomes: the +1 nu-
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cleosome, which overlaps the transcription start site, and the —1
nucleosome, which occurs at a characteristic distance further up-
stream (Mavrich et al., 2008). NDRs often contain transcription factor
binding sites and the accessibility of these sites allows appropriate
response of genes to changes in the transcription factor activity or
local concentration (Zawadzki et al., 2009). Similarly, nucleosome
occlusion of spurious transcription factor binding sites at nonpro-
moter regions of the genome precludes inappropriate transcrip-
tional activation from nonfunctional domains (Liu et al., 2006;
Whitehouse et al., 2007; Zawadzki et al., 2009). Repressed genes
generally contain NDRs, allowing initial interaction with transcription
factors during activation (Korber et al., 2004; Lam et al., 2008). Thus
nucleosome positioning serves an instructive role for the transcrip-
tional machinery, directing it to the correct regulatory regions and
occluding nonfunctional sites (Morse, 2007; Zawadzki et al., 2009).
Given the important role played by promoter NDRs, consider-
able attention has been devoted to understanding the mechanism
by which such regions are formed and maintained. One view posits
that a nucleosome positioning code in genomic DNA, based on the
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relative affinities of specific DNA sequences for histone octamers,
dictates the location of nucleosomes along the genome (Segal
et al., 2006; Field et al., 2008; Kaplan et al., 2009). A countervailing
opinion proposes that nucleosome positions derive from the activity
of remodeling factors in conjunction with DNA-binding proteins and
the transcriptional apparatus, with sequence-specific effects playing
a secondary role (Zhang et al., 2009). While large-scale nucleosome
positioning maps based on chromatin reconstituted in vitro on ge-
nomic DNA have been used to support both positions, the results
appear to favor an intermediate viewpoint, in which NDRs are par-
tially reconstituted in vitro but longer-range periodic patterns of nu-
cleosome occupancy are not (Mavrich et al., 2008; Kaplan et al.,
2009; Travers et al., 2009; Zhang et al., 2009). Accordingly, chroma-
tin deposition and remodeling factors likely play significant roles in
vivo in establishing and maintaining both a fully functional NDR and
the periodic organization of nucleosomes extending outward from
depleted regions.

Initial positioning of nucleosomes along the genome occurs in
the wake of DNA replication and is catalyzed by CAF-1 in conjunc-
tion with the H3/H4 histone chaperone Asf1 (Cairns, 2009). After
initial deposition, histones in nucleosomes undergo replication- and
transcription-independent exchange, both in coding regions and in
gene promoters (Dion et al, 2007; Rufiange et al., 2007). The
promoter-associated exchange of histone H3, but not exchange
within the coding region, substantially depends on Asf1 (Rufiange
et al., 2007). This exchange activity likely affects gene expression,
since nucleosome removal and transcriptional activation of PHOS,
ADY2, and ADHZ2 is delayed in asfT mutants (Korber et al., 2006;
Adkins et al., 2007; Williams et al., 2008). Thus Asf1 appears to play
a significant role in organizing and remodeling chromatin structure
in promoter regions.

ATPase-dependent remodeling factors can also contribute to
promoter nucleosome organization in vivo. Of the four families of
chromatin remodelers in yeast, SWI/SNF and ISW1 family members
appear most involved in gene-specific transcriptional regulation and
establishing promoter chromatin architecture (Sudarsanam and
Winston, 2000; Martens and Winston, 2003; Mellor and Morillon,
2004; Saha et al., 2006). For instance, Whitehouse et al. (2007) pro-
vide evidence that the ATP-dependent remodeling complex, Isw2,
functions to reposition nucleosomes from a subset of genic se-
quences into adjacent NDRs. Similarly, mutants of STHT, the ATPase
subunit of RSC, a second complex in the SWI/SNF family, contain
excess nucleosomes in the NDRs of a subset of genes located on
chromosome Ill of Saccharomyces cerevisiae (Hartley and Madhani,
2009). Mutants of SNF2, which encodes the ATPase subunit of yeast
Swi/Snf complex, are defective in activation and repression of a sub-
set of genes following environmental stimuli, and exhibit delayed
chromatin remodeling at promoters of genes activated under those
conditions. This is true for a single locus such as GALT following
galactose induction or for a cohort of genes following heat shock or
entry into stationary phase (Bryant et al., 2008; Shivaswamy and lyer,
2008). These observations, along with evidence that SWI/SNF re-
modelers interact with transcriptional activators (Clapier and Cairns,
2009), suggest that this family of remodelers is recruited to promot-
ers by transcriptional activators, subsequently effecting promoter
clearance by evicting or pushing nucleosomes aside.

Despite these recent reports, a clear picture of the interplay be-
tween intrinsic affinities of genomic sequences for nucleosome for-
mation and nucleosome remodeler activities has yet to emerge. Do
the remodelers act to move nucleosomes to their energetically fa-
vored positions on the genome or is the ATPase activity harnessed
to reposition nucleosomes to unfavorable positions for purposes of
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transcriptional regulation? In the former scenario, chromatin remod-
eling factors facilitate establishing thermodynamic equilibrium,
whereas in the latter case, the state of equilibrium would be per-
turbed, invalidating computational models of nucleosome position-
ing and energetics based on the thermodynamic assumption. We
have recently used a high-throughput sequencing map of nu-
cleosomes assembled in vitro on genomic DNA to develop a ther-
modynamic model for predicting free energies of nucleosome for-
mation on DNA sequences of arbitrary nucleotide composition
(Locke et al., 2010). The model is based on an analogy between
nucleosomal arrays and a one-dimensional liquid of finite-size par-
ticles in an arbitrary external potential (Percus, 1976). We have used
this model to construct a sequence-dependent energy landscape of
nucleosome assembly for the yeast genome. We have established
that the nature of nucleosome positioning signals in yeast is surpris-
ingly simple—nucleosomes tend to occupy G:C-enriched and A:T-
depleted DNA sequences (Chung and Vingron, 2009; Tillo and
Hughes, 2009), while periodic dinucleotide distributions and longer
motifs typically thought of as primary determinants of nucleosome
positioning (Field et al., 2008; Kaplan et al., 2009) play a secondary
role in predicting nucleosome occupancies obtained from high-
throughput sequencing experiments.

In this report, we have determined nucleosome positions across
the yeast genome in wild-type as well as asfT and snf2 mutant strains
under both steady-state growth conditions and during substantial
transcriptional reprogramming of the cell caused by the change in
the carbon source. These data have allowed us to determine that
Asf1 and Swi/Snf normally function to move kinetically trapped nu-
cleosomes to their energetically favorable sites in promoters, and
that in the absence of these activities subsets of promoter acquire
excess nucleosomes that interfere with normal transcriptional activ-
ity under steady-state conditions. Moreover, our results demonstrate
that transcriptional reprogramming can occur normally in the ab-
sence of either of these factors, but that associated chromatin re-
modeling is either diminished in extent or delayed. These observa-
tions suggest that chromatin remodeling follows changes in
transcription rather than orchestrating those changes.

RESULTS

Asf1 and Snf2 are required for efficient nucleosome
clearance from nucleosome-depleted regions at distinct
subsets of promoters

We previously determined all nucleosome positions across the ge-
nome in wild-type yeast grown in glycerol, both prior to and imme-
diately after addition of glucose, a carbon upshift that alters expres-
sion of approximately one-half of all genes (Zawadzki et al., 2009).
We found that most changes in transcription occurred without a cor-
responding change in promoter nucleosome occupancy, although
in the minority of promoters that underwent remodeling, we ob-
served gains in nucleosome occupancy at repressed genes and
losses at induced genes. To investigate the contributions of two dis-
tinct nucleosome remodeling activities, we examined global nu-
cleosome dynamics in mutants lacking either Snf2, a nucleosome
remodeling factor, or Asf1, a histone chaperone; both mutants have
altered nucleosome dynamics and positioning at individual gene
promoters (Korber et al., 2006; Adkins et al., 2007; Bryant et al.,
2008; Shivaswamy et al., 2008; Williams et al., 2008). We examined
nucleosome positions in these mutants both under steady-state
conditions, which represent the equilibrium positioning state after
many generations of growth in a given media, and during massive
transcriptional reprogramming caused by a change in carbon source,
which exposes the acute phenotype of these mutants during active
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(1051/4532) contained an excess of nu-
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cleosomes in their promoters; few promot-
ers in either mutant had decreased nu-
cleosome levels. Deleting SNF2 or ASF1
affects promoters of distinct gene subsets
with only limited overlap under glucose
growth conditions (540 genes in common).
The set of genes affected by SNF2 deletion
is significantly enriched for TATA box-
containing promoters (Huisinga and Pugh,
2004) (222/900 genes, p = 5.9 x 1079 and
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with additional nucleosomes in the asf1 mu-
tant are depleted of TATA boxes, both in
glucose (290/1948 genes, p = 2.1 x 107)
and glycerol (111/1051 genes, p < 107'9).
1 Previous studies have shown that NDRs ex-
ist not only over promoters but also over the
transcription termination sites (TTS) of most
genes (Mavrich et al., 2008; Kaplan et al.,
2009). Both snf2 and asf1 mutants display
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FIGURE 1: Nucleosome occupancy in the CHA1-VAC17 locus of the snf2 mutant and wild-type
(SNF2) cells. Nucleosome occupancy is quantified as the log ratio of intensities from
nucleosomal and control DNA hybridized to the tiling array; larger numbers indicate increased
nucleosome coverage. Top, steady-state growth in glucose; bottom, 20 min after downshift to

glycerol.

nucleosome remodeling. Wild-type yeast and yeast lacking Asf1
were grown in media containing glycerol or glucose (steady-state
condition). To the cells grown in glycerol, we then added glucose
(carbon upshift). As snf2 mutants fail to grow with glycerol as the
sole carbon source, we examined the reverse transition, initially
growing wild-type, asf1A, and snf2A yeast in glucose media, and
then shifting them to glycerol (carbon downshift).

To determine global nucleosome positions in nucleosome re-
modeling mutants, we isolated chromatin from wild-type cells as
well as asf1 and snf2 mutants at steady state and 20 min after car-
bon downshift (wild-type, snf2A, asf1A) or upshift (wild-type, asf1A).
Chromatin was digested by micrococcal nuclease, yielding DNA
protected from digestion by inclusion in nucleosomes (Supplemen-
tal Figure S1); this nucleosomal DNA was hybridized to Affymetrix
tiling arrays covering the entire yeast genome at four to five base
pair offset. As an illustrative example, nucleosome occupancy in the
CHA1-VAC17 locus (quantified as the log-intensity ratio between
nucleosomal and control DNA hybridized to the tiling array) is shown
in Figure 1.

When we examined nucleosome positioning in asf! and snf2
mutants grown at steady state in either glycerol or glucose, we
found that distinct subsets of promoters were altered in the mutants
relative to wild-type (Figures 2 and S2A). While the promoter nu-
cleosome occupancy patterns of a majority of genes in both snf2 or
asf1 mutants were identical to those in wild-type, 20% of genes in
glucose-grown snf2 (900/4532), 43% of genes in glucose-grown
asfl (1948/4532), and 25% of genes in glycerol-grown asf1
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over coding regions were essentially un-
changed in the mutants. In sum, we con-
clude that both the histone chaperone Asf1
and the Swi/Snf complex act under steady-
state conditions to remove, or prevent the
deposition of, nucleosomes at specific and
largely nonoverlapping sets of promoter and terminator regions.
Mutation of either SNF2 or ASF1 leads to excess promoter nu-
cleosomes at distinct locations and consequently at distinct sets of
sequences. As Snf2 is an ATPase that expends energy when remod-
eling or removing nucleosomes, but Asf1 is not, we wondered if
those sequences that gained nucleosomes in the snf2 mutant were
intrinsically more favorable for nucleosome assembly than those in
the asf1 mutant. Accordingly, we compared the energy cost associ-
ated with excess nucleosomes present at steady state in both mu-
tants. Our biophysical model of nucleosome energetics accounts for
intrinsic histone—DNA interactions and for steric exclusion between
neighboring nucleosomes, and thus captures nucleosome position-
ing preferences in the absence of external factors (Locke et al.,
2010). We calculated the average sequence-dependent free energy
of nucleosome formation in vitro for each promoter in the yeast ge-
nome, and compared that to the extent of excess nucleosome oc-
cupancy in that promoter (Figures 3 and S2B). Surprisingly, excess
nucleosomes in snf2 cells tend to occur at promoters with a high
energy cost of nucleosome assembly (Figure 3A; p < 107'9). A simi-
lar correlation holds for asf1, both in glucose (Figure S2B; p < 10719
and glycerol (Figure 3B; p < 107'9). Thus Snf2 and Asf1 function to
remove nucleosomes from those promoters on which it is most dif-
ficult to assemble nucleosomes in vitro. We conclude that under
steady-state conditions both activities move nucleosomes to more
thermodynamically stable positions on the genome, which suggests
that excess nucleosomes are kinetically trapped at their inappropri-
ate sites. It appears that Snf2 and Asf1 mediate transition toward
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snf2 and asf1 mutants contain excess promoter nucleosomes. (A) Top, nucleosome occupancy (quantified as
the log ratio of intensities from nucleosomal and control DNA hybridized to the tiling array) in the wild-type strain
grown in glucose is subtracted from the occupancy in the snf2 mutant strain grown in glucose; positive values indicate
excess nucleosomes in the mutant relative to wild-type (see scale on right). Nucleosome occupancy difference as a
function of position is shown 800 base pairs upstream and downstream of the transcription start site (TSS) (Nagalakshmi
et al., 2008) for 4532 genes. The occupancy difference is clustered into two groups using K-means. The upper cluster
shows excess nucleosomes in the snf2 mutant. (B) Top, asf1 mutant grown in glycerol vs. wild-type grown in glycerol.
(C) Top, snf2 mutant 20 min after downshift to glycerol vs. downshifted wild-type. (D) Top, asf1 mutant 20 min after
upshift to glucose vs. upshifted wild-type. (A-D) Bottom, average nucleosome occupancy in the two clusters for each
mutant-wild-type combination. Solid lines correspond to the cluster with excess nucleosomes in the mutant strain.

thermodynamic equilibrium, lowering the total free energy of nu-
cleosomal arrays.

Excess nucleosomes in snf2, but not asf1, suppress
transcription

We were interested in determining the influence on transcription of
the excess promoter nucleosomes in snf2 and asf1 yeast strains. We
examined global mRNA levels in both the snf2 and asf1 mutants
relative to wild-type, both before and after changing the carbon
source (Figures 4 and S2C). In Figure 4A, we have organized all
yeast genes by the difference in expression between wild-type and
snf2. As evident from the corresponding differential promoter nu-
cleosome occupancy, the reduction in expression in snf2 mutants is
highly correlated with the presence of excess promoter nucleosomes
(r=0.83, p < 107'9). Moreover, in snf2 mutants, differences in nu-
cleosome occupancy appear exclusively in genes with reduced ex-
pression, and not in those genes showing increased expression,
suggesting that increased expression of genes in the mutant is most
likely a secondary effect of the loss of Snf2 function. In contrast, the
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correlation between expression changes in asf1 mutants and excess
promoter nucleosomes is substantially lower. As seen in Figures 4B
and S2C, excess nucleosomes are present at gene promoters with
increased, normal, and reduced expression, and the correlation be-
tween reduced expression and excess nucleosomes is much weaker
for cells grown in glycerol (r = 0.52, p = 2.77 x 1075 or glucose
(r=0.19, p =0.23). The situation is qualitatively similar 20 min after
the carbon source change (Figure 4, C and D). Thus, while excess
nucleosomes in the snf2 mutant generally suppress gene expres-
sion, the effect in the asfT mutant is significantly less dramatic.

We examined the relationship between additional promoter
nucleosomes and transcription factor binding motifs in yeast cells
lacking SNF2 or ASF1. We have previously identified sequence
motifs corresponding to transcription factor binding sites that are
enriched in promoters of genes either up-regulated or down-reg-
ulated by glucose addition (Zaman et al., 2009). Further, we have
found that in wild-type cells these glucose motifs tend to be de-
pleted of nucleosomes at promoters regulated by glucose upshift,
suggesting that physiological transcription factor binding sites are
2109
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Energetics of excess promoter nucleosomes. The difference in nucleosome occupancy between mutant and
wild-type is computed for all gene promoters as in Figure 2, and the genes are sorted by the average free energy of
nucleosome formation in promoters. (A) Steady-state snf2 mutant and wild-type in glucose. (B) Steady-state asf1 mutant
and wild-type in glycerol. (C) snf2 mutant and wild-type 20 min after glucose-to-glycerol downshift. (D) asf1 mutant and
wild-type 20 min after glycerol-to-glucose upshift. The average free energy is computed as the mean of the nucleosome

formation energies in the [-400 base pairs, —100 base pairs] window upstream of the TSS (each position in the window is

taken as a starting base pair of a 147-base pair nucleosome core particle). The free energy at each position is given by the
model defined in Eq. (3) (see Materials and Methods). Excess promoter nucleosomes in the deletion strains tend to reside
on energetically less (A, B, and D) or more (C) favorable sequences. On the right, the red lines show the mean nucleosome
energy over the promoter (more positive energy values indicate that nucleosomes reside on relatively less favorable DNA

sequences). The black lines are the net differences in nucleosome occupancy between the mutant and the wild-type
across each promoter, smoothed with a 100-gene moving average; larger values indicate more net excess nucleosomes
in mutants. In each panel, the Pearson correlation coefficient r is shown for the smoothed occupancy differences.

The p values (computed using a two-tailed Student’s t test) for the unsmoothed occupancy differences are < 10710

in all cases; the Pearson correlation coefficients are 0.28, 0.15, —0.27, and 0.25 for A, B, C, and D, respectively.

often constitutively accessible (Zawadzki et al., 2009). When we
examine the steady-state nucleosome occupancy of these motifs
in snf2 and asf1 mutants, we find that they are, on average, more
occluded by nucleosomes in the snf2 and asf1 mutants grown in
glucose compared with wild-type cells (gray bars in Figure 5, A
and C), but not in the asf1 mutant grown in glycerol (gray bars in
Figure 5B). The genes most significantly upregulated in response
to glucose upshift are those involved in the production of ribo-
somes, and the promoters of these genes are strongly enriched in
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PAC-, RRPE-, Rap1-, and Mbp1-binding sites (Zaman et al., 2009);
those sites are particularly occluded by nucleosomes in the snf2
mutant. Further, the genes involved in the production of ribosomes
are on average expressed at a significantly lower level in snf2 than
in wild-type cells (Figure S4). This suggests that in glucose both
Snf2 and Asf1 function to expose the corresponding binding sites
to active transcription factors.

As shown in Figure S5, transcription factor binding sites in most
promoters tend to lie between 50 and 150 base pairs upstream of
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coefficient r is shown for the smoothed occupancy differences. The p values (computed using a two-tailed Student'’s t
test) for the unsmoothed occupancy differences are < 107'° (A), 2.77 x 10-° (B), < 107°(C), 1.01 x 1075 (D). The Pearson
correlation coefficients for unsmoothed data are 0.19, 0.05, 0.15, and 0.07 for A, B, C, and D, respectively.

the TSS. However, excess nucleosomes found in snf2 mutants occur
disproportionately in the promoters of TATA box—containing genes,
which tend to have larger NDRs (Mavrich et al., 2008; Zawadzki
et al., 2009); consequently, promoters with excess nucleosomes in
the snf2 mutant are enriched for transcription factor binding sites
residing further upstream (Figure S5, A and B). There is no enrich-
ment for distant transcription factor binding sites in asf1 promoters
with excess nucleosomes (Figure S5, C and D).

Deletion of Asf1 predominantly affects promoters with low
nucleosome exchange rate

Histone exchange can take place in the absence of DNA replication,
with exchange at gene promoters occurring more rapidly than in
coding regions (Dion et al., 2007; Rufiange et al., 2007). The histone
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exchanges rates of promoters vary widely for reasons that are not
well understood, but seem to be largely independent of the tran-
scription rate of their corresponding genes. We find that gene pro-
moters that contain additional nucleosomes in the asfl mutant
grown in glycerol tend to have low histone exchange rates, as mea-
sured by either previous study (Figure 6). This correlation is also ob-
served in the asfT mutant grown in glucose, but absent in the snf2
mutant (unpublished data). These results are consistent with our ob-
servation that excess nucleosomes in asf1A cells reside on sequences
that are energetically less favorable for nucleosome formation.
Those nucleosomes that are relatively rapidly exchanged might be
expected to reach their thermodynamically preferred positions
by repeated removal and redeposition. On the other hand, slowly
exchanging nucleosomes might tend to remain trapped at
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A unfavorable positions, and thus be more de-
pendent on Asf1 activity to reach thermody-
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[ |snfoA(0)-SNF2(0) tween excess promoter nucleosomes in asf1
B snf2A(20)-SNF2(20) || mutants and slow histone exchange is con-
sistent with the requirement for Asf1 to es-
tablish thermodynamic equilibrium by de-
positing nucleosomes at their energetically
more favorable sites.
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Snf2 and Asf1 act on specific
promoters during transcriptional
reprogramming
During steady-state growth on glycerol,
~25% of yeast genes have excess nu-
cleosome density over their 5° NDRs in
asf1mutantsversuswild-type cells (Figure 2B).
Following transition to glucose, the excess
nucleosome density is lost over many pro-
moters but additional promoters gain nu-
S e B ——— cleosomes, such that ~25% of all gene pro-
[ ]asf1A(0)-ASF1(0) moters still contain excess nucleosome
I as71A(20)-ASF1(20) || density (Figure 2D). A statistically significant
number of genes (422) carry excess nu-
cleosomes under both conditions (p < 10719).
In both conditions, excess nucleosomes
reside on energetically less favorable sites
(Figure 3, B and D), indicating that Asf1
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FIGURE 6: Promoters with slow histone exchange rates have excess nucleosomes in asf1A. (A) Top, frequency of H3
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cells were grown in the YP + 2% galactose medium. (B) Bottom, histone H3 exchange rate averaged over the two

clusters from Figure 2B.

assists in redistributing kinetically trapped nucleosomes both before
and during transcriptional reprogramming. A similar situation is ob-
served for NDRs located at the 3’ ends of genes (Figure S3, B and D).

The NDRs of promoters of ~20% of genes in the snf2 mutant
grown on glucose contain excess nucleosome density (Figure 2A).
Twenty minutes after downshift to growth on glycerol, the excess
nucleosome density in most of these promoters is cleared, al-
though a significant number retain their excess nucleosomes (294
of the initial 900, p < 1079 and additional promoters (138) acquire
excess nucleosomes (Figure 2C). Remarkably, in the snf2 mutant
excess nucleosomes reside on energetically less favorable sites
before the downshift (Figure 3A), whereas the excess nucleosomes
occupy energetically more favorable sites after the downshift
(Figure 3C). This would suggest that, in contrast to its role during
steady-state growth on glucose, Snf2 activity upon glucose down-
shift is required to extract nucleosomes from energetically favor-
able sites, presumably using ATP hydrolysis to reposition nu-
cleosomes to less favorable sites. This behavior is not observed
with Asf1, which lacks ATPase activity and thus cannot expend en-
ergy to reposition nucleosomes to sites with higher free energies
of nucleosome formation.

asf1 and snf2 mutants exhibit delayed nucleosome
repositioning during transcriptional reprogramming
Large-scale transcriptional reprogramming follows an upshift from
glycerol to glucose, during which approximately one-half of all yeast
genes exhibit a significant change in expression levels (Zaman et al.,
2009) (Figure S6A). We previously showed that only a minority of
genes undergo promoter nucleosome restructuring under this up-
shift (Zawadzki et al., 2009). Consistent with this previous study, we
find that in wild-type cells undergoing transcriptional reprogram-
ming there is only a weak correlation between the change in mRNA
expression of a gene and a t statistic metric of promoter nucleosome
remodeling, either for the upshift from glycerol to glucose (Figure 7A,;
r = —0.28) or the downshift from glucose to glycerol (Figure 7B;
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r=-0.19). Thus, during two examples of substantial transcriptional
reprogramming, chromatin remodeling is associated with, but not
the primary mediator of, transcriptional changes.

To understand the acute phenotype of snf2 and asfl mutants
during nucleosome remodeling associated with transcriptional re-
programming, we measured global nucleosome positions and gene
expression in mutant strains 20 min after their respective carbon
source shifts, and compared their responses to wild-type. To com-
pare mutant and wild-type nucleosome remodeling during the shift,
we quantified nucleosome remodeling at each promoter as the t
statistic of the difference between nucleosome occupancies before
and after carbon source shift, then compared the t statistic scores
between wild-type and mutant yeast (Figure 7, C and D). For the
snf2 mutant (Figure 7D), we observed a high correlation between
the promoter nucleosome changes in the snf2 strain and the wild-
type strain (r = 0.69), demonstrating that most of the nucleosome
remodeling that takes place in wild-type under this transition also
occurs in the absence of the Snf2 function. However, the slope of
the linear fit line in the correlation plot is below the diagonal, sug-
gesting that, while essentially the same nucleosome occupancy
changes occur in the mutant as in the wild-type, on average they
occur either less extensively or more slowly in the mutant. As shown
in Figure 7C, similar results are observed in the asfT mutant grown
in glycerol: the nucleosome occupancy changes in the mutant cor-
relate well with those in the wild-type (r=0.59), but the changes are
either less extensive or delayed in the mutant. We find only a limited
correlation between changes in gene expression and changes
in promoter nucleosome occupancy for both mutants, similar to
wild-type cells (Figure 7, E and F). Thus, in the mutants as in the wild-
type, nucleosome remodeling is not a major component of tran-
scriptional reprogramming.

The delayed (or less extensive) nucleosome remodeling in the
mutants relative to wild-type cells is mirrored by a delay in exposing
transcription factor binding sites. We compared the change in
nucleosome occupancy over glucose-related transcription factor
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motifs (Zaman et al., 2009) between wild-type and mutant yeast dur-
ing their respective carbon shifts. As is evident from Figure 5B, the
additional occlusion of transcription factor binding motifs in the asf1
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mutant relative to wild-type during steady-
state growth on glycerol becomes much
more pronounced at 20 min following glu-
cose upshift. In fact, the degree of occlusion
becomes very similar to that observed for
the asfl mutant and wild-type grown in
glucose under steady-state conditions
(Figure 5C). This indicates that promoter
nucleosomes equilibrate into their new
steady-state configuration essentially within
20 min following transition to growth on glu-
cose. The increased exposure of motifs in
the wild-type versus the asf1 mutant results
from the fact that wild-type cells tend to
remove nucleosomes from transcription fac-
tor motifs following transition to glucose,
whereas the asfl mutant fails to do so, ei-
ther at short times following the transition or
upon reaching steady state (Figure S7A). For
instance, Rap1- and Rpn4-binding motifs
become substantially exposed in wild-type
cells during transcription reprogramming
but fail to do so in asf1 mutants. Thus Asf1
facilitates removal of nucleosomes from a
large number of transcription factor binding
sites upon carbon source transition.

Yeast lacking SNF2 have excess nu-
cleosomes occluding active transcription
factor binding motifs both at steady state
and during nucleosome remodeling driven
by transcriptional reprogramming. During
steady-state growth on glucose, glucose-
activated transcription factor binding sites
are more occluded in the snf2 mutant than
in the wild-type (gray bars in Figure 5A); no-
tably, the PAC-, RRPE-, and Rap1-binding
motifs, which drive expression of the highly
transcribed ribosomal biogenesis (Ribi) and
ribosomal protein (RP) genes during growth
on glucose (Zaman et al., 2009), are on av-
erage significantly more occluded by nu-
cleosomes in the snf2 mutant than in the
wild-type. Following the carbon source
downshift, Ribi and RP genes are down-
regulated in both snf2A and wild-type yeast,
and the occupancy of the corresponding
transcription factor binding sites becomes
more equal (Figure 5A, green bars). How-
ever, stress response genes are induced af-
ter the downshift and, correspondingly, the
Msn2/4-binding sites, which drive the stress
response genes, become more exposed in
the wild-type than in the snf2 mutant. These
results are consistent with the hypothesis
that Snf2 functions to stimulate exposure of
the binding motifs for those transcription
factors that are most active in the cell. Thus
Snf2 appears to work in concert with differ-
ent transcription factors, facilitating access

to their cognate binding sites only when needed.
Remarkably, the differential exposure of transcription factor
binding sites in the mutants versus wild-type during metabolic
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upshift or downshift does not affect transcriptional reprogram-
ming. For instance, during carbon upshift, Rap1-binding motifs
become exposed in the wild-type, consistent with the induced ex-
pression of Rap1-regulated RP genes (Figure S7B). While, as noted
above, this uncovering of the Rap1-binding motifs does not occur
in the asfT mutant (Figure S7B), induction of RP gene expression
happens at the same rate in the mutant as in the wild-type strain
(Figure S6A). Similarly, while Msn2/4-binding motifs become more
exposed in the wild-type than in the snf2 mutant during carbon
downshift (Figure S7E), induction of stress response genes occurs
similarly in both the snf2 mutant and the wild-type (Figure S6A).
Likewise, while Rap1 motifs become more occluded in the wild-
type than in the snf2 mutant during carbon downshift (Figure S7F),
RP gene expression is repressed at least as strongly in the snf2
mutant as in the wild-type yeast (Figure S6A). Moreover, Ribi gene
repression is substantially greater in the snf2 mutant than in the
wild-type during carbon downshift, even though both strains
exhibit very similar changes in RRPE and PAC motif occlusion
(Figures S7F and S6B). Thus transcriptional reprogramming does
not strongly depend on chromatin remodeling promoted by either
Asf1 or Swi/Snf.

DISCUSSION

We have examined global positioning of nucleosomes in yeast
cells in strains lacking either the Swi/Snf ATP-dependent chromatin
remodeling activity or the histone H3/H4 chaperone Asf1. We find
excess nucleosome density over promoters and TTS of distinct sub-
sets of genes in both mutant strains. These results suggest that a
primary function of both Swi/Snfand Asf1 is to promote nucleosome
depletion of the regulatory regions upstream and downstream of
genes. We note that Asf1 also serves as a specificity factor for the
H3K56 acetyl transferase, Rtt109, and that asf1 mutants are there-
fore deficient in H3K56 acetylation (Driscoll et al., 2007; Han et al.,
2007). While it is possible that the effects we observe with asf1 are
a result of reduced histone acetylation, a direct participation of
Asf1 in nucleosome remodeling seems likely. This would be consis-
tent with previous studies on the effect of Swi/Snf and Asf1 on
chromatin structure of several yeast genes. For instance, both
Swi/Snf and Asf1 are required to remove nucleosomes from URS2
during G1-specific cell cycle activation of HO gene expression
(Gkikopoulos et al., 2009; Takahata et al., 2009). While a few excep-
tions have been noted, such as the apparent role of Asf1 in repress-
ing HTA/HTB gene expression by increasing nucleosome density
over their promoters (Fillingham et al., 2009), our results indicate
that during steady-state growth both Snf2 and Asf1 function pre-
dominantly to clear nucleosomes from promoters.

We note that excess nucleosome density is not simply due to the
addition of a discrete nucleosome in mutant cells—rather, it reflects
a fractional increase in the average nucleosome occupancy over the
affected promoters in the mutant population as a whole. That is, a
greater fraction of cells in wild-type than in mutant are depleted of
nucleosomes over the affected areas. Our analysis of the genes in-
fluenced by these activities and the effects of these mutants on re-
positioning of nucleosomes following transcriptional reprogram-
ming allows us to draw conclusions regarding the biological roles of
these chromatin-modifying factors.

Remodeling factors remove kinetically trapped nucleosomes
from NDRs

Our studies revealed that both asf1 and snf2 mutants accumulate
excess nucleosome density under steady-state growth conditions,
predominantly over those promoters that are least energetically
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favorable for nucleosome assembly in vitro, suggesting that both
Asf1 and Swi/Snf function to remove nucleosomes from regions on
which they intrinsically prefer not to reside and reposition them to
energetically more favorable sites. This effect is opposite to that of
Isw2, which moves nucleosomes to energetically disfavored posi-
tions within NDRs (Whitehouse and Tsukiyama, 2006). Asf1 serves as
a histone chaperone during replication-dependent chromatin depo-
sition and replication-independent histone exchange (De Koning
et al., 2007), raising the possibility that replication-independent his-
tone exchange allows nucleosomes to find thermodynamically more
favorable positions. This would account for the fact that predomi-
nantly unfavorably positioned nucleosomes are trapped in the asf1
mutant, both during steady-state growth and following transcrip-
tional reprogramming (Figure 3, B and D, and Figure S2B). Further-
more, we observed that nucleosome remodeling accompanying
transcriptional reprogramming was delayed or diminished in extent
in the asf1 mutant (Figure 7C). This suggests that Asf1 participates
in rapid nucleosome repositioning, which occurs too quickly to be
associated with replication.

Swi/Snf possesses ATPase activity and thus could hypothetically
move nucleosomes to energetically less favorable positions. How-
ever, since the excess nucleosome density during steady-state
growth of the snf2 mutant in glucose resides predominantly on less
favorable sites (Figure 3A), the primary function of Swi/Snf appears
to involve repositioning of kinetically trapped nucleosomes. Swi/Snf
can unwrap nucleosomes in vitro (Lorch et al., 1999; Clapier and
Cairns, 2009), and this activity may serve in vivo to overcome the
kinetic barrier to moving nucleosomes to their more favorable posi-
tions. Following transcriptional reprogramming during carbon
source downshift, most of the energetically trapped nucleosomes
are rapidly evicted, even in the absence of Snf2 activity. However,
following this downshift, snf2 mutants carry excess nucleosomes on
energetically favorable sites (Figure 3C). This would suggest that
under this condition Swi/Snf expends energy to move nucleosomes
to less favorable sites, perhaps to effect regulatory reconfigurations
of chromatin at specific promoters.

Asf1 and nucleosome exchange

Both Dion et al. (2007) and Rufiange et al. (2007) documented rep-
lication-independent nucleosome exchange across the genome
and demonstrated that histone exchange occurs more extensively
over promoters than in coding regions and that replacement rates
over coding regions correlate with RNA polymerase Il density. More-
over, Rufiange et al. (2007) provided evidence that loss of Asf1 activ-
ity significantly diminished histone replacement, a result consistent
with the observation that Asf1 travels with RNA polymerase Il and
participates in eviction and reassembly of H3/H4 during transcrip-
tional elongation (Schwabish and Struhl, 2006). We observed an
unexpected correlation between promoters affected by the loss of
Asf1 and those with slow histone H3 turnover (Figure 6). As dis-
cussed in the preceding section, we suggest that this observation is
consistent with the role of Asf1 in removing nucleosomes from ki-
netically trapped sites. Namely, for those promoters in which his-
tone exchange readily occurs, Asf1 activity would not be required to
achieve thermodynamic equilibrium. Only in those promoters in
which exchange is low would Asf1 be required to remove trapped
nucleosomes, and thus its effects would be most evident at promot-
ers with low intrinsic turnover. While Asf1 is only one of the factors
that promote replication-independent nucleosome exchange
(Rufiange et al., 2007), our results suggest that promoters with low
turnover are relatively more dependent on Asf1 activity than those
with higher turnover rates.
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Transcriptional reprogramming precedes nucleosome
remodeling

The results presented here and those from previous studies indicate
that nucleosome repositioning associated with transcriptional repro-
gramming is either delayed or reduced in extent in both asf1 and
snf2 mutants. For instance, eviction of nucleosomes under inducing
conditions is significantly delayed at the PHO5 and HO promoters
in asfl mutants (Adkins et al., 2004; Gkikopoulos et al., 2009;
Takahata et al., 2009) and at the PHO5, HO, and HSP12 promoters
in snf2 mutants (Erkina et al., 2008; Gkikopoulos et al., 2009). In ad-
dition, rapid nucleosome clearance from promoters of heat shock—
inducible genes is on average delayed following heat shock in snf2
mutants relative to wild-type, although the kinetics of remodeling at
repressed genes are the same in the two strains (Shivaswamy and
lyer, 2008). Consistent with these observations, we find that nu-
cleosome remodeling is reduced in extent or delayed in both asf1A
and snf1A strains relative to wild-type (Figure 7, C and D). Moreover,
the exposure of transcriptional activator motifs at induced promot-
ers is significantly less in asf1 mutants and somewhat less in snf2
mutants (Figure S7, B and E). At repressed promoters, the nu-
cleosome occlusion of motifs associated with deactivated transcrip-
tion factors is also less pronounced in mutant strains, although not
as dramatically (Figure S7, C and F). Thus efficient nucleosome de-
pletion during induction and nucleosome addition during repres-
sion both require histone chaperone and nucleosome remodeling
activities.

Despite the smaller extent of nucleosome reorganization at
promoters during induction and repression in snf2 and asfl mu-
tants, we observe very little change in the kinetics of transcrip-
tional reprogramming in the mutants (Figure S6A). The kinetics of
transcriptional changes in the asf1 mutant following carbon upshift
mirrors that of the wild-type under similar conditions, with a cor-
relation coefficient of 0.95. Similarly, the pattern of expression in
the snf2 mutant following a glucose downshift strongly resembles
that seen in wild-type cells with, if anything, accelerated repression
of RP and Ribi genes and accelerated induction of stress-response
genes in the snf2 mutant relative to wild-type. These results broadly
agree with those reported previously for global transcriptional
changes following heat shock or entry into stationary phase of
snf2, in which the pattern of changes in transcript levels was similar
to that of wild-type cells (Shivaswamy and lyer, 2008). Thus our
results suggest that, while the extent of chromatin remodeling is
significantly smaller in asf1 or snf2 mutants upon carbon source
transitions, these mutants have little effect on the transcriptional
reprogramming caused by the change in conditions.

Our results do not indicate that asf1 and snf2 mutants have no
effect on transcription. As reported previously, we find that under
steady-state conditions the expression of a number of genes is af-
fected by deletion of SNF2 or ASF1. For instance, HO expression is
reduced ~20-fold in snf2A versus wild-type cells, consistent with the
role of Snf2 in clearing nucleosomes from the HO URS2 during cell
cycle activation of the gene (Gkikopoulos et al., 2009; Takahata
et al., 2009). Rather, our results suggest that on average transcrip-
tional reprogramming under carbon source transition proceeds
normally in snf2 and asf1 mutants, despite delayed or diminished
chromatin remodeling across the genome.

Our findings are consistent with the view that nucleosomal re-
positioning does not dictate transcriptional changes—rather,
transcriptional reprogramming may occur before, and perhaps in-
duce, nucleosome repositioning. Nucleosome remodeling factors
such as Snf2 and histone chaperones such as Asf1 may be re-
quired to implement that repositioning. Previous results have sug-
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gested that remodeling complexes are recruited to promoters
through physical interaction with transcription factors (Neely
et al.,, 1999; Yudkovsky et al., 1999; Miller and Widom, 2003;
Clapier and Cairns, 2009). Our results imply that this association is
not required for transcriptional reprogramming caused by tran-
scription factor binding. Rather, the association of the remodeling
factors may institutionalize a new transcriptional program by rein-
forcing the new pattern through reconfiguration of the promoter
chromatin structure to reflect the new regulatory state.

MATERIALS AND METHODS

Predicting nucleosome formation energies from a
large-scale map of nucleosomes assembled in vitro on
genomic DNA

A large-scale map of nucleosomes reconstituted in vitro on S. cere-
visiae genomic DNA was obtained from Zhang et al. (2009). The
map consists of 25 base pair-long sequence reads totaling 3,239,990
(0.27 reads per base pair) mapped to the S. cerevisiae genome
(Saccharomyces Genome Database April 2008 build: http://www
.yeastgenome.org). The map was used to build a biophysical model
of nucleosome positioning and energetics as previously described
(Locke et al., 2010). Briefly, we assumed that genomic coordinates
of mapped sequence reads define nucleosome positions on the
yeast genome. We extended all mapped reads to the 147-base pair
canonical nucleosome length and combined read counts from both
strands, creating a sequence read profile (the number of nu-
cleosomes that start at each genomic base pair) and a nucleosome
coverage profile (the number of nucleosomes that cover a given
base pair). We observed large gaps in the sequence read profile,
possibly due to repetitive regions in the genome to which reads
cannot be mapped, or to sequencing artifacts. We considered any
stretch of 21000 base pairs without any mapped reads to be anom-
alous and excluded such regions from further analysis. We also
found regions where the read coverage was uncharacteristically
high. To mark such regions, we first found the average number of
reads per base pair for each chromosome. Next, for each base pair,
we calculated the running average number of reads in a window
extending 75 base pairs in each direction. If this running average
was more than three times the chromosomal mean, we flagged the
region that extended out from the identified point in both directions
until the running average equaled the mean, and removed this re-
gion from further consideration. We then created a filter that marked
the union of all excluded regions. Finally, each excluded region was
extended 146 base pairs upstream, so there was no contribution to
the nucleosome energy from filtered regions.

The sequence read and nucleosome coverage profiles filtered in
this way were smoothed by replacing the number of nucleosomes
starting at each base pair with a 6 = 20 Gaussian curve centered on
that base pair. The area under the Gaussian curve was set equal to
the number of sequence reads starting at that position. Next the
sequence read and nucleosome coverage profiles were divided by
the highest value of the nucleosome coverage on each chromo-
some, yielding the probability that a nucleosome would start at a
given base pair (the nucleosome probability profile) and the proba-
bility that a given base pair is covered by any nucleosome (the nu-
cleosome occupancy profile).

Free energies of nucleosome formation were derived from
the nucleosome probability and occupancy profiles under the
assumption that observed nucleosome positions were affected
solely by intrinsic histone-DNA interactions and steric exclusion, in
analogy with the fluid of finite-size one-dimensional particles in an
arbitrary external potential (Percus, 1976):
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where i = 1...L — 146 (L is the number of base pairs in the

chromosome), E; is the energy of a nucleosome starting at base
pair i (i.e., occupying base pairs i ...i + 146), i is the chemical poten-
tial of histone octamers, kgT is the product of the Boltzmann
constant and room temperature, P; is the probability to start a
nucleosome at base pair i, and O; is the nucleosome occupancy of
base pair i, defined as

o= P @)

j=i-146

We correlate nucleosome energies from Eq. (1) with DNA se-
quence features using a linear model fit:

Ef_ﬂ_ 0 i i
T ¢ +;”a5a+§; Mp€os + T, 3)

B

where o,={A,C,G,T}, 2is the sequence-independent offset, nj, and
nyp are the number of mono- and dinucleotides found within the
nucleosomal site occupying base pairs i ...i + 146, and r; is the re-
sidual. &, and g,p are the fitting parameters constrained to produce
a hierarchical expansion in which dinucleotide parameters are
only required to fit higher-order contributions not captured at the
mononucleotide level: ), €, =0, &, =0, D s = 0. Asaresult,
the model has 13 free parameters (£, three &, , and nine g4p), 12 of
which describe the energies of mono- and dinucleotide words. Note
that in this model a given word is assigned the same energy regard-
less of its position within the nucleosomal site—we found that this
simple approach predicts nucleosome occupancies nearly as well as
more complex fits that take periodic dinucleotide distributions and
longer words into account (Locke et al., 2010). To account for fre-
quency biases at the edges, we exclude all words that extend into 3
terminal base pairs on each end of the 147-base pair nucleosomal
site from our counts.

Yeast strains

The asf1A strain was created by isolating genomic DNA from an
asf1:KanMX strain (Winzeler et al., 1999) and amplifying a PCR
product across the asfl:KanMX locus, using primers asf1-F
(5-GCAGCCTTGCCTGACTTTAC-3") and asf1-R (5-ACCTCTCTTG-
CAGGTACCATT-3"). The PCR product was transformed into diploid
strain Y3743 (gall1::HIS3/gal1::TRP1 ade2-1/ade2-1 can1-100/
can1-100 his3-11,15/his3-11,15 leu2-3112/leu2-3112 trp1-1/
trp1-1 ura3-1/ura3-1) and dissected to isolate Y3744 (gall::HIS3
ade2-1 can1-100 his3-11,15 leu2-3112 trp1-1 ura3-1 GAL
asf1:KANMX). Strains FY2 (MATo. ura3-52) and FY31 (MATa
snf2A1::HIS3 ura3-52 his3A200) (Sudarsanam et al., 2000) were ob-
tained from F. Winston (Department of Genetics, Harvard Medical
School, Boston, MA).

Nucleosomal DNA isolation and hybridization

Mononucleosomal DNA from asf1A yeast and the wild-type refer-
ence strain was isolated as previously described (Zawadzki et al.,
2009). Briefly, 2 | of yeast was grown at 30°C in SC + 3% glycerol
to a density of 2-3 x 10° cells/ml, at which point a zero-minute
sample of 650 ml was removed. Glucose (2%) was added to the
remaining culture and, after 20 min, 650 ml samples were re-
moved. Yeast cells were formaldehyde cross-linked, converted to
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spheroplasts, then resuspended in NP buffer, and micrococcal
nuclease (Sigma-Aldrich, St. Louis, MO) was added. DNA-protein
cross-links were reversed by incubation at 65°C for at least 4 h.
DNA was then purified by PCR clean-up kit (Qiagen, Valencia,
CA), and the sample was analyzed by gel electrophoresis to en-
sure that the extent of digestion did not vary significantly from
sample to sample (Figure S1). In addition, mononucleosomal DNA
from the asfl1A strain, the snf2A strain FY31, and the wild-type
reference strain FY2 was isolated as above, except that yeast cells
were grown in 11 SC + 2% glucose media to a density of (2-3) x
10¢ cells/ml. Yeast cells from 500 ml of culture were collected by
filtration, washed with SC + 2% glucose, resuspended in 500 ml
SC + 2% glucose, then cross-linked immediately to provide the
zero-minute time point. Yeast cells from the remaining 500 ml of
culture were collected by filtration, washed with SC + 3% glycerol,
then resuspended in 500 ml SC + 3% glycerol and grown for
20 min at 30°C before cross-linking. Mononucleosomal DNA was
hybridized to Affymetrix (Santa Clara, CA) 1.0R yeast tiling arrays
and processed with Affymetrix Tiling Array Software as previously
described, producing log-intensity profiles (Zawadzki et al., 2009).
To ensure unbiased comparisons the mean log intensity for each
chromosome has been subtracted from all profiles.

mRNA isolation and analysis
mRNA was isolated at several time points around the medium-to-
medium transitions and hybridized to Agilent yeast oligo microar-
rays as described in Zaman et al. (2009). Quantitative real-time PCR
reactions containing the SYBR Green Power Mix (Applied Biosys-
tems, Bedford, MA) and gene-specific primers were performed us-
ing an Applied Biosystems 7900 instrument and reaction products
analyzed by SDS software (Applied Biosystems). Relative mRNA lev-
els were calculated by first determining the ratio of target RNA to
ACT1T mRNA in each sample and then normalizing that value in
samples from posttransition time points to that in the zero-minute
(steady-state) sample.

Data used in this study are available at http://nucleosome
.rutgers.edu.
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