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Several well-studied promoters in yeast lose nucleosomes upon transcriptional activation and gain them upon repression,
an observation that has prompted the model that transcriptional activation and repression requires nucleosome remod-
eling of regulated promoters. We have examined global nucleosome positioning before and after glucose-induced
transcriptional reprogramming, a condition under which more than half of all yeast genes significantly change expression.
The majority of induced and repressed genes exhibit no change in promoter nucleosome arrangement, although promot-
ers that do undergo nucleosome remodeling tend to contain a TATA box. Rather, we found multiple examples where the
pre-existing accessibility of putative transcription factor binding sites before glucose addition determined whether the
corresponding gene would change expression in response to glucose addition. These results suggest that selection of
appropriate transcription factor binding sites may be dictated to a large extent by nucleosome prepositioning but that
regulation of expression through these sites is dictated not by nucleosome repositioning but by changes in transcription

factor activity.

INTRODUCTION

Chromatin, whose basic unit is a nucleosome that consists of
147 base pairs of DNA wrapped twice around a histone
octamer, plays a central role in the regulation of genes.
Several experiments in yeast have shown that nucleosome
depletion causes derepression of PHO5, GAL1, CUP1, SUC2,
and HIS3 in the absence of their transcriptional activators
(Han and Grunstein, 1988; Han et al., 1988; Durrin et al., 1992;
Hirschhorn et al., 1992). These observations suggested that
nucleosomes in promoters can function as nonspecific re-
pressors, consistent with the concept that DNA sequences
incorporated into nucleosomes are less accessible to DNA
binding proteins such as transcription factors (Morse, 2003,
2007). Subsequent observations have demonstrated that
chromatin structure can participate actively in gene regula-
tion through repositioning of nucleosomes so as to block
access of a transcription factor to its cognate binding sites or
to remove a barrier to such access. Consistent with this
notion, several examples have been reported in which gene
induction involves recruitment to a promoter of chromatin
remodeling factors and histone modifying activities de-
signed to remove or reposition a nucleosome to allow access
to an otherwise masked transcription factor binding site (Li
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et al., 2007; Williams and Tyler, 2007). For example, remod-
eling factors act at the above-mentioned promoters for
PHOb5, GAL1, CUP1, and SUC?2 to facilitate nucleosome loss
on transcriptional activation and conversely to assemble or
stabilize nucleosomes on the gene promoter during transcrip-
tional repression (Almer et al., 1986; Fedor and Kornberg, 1989;
Shen et al., 2001; Kim et al., 2006).

Chromatin can also play a more passive role in gene
regulation by simply controlling which transcription factor
binding sites are available for participation in gene regula-
tion. Recent genome-wide studies of nucleosome position-
ing found that most yeast promoters contain an extended
nucleosome-depleted region (NDR) that is enriched for tran-
scription factor binding sites (Lee et al., 2004; Yuan et al.,
2005; Lee et al., 2007; Mavrich et al., 2008; Shivaswamy et al.,
2008). Moreover, sequences to which a transcription factor
can bind are often more prevalent in the genome than the
sites to which that factor is actually bound in vivo. For
example, the yeast genome contains many more high-affin-
ity binding motifs for Rapl and Leu3 transcription factors
than are bound by the cognate factor in vivo (Lieb et al., 2001;
Liu et al., 2006). In addition, not all genes with a given
transcription factor binding site show correlated expression
patterns. These discrepancies may be explained by selective
occlusion of transcription factor binding sites by positioned
nucleosomes. For example, Leu3 sites to which Leu3 is not
bound in vivo tend to lie under well positioned nucleosomes
(Liu et al., 2006). Thus, as Morse has proposed, chromatin
may be “instructive” for transcription factor binding (Morse,
2007).

To distinguish active versus passive roles of chromatin in
regulating gene expression, Elgin and coworkers postulated
two general categories of promoter architecture (Lu et al.,
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1994; Wallrath et al., 1994): “pre-set” promoters whose nu-
cleosome structure does not significantly change with
changes in transcription, such as the Drosophila hsp26 and
hsp70 promoters; and “remodeling” promoters whose nu-
cleosome structure changes significantly with gene expres-
sion changes, such as the mammalian mouse mammary
tumor virus long terminal repeat promoter and the yeast
PHObS promoter. To assess whether this dichotomy applies
to most yeast promoters and, if so, which yeast promoters
fall into each category, we have explored the positions of
nucleosomes across the entire yeast genome under condi-
tions in which a majority of yeast genes undergo significant
change in gene expression. Several recent studies have re-
ported the precise nucleosome positions across the yeast
genome (Yuan et al., 2005; Lee et al., 2007; Mavrich et al.,
2008; Shivaswamy et al., 2008; Kaplan et al., 2009). Most
studies of genome-wide nucleosome positioning have been
conducted at steady states by using cells grown in rich
media. However, the Segal laboratory observed that most
nucleosome positions remain unchanged in several alterna-
tive carbon sources (Kaplan ef al., 2009). Shivaswamy et al.
(2008) examined nucleosome positioning before and after
heat shock and observed discrete local nucleosome remod-
eling events at gene promoters but found no general rela-
tionship between transcriptional changes and nucleosome
remodeling events. In contrast, Lee ef al. (2004) also exam-
ined nucleosome occupancy changes during heat shock, by
using lower resolution techniques, and concluded that pro-
moter nucleosome occupancy changed inversely with tran-
scriptional change.

We determined nucleosome occupancy before and after
addition of glucose to cells grown in a poor carbon source, a
nutrient upshift in which more than half of all yeast genes
significantly change expression (Wang et al., 2004; Zaman et
al., 2009). Accordingly, we have been able to correlate
changes in nucleosome occupancy to changes in transcrip-
tional activity in a large number of genes and relate those
changes to the presence of previously predicted transcrip-
tion factor binding motifs. We find that most genes that
undergo significant expression changes do not exhibit any
observable change in nucleosome positioning within their
promoters, although those that do are significantly enriched
for TATA boxes. Moreover, we find quite often that the
accessibility of specific transcription factor binding motifs
within a promoter before the nutrient upshift determines
whether the corresponding gene will exhibit a change in
expression. Thus, our results ratify Morse’s postulate of a
largely instructive role for chromatin in regulating gene
expression.

MATERIALS AND METHODS
Nucleosomal DNA Isolation

We prepared nucleosomal DNA using an adaptation of previously described
procedures (Kent et al., 1993; Yuan et al., 2005). From a 2-liter culture of strain
Y2864 (Zaman et al., 2009) grown at 30° in SC + 3% glycerol to 2-3 X 10°
cells/ml (Aggo = 0.2-0.3), we removed and cross-linked (see below) 650 ml of
culture as the zero time point and added glucose to 2% to the remaining
culture. We then removed 650 ml of culture after 20 and 60 min and cross-
linked cells by addition of formaldehyde to a concentration of 4% and
incubation at room temperature for 30 min with gentle shaking; we found that
spheroplasts from glycerol-grown cells are extremely fragile, necessitating
increased cross-linking relative to previously published protocols. Cross-
linking was terminated by addition of glycine to a final concentration of 250
mM and incubation for 5 min. Cross-linked cells were harvested, washed in
40 ml of 0°C phosphate-buffered saline, harvested, and the cell pellets snap-
frozen in liquid nitrogen. We resuspended cells from the pellets in 10 ml of
prespheroplasting buffer (100 mM Tris, pH 9.0, and 10 mM dithiothreitol
[DTT] added freshly), incubated the suspension at 10 min at room tempera-
ture, harvested cells, and resuspended them in 20 ml spheroplasting buffer (50
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mM KH,PO,/K,HPO, pH 7.5, 1.0 M sorbitol, and 10 mM DTT added fresh)
containing 0.25 mg/ml Zymolyase 100T (Seikagaku, Tokyo, Japan). Cells
were incubated at 30°C until converted to >95% spheroplasts (~30 min). We
washed spheroplasts twice with 40 ml of 0°C spheroplasting buffer, gently
resuspended them in 5 ml of NP-buffer (50 mM NaCl, 10 mM Tris, pH 7.4, 1
M sorbitol, 5 mM MgCl,, 1 mM CaCl,, with 1 mM B-mercaptoethanol and 500
uM spermidine added fresh), and then added Nonidet-P40 at a final concen-
tration of 0.025%. We added micrococcal nuclease (10 U; Sigma-Aldrich, St.
Louis, MO) and incubated the lysate for 45 min at 37°C, digestion conditions
in which chromatin was converted predominantly to mononucleosomes (Sup-
plemental Figure S1). We stopped digestions by addition of 1 ml of 5% SDS
and 50 mM EDTA, followed by addition of 10 ul of 10 mg/ml RNaseA and
incubation at 37°C for 30 min. We then added 5 ul of 10 mg/ml proteinase K
and reversed the cross-links by incubation at 65°C for at least 4 h. DNA was
purified using a polymerase chain reaction (PCR) clean-up kit (QIAGEN,
Valencia, CA) and then analyzed by gel electrophoresis to assess the extent of
digestion. We performed this experiment for four biological replicates, all of
which yielded essentially identical results. Data for one of the replicates are
presented in the Results.

Microarray Hybridization and Data Analysis

DNA (8 pg) was labeled and hybridized to 1.0R yeast tiling arrays (Af-
fymetrix, Santa Clara, CA) as described previously (Gresham et al., 2006),
except that fragmentation was accomplished by digestion with 0.05 U of
DNasel (Invitrogen, Carlsbad, CA) for 2 min at 37°C. Raw microarray data for
individual time points was analyzed with Affymetrix Tiling Analysis Soft-
ware, version 1.1 with settings as described previously (Lee et al., 2007). The
microarray data are available for download from http://puma.princ-
eton.edu/publications.html. Yeast mRNA expression data have been pub-
lished previously (Zaman et al., 2009).

A Probabilistic Algorithm for Predicting Nucleosome
Positions from Tiled Microarray Data

We developed a hidden Markov model (HMM) (Rabiner, 1989) to infer
genome-wide nucleosome positions from hybridization data (Supplemental
Figure S2). The model specifies nucleosome positions as peaks of probability
that DNA will enter a nucleosome at a given base pair in the genome. The
model also returns the overall nucleosome occupancy of any base pair in the
genome as the probability that it is covered by any nucleosome. To compute
the nucleosome occupancy for a base pair, we sum over posterior probabili-
ties for all nucleosomes that initiate in the appropriate direction within 148
base pairs (length of 37 probes separated by 4 base pairs) of that site (Morozov
et al., 2008). Hybridization values from the tiled Affymatrix arrays were used
as input to the HMM, and the parameters of the model were fit by maximum
likelihood. Because consecutive probes are not always equidistant on the chip,
all log intensities were first placed on a regular four-base pair grid by linear
interpolation. Gaps of 50 base pairs or longer were assigned zero hybridiza-
tion values for the HMM but omitted from all subsequent bioinformatic
analysis. The parameters of the HMM are fit on a set of 19 genes that show no
appreciable changes in expression between 0 and 20 min (POL4, CDC20,
RNR3, RAM2, RSM22, CDC73, ASC1, SCP160, ILV3, NNF1, AKR1, SKI2,
MDL1, SAS4, SNF5, URE2, YFB3, SRL2, and MEC3), and their associated 5’
intergenic regions. The model uses a mixture of two Gaussians to represent
both nucleosome state and linker state. The final set of fitting parameters
includes means and widths of four one-dimensional Gaussians, two indepen-
dent mixture coefficients, and 38 initial probabilities for the nucleosome and
linker states. The topology of the Bayesian network (Supplemental Figure S2)
reflects the fact that all 37 nucleosome states are forced to share the same
mixture of two Gaussians. The HMM parameters inferred independently for
all 19 loci were averaged and the resulting model was run genome-wide on
each data set. We implemented the HMM in Matlab (The MathWorks, Natick,
MA) as a dynamic Bayesian network using standard libraries from the Bayes
Net Toolbox (BNT; http://www.cs.ubc.ca/~murphyk/Software/BNT/
bnt.html). Our Matlab code is available upon request.

RESULTS

Genome-wide Positions of Nucleosomes in Saccharomyces

To determine the changes in nucleosome positioning that
accompany changes in gene expression, we determined nu-
cleosome positions across the entire yeast genome before
and after shifting cells from growth in glycerol to growth in
glucose. This carbon source upshift significantly alters ex-
pression of more than half of all yeast genes (Wang et al.,
2004; Zaman et al., 2009) and thereby provides numerous
individual examples to examine the relationship between
nucleosome positioning and gene expression. To perform
this analysis, samples of glycerol grown cells were collected
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and formaldehyde cross-linked both before glucose addition
and 20 and 60 min after addition. Chromatin isolated from
these samples was digested with sufficient micrococcal nu-
clease to produce predominantly mononucleosomes (Sup-
plemental Figure S1). These digested preparations were then
heated to reverse the cross-links and release the nucleoso-
mal-protected DNA, which was then hybridized to Af-
fymetrix tiling microarrays that contain 25-mer probes offset
by four to five base pairs across the entire unique sequence
of the yeast genome.

To facilitate interpretation of the nucleosome positioning
data, we developed a novel HMM to predict nucleosome
occupancy from hybridization intensity data. Although
HMMs have been previously used to predict nucleosome
positions (Yuan et al., 2005; Lee et al., 2007), our approach has
several important distinctions. First, all nucleosomes have a
canonical length of 148 base pairs (37 probes separated by 4
base pairs). Second, the probability of starting a new nucleo-
some (P| \; in Supplemental Figure S2) is not fit by maximum
likelihood but rather is adjusted manually to reproduce
physiologically relevant nucleosome occupancies in bulk
chromatin (Wolffe, 1998). The manual adjustment reflects
our lack of control over the zero intensity baseline, which
can shift depending on the relative amounts of DNA used in
the nucleosomal and control samples. Third, we model the
probability of observing a nucleosome or linker state by a
mixture of two Gaussians. We sought to account for the fact
that a single Gaussian will cause the assignment of small
nucleosome probabilities to high log intensity values. This
problem is resolved by using a mixture model which can in
principle fit functions of arbitrary shape, although in prac-
tice the number of Gaussian components has to be limited to
two or three to reduce the total number of fitting parameters.
In sum, our model avoids the need for post hoc assumptions
of dubious biological accuracy, such as nucleosomes of non-
canonical length, whereas, as described below, maintaining
accurate predictions of experimentally determined in vivo
nucleosome positions.

To test our HMM, we applied it to our hybridization data
for a set of seven reference loci, independently of those used
for training, with previously determined nucleosome posi-
tions. This stringent analysis indicated that interpretation of
our data by this model places nucleosomes with statistically
significant accuracy (Supplemental Figure S3) similar to that
of a previously published study (Lee ef al., 2007). We also
applied the HMM to our hybridization data at the CHA1
gene, whose nucleosome organization has been previously

Vol. 20, August 1, 2009

determined both by indirect end labeling and by global
nucleosome positioning studies (Moreira and Holmberg,
1998; Yuan et al., 2005; Lee et al., 2007). Our HMM places
nucleosomes at locations determined by previous studies
(Figure 1). CHA1 expression is glucose independent, and we
find that our calculated nucleosome occupancy at this locus
remains unchanged before glucose addition and 20 and 60
min post-glucose addition (Supplemental Figure S4). From
these analyses, we conclude that our data sets, in conjunc-
tion with the HMM we developed to interpret those data,
yield results highly consistent with prior nucleosome posi-
tion determinations, and we conclude that both the model
and the data are reliable.

Certain genomic regions, such as the middle of longer
open reading frames (ORFs), tend to yield hybridization
patterns inconsistent with precisely positioned nucleosomes
but rather present a pattern interpreted to indicate that
different cells in the population contain nucleosomes at dif-
ferent positions (Mavrich et al., 2008). Unlike previously
described HMMs, which account for these regions by invok-
ing a “delocalized nucleosome state” of indefinite length
(Yuan et al., 2005; Lee et al., 2007), our HMM deconstructs
regions of delocalized nucleosomes as multiple overlapping
arrays of nucleosomes with partial occurrence in the popu-
lation. This modification improves the resolution of our
nucleosome predictions in the regions of the genome not
packaged in well-positioned nucleosomes. For example, glu-
cose addition represses the ARP2 gene and induces a slight
shift at 60 min post addition in the positioning of the nu-
cleosome array in the 5’ of the ORF (Supplemental Figure
S5). Interestingly, at the 20-min time point our HMM pre-
dicts the nucleosome positions to be delocalized relative to
the 0- and 60-min time points, suggesting that different cells
in the population may contain the nucleosome array in both
the pre- and post-glucose addition conformation.

To further validate our data and methodology, we exam-
ined nucleosome occupancy at SUC2 and ADH2, two glu-
cose-regulated genes that undergo well-characterized glu-
cose-induced changes in nucleosome positioning. Glucose
addition represses SUC2 expression by fivefold. Twenty
minutes after glucose addition, we detect a shift in a pro-
moter nucleosome to a site further upstream from the ORF.
Sixty minutes after glucose addition, we detect addition of a
new nucleosome adjacent to the shifted nucleosome (Figure
2), as has been reported previously (Perez-Ortin et al., 1987;
Hirschhorn ef al., 1992; Gavin and Simpson, 1997). Glucose
addition represses ADH2 gene expression >50-fold. Our
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Figure 2. Glucose-induced nucleosome remodelling at the SUC2 promoter. Nucleosome protection data, represented as the log ratio of
nucleosomal DNA to genomic DNA by tiling microarray (purple line), HMM prediction of the probability of nucleosome occupancy (blue
line) and HMM prediction of the probability of initiating a nucleosome (green line) are shown for the SUC2 promoter, diagrammed at the
bottom, at the indicated times before (0 min) or after (20 and 60 min) glucose addition. Previously determined in vivo nucleosome positions
for the SUC2 promoter in cells grown in glucose (Gavin and Simpson, 1997) are shown as brown ovals.

analysis indicates the addition of a well-positioned nucleo- (Supplemental Figure S6), as has been observed in previous
some to the ADH2 promoter 20 min after glucose addition  studies (Verdone et al., 1996). In addition, the array of nu-
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cleosomes extending into the ADH2 ORF shifts toward the
promoter upon repression. This repressed promoter struc-
ture is retained 60 min after glucose addition. For both ADH2
and SUC2, we compared our nucleosome positions with pre-
viously published positions determined for cells grown in glu-
cose (Verdone et al., 1996; Gavin and Simpson, 1997). The
correlation between the published positions and our post-
glucose nucleosome occupancy is quite high, and clearly
higher than for our pre-glucose positions (Supplemental
Figure S7), indicating that our nucleosome position deter-
minations are consistent with those reported previously.

To investigate promoter nucleosome structure genome-
wide, promoter nucleosome occupancy profiles before glu-
cose addition were aligned by their experimentally deter-
mined transcriptional start sites (Nagalakshmi et al., 2008).
Promoters with similar occupancy profiles were grouped by
K-means clustering and then promoters within each cluster
were sorted by the position of the least-occupied point (Fig-
ure 3). Similar to previous work (Lee et al., 2007), we found
that clustering the promoter nucleosome occupancy profiles
into more than four groups did not significantly alter our
results (data not shown). Our analysis revealed features
evident in previous studies of genome-wide nucleosome
occupancy (Yuan et al., 2005; Lee et al., 2007; Mavrich et al.,
2008; Shivaswamy et al., 2008). Most genes contain 1) a
nucleosome-depleted region (NDR) of roughly 200 base
pairs in their promoters; 2) a strongly positioned +1 nucleo-
some, which anchors an array of nucleosomes extending
into the ORF; 3) a well positioned —1 nucleosome; 4) a
nucleosome-depleted region at the 3" end of the transcript
(Supplemental Figure S8); and 5) a deeper NDR in the pro-
moters of highly expressed genes than in those of poorly
expressed genes (Supplemental Figure S9). Thus, our nu-
cleosome occupancy data set recapitulates previously pub-
lished results both at the level of individual promoters and
on a genome-wide scale.

Most Promoter Nucleosome Profiles Do Not Change with
Transcriptional Change

To address more completely the genome-wide relationship
between changes in promoter nucleosome occupancy and
gene transcription, we examined the correlation between a
statistical measure of nucleosome occupancy differences and
transcriptional change (Figure 4A). The scatter plot shown in
Figure 4A correlates the change in gene expression of every
gene, represented as the log base 2 change in mRNA level
for that gene, with the f-statistic of the log ratio of MNase
hybridization intensities at that gene promoter before and
after glucose addition.

Genes not regulated by glucose, such as CHA1, PHO5, and
the genes used for training the HMM (highlighted in Figure
4A), tend not to undergo changes in promoter nucleosome
occupancy. Both SUC2 and ADH?2 undergo promoter nu-
cleosome addition on gene repression (Figures 2 and Sup-
plemental S6), and the position of these genes within Figure
4A accurately reflects our observations.

Of the genes that exhibit changes in promoter nucleosome
occupancy, repressed genes tend to gain nucleosomes and
induced genes tend to lose promoter nucleosomes. How-
ever, across all promoters the relationship between changes
in nucleosome occupancy and transcription is surprisingly
weak, with an overall correlation of 0.34. Similar results are
obtained 60 min after glucose addition. Moreover, the same
result is obtained by plotting changes in expression versus
changes in nucleosome occupancy as predicted by our
HMM rather than changes in hybridization intensity (Sup-
plemental Figure S10). To visualize changes in nucleosome
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occupancy across all promoters, we calculated the difference
in nucleosome occupancy between 0 and 20 min, relative to
the transcription start site (TSS), at each promoter and then
grouped these by K-means clustering into three groups. This
clustering separated promoters into those that gained nu-
cleosomes, those that lost nucleosomes, and those that re-
mained unchanged (Figure 4B). Consistent with the results
in Figure 4A, only 5% of all promoters gained nucleosomes
and only 5% lost nucleosomes, despite that 50% of all genes
changed expression by more than twofold. Moreover, for
most of those promoters that gained or lost nucleosomes,
only a single nucleosome was affected and most changes
occurred between —550 and —100 base pairs from the
transcriptional start site. In sum, 77 of 578 genes repressed
by more than fourfold gained promoter nucleosomes,
whereas 39 of 398 genes induced by more than fourfold
lost promoter nucleosomes. However, the majority of pro-
moters underwent no significant change in nucleosome
occupancy profiles.

Our analysis of the relationship between changes in pro-
moter nucleosome occupancy and gene expression measures
the latter by mRNA microarrays. However, mRNA microar-
rays measure steady-state mRNA levels, which can be al-
tered by changes in mRNA turnover as well as changes in
transcription rate. To assess whether the dearth of nucleo-
some remodeling we observe on glucose upshift derives
from a limited change in transcription rates of most genes,
we performed chromatin immunoprecipitation (ChIP)
against RNA polymerase II in ORFs (Supplemental Figure
S11). At the SUC2 and HXT1 genes, changes in promoter
nucleosome occupancy are associated with changes in
mRNA levels (Figure 4A); after glucose upshift, we observe
an increase in RNA polymerase II detected by ChIP at the
HXT1 gene and a decrease at the SUC2 gene, which in both
cases correlates with the changes in their mRNA levels.
Examining several genes with glucose-regulated changes in
mRNA levels but no changes in promoter nucleosome struc-
ture (HSP104, ALD3, REX4, and DHR?2), we observed in
every case a change in the occupancy of RNA polymerase II
that correlated strongly with the change in mRNA level.
These data indicate that genes with glucose-regulated
changes in mRNA levels do undergo associated changes in
transcription initiation rates, even in the absence of changes
in promoter nucleosome occupancy.

Because we observed relatively few changes in nucleo-
some occupancy with transcriptional change, we considered
the possibility that glucose-regulated promoters might alter
their nucleosome positioning without altering their net nu-
cleosome occupancy. To address this possibility, we deter-
mined the average nucleosome occupancy profiles across
the promoters of genes whose transcription is either induced
or repressed by glucose, before and after glucose addition
(Supplemental Figure S12). The promoter nucleosome pro-
files of both glucose-induced and repressed genes showed
little change, demonstrating that glucose-regulated genes do
not undergo coherent nucleosome movements. Examination
of nucleosome changes at individual promoters similarly
failed to reveal examples of genes regulated by large-scale
nucleosome sliding (Figure 4B). Because this level of analy-
sis would not capture small shifts in nucleosome positioning
that might alter the ability of transcription factors to bind,
we specifically examined the relation between nucleo-
some position and putative transcription factor binding
motifs. These results, described below, are consistent with
the above observations that nucleosome repositioning
plays a limited role in altering gene expression in re-
sponse to glucose upshift.
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Figure 4. Nucleosome remodelling occurs infrequently during
transcriptional reprogramming. (A) Scatter plot showing the rela-
tionship between transcriptional change and nucleosome remodel-
ling. Each point represents a single gene providing, on the x-axis,
the t-statistic measure of the change in promoter nucleosome den-
sity 20 min after glucose addition relative to that before addition,
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promoters (vertical axis) 20 min after glucose addition relative to
that before addition were calculated and plotted relative to the
transcription start sites (horizontal axis, extending from —500 base
pairs to +500 base pairs). These are clustered by K-means into three
groups and then sorted within each group sequentially by maxi-
mum difference value (top cluster) or minimum difference value
(middle cluster). The genes in the bottom cluster were not sorted.
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We also examined changes in nucleosome occupancy at
the 3" end of transcripts. Difference maps of nucleosome
occupancy at the 3" end of all genes revealed a small number
of genes that undergo nucleosome loss or addition at the 3’
end (Supplemental Figure S13A). Genes that exhibit nucleo-
some occupancy changes at their 3" end are equally divided
between those convergent with their downstream neighboring
gene and those collinear with the downstream gene, indicating
that the nucleosome remodeling at the 3’ end cannot be ex-
plained solely as remodeling of a downstream promoter. How-
ever, these changes in nucleosome occupancy at the 3’ end are
not correlated with changes in gene expression (r = —0.01)
(Supplemental Figure S13B). Thus, the function of 3" NDR and
changes to that structure remain unresolved.

Promoters Containing TATA Boxes Are More Likely to
Undergo Nucleosome Remodeling

We observed that genes containing TATA boxes, which
constitute ~20% of all genes in yeast (Basehoar et al., 2004),
were unusual in several respects. First, as noted previously
(Toshikhes et al., 2006; Albert et al., 2007; Mavrich et al., 2008),
we found that, although the 5" NDRs in non-TATA contain-
ing promoters were all 200 base pairs wide and stereotypi-
cally centered 100 base pairs upstream of the TSS, the NDRs
in promoters with TATA boxes were of the same size as
those at non-TATA promoters but were dispersed over a
much wider region, with each gene containing an individ-
ually positioned NDR. This pattern is evident in the heat
map of nucleosome positions in individual promoters,
shown in Figure 3, with the TATA-containing genes signif-
icantly overrepresented in cluster a, and in plot of the aver-
age nucleosome density as a function of distance from the
TSS (Supplemental Figure S14). Second, we observed that
glucose-repressed genes were significantly enriched for
TATA box-containing promoters (71% contain TATA boxes
as opposed to a genome-wide average of 22%; binomial p =
1.3 X 1073¢), whereas glucose-induced genes were signifi-
cantly depleted for TATA box-containing promoters (15%
contain TATA boxes; binomial p = 3.0 X 1073). In sum,
TATA box-containing genes behave differently from other
genes both in nucleosome positioning and in expression
changes after a glucose upshift.

Because the asymmetry in the distribution of TATA box
containing genes between glucose-induced and repressed
genes mirrored the asymmetry in nucleosome remodeling in
induced versus repressed genes, we directly examined if
promoters containing a TATA box were more likely to un-
dergo nucleosome remodeling. The promoter nucleosome
profile for glucose repressed genes was subdivided between
genes with or without a TATA box (Figure 5A). Strikingly,
TATA box-containing promoters gained considerable nu-
cleosome occupancy during gene repression, whereas pro-
moters lacking TATA boxes gained little nucleosome occu-
pancy during repression. We also subdivided the promoter
nucleosome profile of glucose-induced genes between those
with or without a TATA box (Figure 5B). Most glucose-
induced genes lack TATA boxes and showed little difference
in their promoter nucleosome profile before or after induc-
tion, whereas the minority of glucose-induced genes with
TATA boxes lost nucleosome occupancy after induction.
Thus, promoters of genes that contain TATA boxes tend to
undergo changes in nucleosome occupancy upon changes in
transcriptional activity, whereas those genes lacking TATA
boxes tend to retain the same nucleosome profile upon
changes in transcriptional activity.

We calculated the relationships between transcriptional
change and promoter nucleosome remodeling as a function
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Figure 5. Promoters with TATA boxes are more likely to undergo
nucleosome remodelling. (A) All genes repressed fourfold or more
20 min after glucose addition were subdivided into those containing
TATA box in their promoters (blue lines) and those lacking TATA
boxes (red lines) (Basehoar et al., 2004). For each subgroup, the
average nucleosome occupancy at every nucleotide around the TSS
was calculated before glucose addition (solid line) and 20 min after
glucose addition (dashed line) and the values plotted relative to the
position of the nucleotide from the TSS. (B) As in A, but for genes
induced fourfold or more 20 min after glucose addition. (C) As in
Figure 4A, but with all genes subdivided by the presence or absence
of a TATA box within the promoter. Correlation values (r) are
shown in the legend.

of the presence or absence of TATA boxes (Figure 5C). The
correlation between promoter log ratio MNase hybridization
intensity change and transcriptional change for genes lack-
ing a TATA box is weak (r = 0.23). However, the correlation
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between transcriptional change and promoter log ratio
MNase hybridization intensity change for TATA-containing
genes is much stronger (r = 0.48). Similar results were
obtained both 20 and 60 min after glucose addition and with
or without the application of the HMM nucleosome occu-
pancy predictions (Supplemental Figure S15). These data
demonstrate an association between TATA box-containing
promoters and nucleosome remodeling during transcrip-
tional change.

Functional Transcription Factor Binding Motifs Reside in
Regions of Low Nucleosome Occupancy

Our data allowed us to examine the relationship among
transcription factor binding motifs, nucleosome occupancy,
and transcriptional changes. In particular, we explored the
degree to which nucleosome occupancy over transcription
factor binding motifs changed as a function of changes in
expression or influenced their use in promoting transcrip-
tional change. Genes regulated by the glucose-repressive
transcription factors Adrl and Cat8 (Tachibana et al., 2005)
gain promoter nucleosomes during glucose repression (Ver-
done et al., 1996; Agricola et al., 2004). Consistent with these
prior observations, we observed that many Adrl/Cat8-reg-
ulated genes gained promoter nucleosomes on transcrip-
tional repression (Figure 4A). However, the overall correla-
tion between changes in promoter nucleosomes and
transcription for these genes is weak (r = 0.2), although this
correlation is higher if alternative measures of nucleosome
occupancy are used (Supplemental Figure S10).

We extended our analysis to determine whether shifts in
nucleosome positions expose or occlude transcription factor
binding motifs in conjunction with changes in gene expres-
sion. We previously applied a mutual information based
algorithm, FIRE (Elemento et al., 2007), to identify promoter-
localized sequence motifs that mediate glucose-induced
changes in gene expression, many of which corresponded to
binding sites for transcription factors known to be involved
in the glucose response, such as Msn2/4 and Hap4 (Zaman
et al., 2009). Limiting our analysis to promoters, we mea-
sured differences in nucleosome occupancy in response to
glucose addition directly over all instances of these individ-
ual motifs and observed little change in their nucleosome
occupancy upon glucose addition (data not shown). To re-
duce the effect of spurious, nonfunctional representatives of
these motifs, we calculated the difference in nucleosome
occupancy over occurrences of each motif at 20 and 60 min
after glucose addition only for promoters of those genes that
exhibited transcriptional induction or repression (Figure 6,
A and B). Most motifs undergo no significant change in
average nucleosome occupancy. However, a small number
of motifs, such as the Hapl-related CCG(N);CC motif, be-
come exposed on average during induction or, such as the
GIn3 binding motif, become occluded during repression.
This bias remains even after excluding those promoters that
undergo overall changes in nucleosome occupancy during
the upshift (data not shown). Examining the actual distribu-
tion of individual nucleosome occupancy changes over mo-
tifs, rather than the average changes, reveals that most motif
occurrences undergo no significant changes in nucleosome
occupancy, but for some motifs a subpopulation undergoes
substantial changes in nucleosome occupancy (Supplemen-
tal Figure S16). Thus, at a limited number of promoters
subtle shifts in nucleosome positioning can occasionally lead
to the exposure or occlusion of transcription factor binding
motifs.

In contrast to the weak correlation in changes in nucleo-
some occupancy over transcription factor binding motifs
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Figure 6. Nucleosomes are instructive for transcription factor reg-
ulation. For all genes induced (A) or repressed (B) fourfold or more
20 min after glucose addition, all occurrences of the listed motifs in
promoters of those genes were noted and the average change in
nucleosome occupancy directly over that motif determined. Values
range from —1, which denotes a motif fully occupied at 0 min that
becomes fully unoccupied 20 min after glucose addition, to 1, which
denotes a motif fully unoccupied at 0 min that becomes fully occu-
pied at 20 min. The bar labeled “intergenic” is the average change in
nucleosome occupancy over all (A) glucose-induced or (B) re-
pressed promoters. Error bars designate SE. (C) All instances of the
listed motifs present in gene promoters were subdivided into those
in genes whose expression was repressed following glucose addi-
tion, unchanged after glucose addition or induced after glucose
addition. For each subset for each motif, the average nucleosome
occupancy directly over that motif prior to glucose addition is
plotted, with values ranging from completely unoccupied (0) to
fully occupied (1). Error bars designate SE. Transcription factor
motifs are as follows: Cbfl, [CGT]CA[CG]GTG[AG][AC]; GIn3,
[ACT]IGATAAG[ACG]; PAC, CTCATC[GT]C; Rapl, A[CT]CC.A-
CAI[CT]; Hap4, [ACGJCCA[AC]TCA; Mbpl, T.[ATICGCGT[ACT];
Xbpl, [CT][CTITCG[ACIG[AG][CGT]; Msn2/4, [ACG][AG][ACT].
GGGG or CCCCT[AGT]; Gen4, TGACT[ACT]A. Motif definitions
are as follows: A, CGC[AG]C[CT]|C[AT]; B, the RRPE motif [AC-
GJAAANTTTT; C, [AGT][AT][ATIAAGGG; D, GATCN,;TGA[AG];
E, [CGT|TA[ATJACGA.; F, [CGT]CCGN;CC[ACG].
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with changes in gene expression, we find in several cases a
strong correlation between initial accessibility of transcrip-
tion factor binding motifs and responses in gene expression.
We examined each of the motifs involved in glucose tran-
scriptional response and subdivided all the genes in which
each motif appeared into those that were induced, re-
pressed, or remained transcriptionally unchanged. We then
measured the absolute nucleosome occupancy of the motif
in each group before glucose addition (Figure 6C).
Promoters of the glucose-induced ribosomal biogenesis
genes are highly enriched for RRPE and PAC motifs (Beer
and Tavazoie, 2004; Jorgensen et al., 2004; Wade et al., 2006).
Quite strikingly, in the promoters of those genes containing
a PAC or RRPE motif (labeled Motif B in Figure 6) that were
subsequently induced by glucose addition, the motifs were
significantly more exposed than they were in those genes
that were subsequently repressed or remained unchanged
upon glucose addition, suggesting that likely physiologi-
cally relevant occurrences of RRPE/PAC motifs may be free
of nucleosomes and accessible, whereas likely spurious in-
stances of the RRPE/PAC motifs in promoters of repressed
or unchanged genes are more likely to be contained within
nucleosomes and perhaps inaccessible. The Msn2/4 tran-
scription factors mediate portions of the general stress re-
sponse which is alleviated by glucose addition (Gasch et al.,
2000; Zaman et al., 2009), suggesting that physiologically
relevant occurrences of the Msn2/4 motifs would be ex-
pected to occur in the promoters of glucose-repressed genes.
We find that occurrences of the Msn2/4 motifs in promoters
of glucose-repressed genes are significantly more exposed
than in genes that were subsequently induced or transcrip-
tionally unchanged. Several other motifs exhibited this di-
chotomy in occupancy, although many others did not.
Nonetheless, these results suggest that accessibility dictated
by nucleosome occupancy likely presages the functional
activity of several transcription factor binding motifs.

DISCUSSION

We have investigated the relationship between gene expres-
sion and nucleosome positioning in yeast on a global scale.
We focused on nucleosome position changes associated with
transcriptional changes following glucose upshift, because
more than half of all genes undergo significant change in
gene expression, providing numerous individual examples
for analysis. Our results demonstrate that yeast promoters
fall into two clearly distinct categories: those that undergo
changes in nucleosome occupancy upon change in expres-
sion, referred to as “remodeling promoters” by Elgin and
colleagues, and those “preset promoters” whose nucleosome
structure remains essentially unchanged during transcrip-
tional alteration.

Remodeling Promoters

The promoters of only 10% of all genes gain or lose nucleo-
somes after glucose addition despite that >50% of all genes
exhibit a change in mRNA levels of twofold or more. Those
genes that gain promoter nucleosomes are predominantly
those that undergo repression, whereas those that lose nu-
cleosomes are predominantly unchanged in expression or,
to a lesser extent, undergo induction. Those promoters that
undergo nucleosome remodeling—both those that lose as
well as those that gain nucleosomes—are highly enriched for
predicted TATA boxes, with approximately half of all re-
modeled promoters containing a TATA box. As a conse-
quence, TATA box-containing promoters exhibit a much
higher correlation between transcriptional change and nu-
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cleosome remodeling than do promoters lacking TATA
boxes. Pugh and coworkers noted previously that TATA
boxes are enriched in the promoters of genes induced by
starvation and other cell stresses and that these genes are
particularly dependent on chromatin modification activities
(Basehoar et al., 2004). We can now appreciate this depen-
dency as a consequence of the significant proportion of
TATA-containing promoters, relative to TATA-less promot-
ers, that undergo nucleosome remodeling during transcrip-
tional reprogramming. However, we still do not understand
why TATA-containing boxes are associated with promoter
remodeling. The TATA box itself does not seem to be re-
quired for nucleosome remodeling, as mutant PHO5, SUC2,
and CUP1 promoters that lack TATA boxes still undergo
wild type nucleosome remodeling (Hirschhorn et al., 1992;
Fascher et al., 1993; Shen et al., 2001). Moreover, artificial
recruitment of TBP to several remodeling promoters is not
sufficient to initiate nucleosome remodeling (Ryan et al.,
2000). Thus, although the correlation between TATA boxes
and chromatin remodeling is clear, the mechanistic basis for
that correlation is not.

In addition to remodeling at TATA-containing promoters,
half the promoters that undergo remodeling under our
conditions do not contain TATA boxes. What determines
whether the promoter of a gene will undergo nucleosome
remodeling during transcriptional reprogramming? We
were unable to find any significant genome-wide correla-
tion between binding motifs for particular transcription fac-
tors and nucleosome remodeling. Similarly, we were unable
to detect specific motifs enriched at sites of nucleosome
removal or addition (data not shown). One possibility is that
remodeling is limited to those promoters in which the in-
trinsic energetics of nucleosome position, dictated by the
ease at which segments of DNA can conform to the structure
dictated by a nucleosome, does not strongly favor a single
chromatin conformation. For many genes at which remod-
eling does not take place, the two nucleosomes bracketing
the NDR (the +1 and —1 nucleosomes) assume their posi-
tions largely as a result of the intrinsic DNA sequence within
the promoter (Ioshikhes et al., 2006; Segal et al., 2006). Such
promoters may not be readily reconfigured, whereas other
promoters in which multiple distinct sites are equally ener-
getically favorable may be more easily remodeled. The
availability from this study of an extensive list of remod-
eling versus nonremodeling promoters, in conjunction
with improved computational methods to determine the
free energy associated with nucleosome binding to any
specific sequence of DNA, should allow us to directly test
this hypothesis.

Preset Promoters

The majority of genes transcriptionally induced or repressed
by glucose do not alter their promoter nucleosome structure.
These preset promoters tend to be underrepresented for
TATA boxes and tend to have a strong nucleosome-depleted
region at a stereotypical position relative to the transcrip-
tional start site, a promoter architecture that has been
termed “type II” (Field et al., 2008). Previous work has
characterized TATA-less promoters as enriched in constitu-
tively expressed housekeeping genes (Basehoar et al., 2004),
but the work reported here clearly demonstrates that indi-
vidual TATA-less preset promoters are capable of dramatic
gene expression changes.

The unaltered promoter nucleosome structure for most
glucose-regulated genes implies the existence of constitu-
tively accessible binding sites for the factors that control
expression of these genes. In agreement with this inference,
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previous studies mapping genome-wide nucleosome posi-
tions at steady state have discovered a strong enrichment of
predicted transcription factor binding sites in NDRs (Yuan ef
al., 2005; Lee et al., 2007, Morse, 2007; Field et al., 2008).
Extending these studies, we found that gene promoters with
an accessible transcription factor binding motif are signifi-
cantly more likely to be regulated like known targets of that
transcription factor than promoters where the motif is oc-
cluded by a nucleosome. This correlation was particularly
noteworthy for induction through the RRPE/PAC elements
and repression through Msn2/4 binding motifs. Because we
did not directly measure transcription factor binding to
these motifs, we cannot formally conclude that nucleosomes
occlude transcription factor binding at any given motif;
however, these results are consistent with previous work
that found significant differences between the predicted
binding sites and actual in vivo binding profile of the Leu3
and Rapl transcription factors (Lieb et al., 2001; Liu et al.,
2006). Given these observations, we would anticipate that
coupling nucleosome position data with clustered gene ex-
pression data should improve computational approaches to
predicting regulatory motifs and transcription factor bind-
ing sites associated with specific transcriptional responses
(Beer and Tavazoie, 2004; Elemento et al., 2007). In sum, our
results suggest that while nucleosome repositioning does
not seem to be a major driving force in yeast for altering
transcriptional activity, nucleosome positioning seems to
play a significant role in determining which transcription
factor binding sites are available for directing transcriptional
changes.

Unexpected Promoter Nucleosome Stability in Yeast

Despite the massive transcriptional reprogramming induced
by glucose addition we observed surprisingly little change
in nucleosome positioning, particularly across coding re-
gions. Moreover, a significant majority of yeast promoters
show little or no change in nucleosome occupancy in asso-
ciation with significant change in expression. This stability
was unanticipated given previous work on promoters for
genes such as PHO5, ADH2, SUC2, and CHA1, where gene
induction leads to substantial promoter nucleosome remod-
eling. We also observe the previously reported nucleosome
remodeling in the promoters of the ADH2 and SUC2 genes,
but our genome-wide analysis of promoter nucleosomes
indicates that these remodeling promoters cannot be consid-
ered typical. Thus, the majority of yeast promoters fall into
the category of promoters Elgin and colleagues described as
preset.

Our analysis is limited to nucleosome positioning and
does not examine many other changes that may occur at
promoter nucleosomes, such as altered histone modifica-
tions, changing incorporation of histone variants into posi-
tioned nucleosomes, or even histone turnover. In addition,
we have only examined nucleosome positioning changes in
response to glucose addition, leaving the formal possibility
that other perturbations might induce nucleosome remodel-
ing to a greater degree. However, both our work and recent
work of the Iyer laboratory, which examined global nucleo-
some positioning changes in response to heat shock
(Shivaswamy et al., 2008), demonstrate remarkably stable
nucleosome structure for most genes in yeast.
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Supplementary Materials and Methods.

Chromatin immunoprecipitation

ChIP was performed as published (Ezhkova and Tansey, 2006), with modifications. Lysis buffer
contain 150 mM NaCl. Cell lysis was by resuspending crosslinked cells in 400 pl lysis buffer
containing 10 pl of 20 mg/ml Zymolyase T100 (Seikagaku Corp, Japan) and incubation at 37°
until all cells were spheroplasted and lysed; 400 pl lysis buffer was added then tubes were spun
at 20 000 g at 4° for 30 minutes and the supernatant discarded, with the pellet resuspended in 600
ul lysis buffer. Immunoprecipitation was with 10 ul anti-CTD antibody 8WG16 (Covance) for
one hour resting on ice, then immunocomplexes were collected by incubation with washed
protein G-agarose beads (Upstate) for 2 hours at 4° while rotating. DNA was quantitated by
qPCR on an Applied Biosystems 7900 real time PCR machine, following manufacturer’s
protocols. Primers used: ALD3-F GCTTTAGGAACCCACATGGATA, ALD3-R
TACCACCGCATTCTAGTGTGATA; DHR2-F CATCTGTTACCATATCCGGTGTT, DHR2-
R GCTGATGTCTCCAAACTTTGACT; HSP104-F GCCACCACCAATAACGAATATAG,
HSP104-R TGTTTGTCTCACACTTGGTTCAG; HXTI-F
AGGCTGTCGGTTTAAGTGACTCT, HXTI-R CAACGGTGTACAGAGAACAACAA; REX4-
F AATGGAGAACTTGGGTTAGTGGT, REX4-R GCCCTACAAGAATTCTACCTTCC;
SUC2-F TGTTGGATCCTTCAATGGTACTC, SUC2-R
GGGTCAGTGTTGAAGAAAGTTTG; TUB2-F CATGTCTGGTGTGACAACTTCAT, TUB2-

R GTAGCCGACCATGAAGAAATGTA.

Ezhkova, E., and Tansey, W.P. (2006). Chromatin immunoprecipitation to study protein-DNA
interactions in budding yeast. Methods Mol Biol 313, 225-244.



Supplementary Figure Legends

Figure S1. Predominantly mononucleosomes from micrococcal nuclease digestions.
Agarose gel of micrococcal nuclease digestions of chromatin from cultures before (0°), 20°, or

60’ post glucose addition.

Figure S2. (A) Dynamic Bayesian network representation of a hidden Markov model for
predicting posterior probabilities of nucleosome formation. Squares indicate discrete nodes,
circles indicate continuous nodes. Hidden nodes are shown with no background, while observed
nodes are shaded. The model structure is shown for the first two 4 bp steps along the genome
(the structure and parameters of the model are repeated as bp numbering increases from left to
right). There are 37 nucleosome states in the H node, corresponding to the nucleosome length of
148 bp, and one linker state. Hyior 15 used to specify the initial probabilities for each state in the
H node. In order to reduce the number of fitting parameters, all nucleosome states are mapped to
one state of the “merge” (M) node, while the linker state is mapped to the other. The M node is
connected to the G node which specifies the number of Gaussians used to model the empirical
distribution of probe log intensities. Finally, the O node represents observed log intensities as a
linear combination of Gaussians. (B) The transition matrix of the hidden Markov model. N,
through N3; represent consecutive nucleosomal states (green circles), while L is the linker state
(yellow circle). From the linker state a transition can be made to another linker state with
probability Py, or to the first nucleosome state with probability Pix = 1 — Prr. Once a new
nucleosome is started all subsequent nodes are placed with probability 1 until the next linker

state is reached.



Figure S3. HMM accurately predicts published nucleosome positions. The HMM developed
for this study was applied to a genome-wide data set of relative hybridization intensities of
nucleosomal DNA obtained from glucose grown cells and the resulting HMM nucleosome
predictions were compared to published positions over several regions (CHA1, PHOS, STE®,
BARI, RE, METI16, MET17). As all nucleosome starting probabilities tend to be clustered, all
nucleosome starting probability values around a central peak were added together (P) and if this
sum was greater than Pmin = 0.4 it was scored as ‘nucleosome present’. X-axis represents
distance between centres of HMM-predicted and published nucleosomes, and y-axis is the
cumulative fraction of nucleosomes accounted for at a given center-to-center distance.
“Uniform” represents average accuracy against published loci of multiple runs of randomly

placed nucleosomes, constrained by steric hinderance, and error bars represent standard error.

Figure S4. Nucleosome positions do not change at the glucose-independent CHA1
promoter. HMM nucleosome predictions at the indicated times prior (0 min) or post (20 and 60
minutes) glucose addition. Blue tracks represent predicted nucleosome occupancy, from
unoccupied (0) to fully occupied (1). Green tracks represent the probability of initiating a
nucleosome at that location. Previously determined in vivo nucleosome positions (Moreira and

Holmberg, 1998) are shown as brown ovals at the bottom of the figure.

Figure S5. Multiple alternate nucleosome arrangements at the glucose-repressed ARP2
gene. Nucleosome protection data, represented as the ratio of nucleosomal DNA to genomic

DNA by tiling microarray (purple lines), HMM predictions of the probability of nucleosome



occupancy (blue lines) and HMM predictions of the probability of initiating a nucleosome (green
lines) are shown for the ARP2 promoter, diagrammed at the bottom, at the indicated times prior

to (0 min) or post (20 and 60 minutes) glucose addition.

Figure S6. Nucleosome acquisition during repression at the ADH?2 promoter. Nucleosome
protection data, represented as the ratio of nucleosomal DNA to genomic DNA by tiling
microarray (purple lines), HMM predictions of the probability of nucleosome occupancy (blue
lines) and HMM predictions of the probability of initiating a nucleosome (green lines) are shown
for the ARP2 promoter, diagrammed at the bottom, at the indicated times prior to (0 min) or post
(20 and 60 minutes) glucose addition. Previously determined in vivo nucleosome positions for
cells grown in glucose (Verdone et al., 1996) are shown as brown ovals at the bottom of the

figure.

Figure S7. Accurate glucose-induced nucleosome remodelling. For ADH?2 and SUC2, HMM-
predicted nucleosome positions prior (0 min) or post (20 and 60 minutes) glucose addition
compared to published nucleosome positions from cells grown in glucose (Gavin and Simpson,

1997; Verdone et al., 1996) as in Supplementary Figure 2.

Figure S8. A Nucleosome Depleted Region Resides at the 3’ End of All Genes. Top panel:
Nucleosome structure at transcription termination sites. Nucleosome occupancy for the 3’ end of
individual genes aligned relative to the transcriptional termination site (Nagalakshmi ez al., 2008)
was clustered by K-means into four groups, and then sorted sequentially within each group by

the position of the minimum occupancy value. Bottom Panel: Genome-wide average promoter



nucleosome profile. The nucleosome occupancies for the 3° ends of all genes were aligned
relative to the transcription termination site, which is set as position 0, and then averaged at
every nucleotide 500 bp upstream (internal to the gene) and 500 bp downstream over all genes to

yield the average occupancy, which ranges from 0 (no nucleosome) to 1 (fully occupied).

Figure S9. Promoter nucleosome structures differ for weakly versus highly expressed
genes. The 1000 most highly and weakly express genes, as determined by absolute intensity of
mRNA hybridization to Agilent Microarrays (Zaman et al., 2009), were filtered to eliminate
dubious ORFs and transcripts not detected by Nagalakshmi et al., 2008, resulting in 868 highly
expressed genes (black line) and 210 weakly expressed genes (purple line). These were aligned
by TSS and average nucleosome occupancy plotted for cells grown in glycerol prior to glucose

addition, from no nucleosome (0) to fully occupied (1).

Figure S10. Nucleosome remodelling occurs infrequently during transcriptional
reprogramming. Scatter plot showing the relationship between transcriptional change and
nucleosome remodeling are presented as described in the legend to Figure 4, except that t-tests of
changes in promoter nucleosomes in the graph designated “signal intensity” were based on
promoter nucleosome density obtained directly from normalized hybridization values from
microarrays and for those graphs labelled “occupancy” t-tests were based on HMM-predictions

of nucleosome occupancy. Time points after glucose addition are as indicated.

Figure S11. Changes in RNA polymerase II levels correlated with changes in mRNA levels.

(Left scale, broad bars) Fold change in RNA pol II levels within ORFs before and 20 minutes



after glucose addition as determined by ChIP, normalized to tubulin (7UB?2). Black bars are
promoters which undergo nucleosome remodeling events; gray bars are promoters with
unchanged promoter nucleosome structure. Dashed horizontal lines are log scale. (Right scale,
narrow hatched bars) Log2 change in mRNA levels before and 20 minutes after glucose addition,

from Zaman et al. (2009).

Figure S12. Promoter nucleosome profiles exhibit limited alteration following glucose
induction or repression. Average nucleosome occupancy (from no nucleosome, 0, to fully
occupied, 1) was determined for the promoters of all genes induced (top) or repressed (bottom)
4-fold or more 20 minutes after glucose addition and plotted as a function of position from the
transcription start site (TSS). Black lines: nucleosome occupancy prior to glucose addition;

Purple lines: nucleosomes occupancy 20 min following glucose addition.

Figure S13. Changes in nucleosome occupancy at the 3’ ends of genes are unrelated to
transcriptional changes. (A) Changes in nucleosome occupancy at individual gene ends were
aligned by TSS, clustered by K-means into three groups, and then sorted within each group. (B)
Scatter plot showing the relationship between transcriptional change and nucleosome remodeling
at the 3’ end are presented. Each point represents a single gene with the x-axis providing a t-test
of change in gene-end nucleosome density before and 20 minutes after glucose addition and the
y-axis showing the log2 change in mRNA level before and 20 minutes after glucose addition.
The r correlation between transcriptional change and the t-test nucleosome occupancy change is

given.



Figure S14. Genes lacking TATA boxes have a more defined promoter nucleosome
structure. The average nucleosome occupancy was calculated separately for the subset of genes
containing a TATA-box (black line) and those lacking a TATA-box (purple line) and plotted as a

function of the distance from the transcription start site.

Figure S15. Promoters with TATA boxes are more likely to undergo nucleosome
remodelling. Scatter plot showing the relationship between transcriptional change and
nucleosome remodeling are presented as described in the legend to Figure 4, except that t-tests of
changes in promoter nucleosomes in the graph designed “signal intensity” were based on
promoter nucleosome density obtained directly from normalized hybridization values from
microarrays and for those graphs labelled “occupancy” t-tests were based on HMM-predictions
of nucleosome occupancy. Genes are subdivided into those containing promoter TATA-boxes
(red dots) and those whose promoters lack TATA-box (blue dots). Time points after glucose

addition are as indicated.

Figure S16. Most occurrences of glucose-regulated motifs undergo little change in
nucleosome occupancy. For all genes induced (upper panel) or repressed (lower panel) 4-fold or
more 20 minutes after glucose addition, change in nucleosome occupancy directly over
individual motifs were calculated from -1 (completely occupied at 0 min to completely
unoccupied 20 min after glucose addition) to 1 (unoccupied at 0 min to occupied at 20 min). The
density of individual data points is depicted in color-coded bins from 1 (all individual data points
contained within bin) to 0 (no data points contained within bin). The average change and

standard deviation for all occurrences of the motif within induced or repressed genes, as shown



in Figure 6, is provided for each motif. The bar labelled “intergenic” is the individual changes in

nucleosome occupancy over all glucose-induced or repressed promoters.
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