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he degree to which nucleosome

positioning regulates transcription
is an ongoing debate. To address this
question, we recently followed dynamic
changes in nucleosome occupancy,
transcription factor binding and gene
expression in yeast cells responding to
oxidative stress. Integrating across these
dynamic processes revealed new insights
into the functions of nucleosome reor-
ganization. Here, we used our data to
address the extent to which upstream
promoter architecture is a static fea-
ture inherent to specific genes vs. a
dynamic platform that changes across
conditions. Our results argue that, while
some aspects of promoter architecture
are fixed across environments, the level
to which promoters are “open” or “cov-
ered” by nucleosomes depends on the
conditions investigated.

Introduction

The role of chromatin structure in medi-
ating genome biology is of great interest,
particularly its role in regulating transcrip-
tion. Genomic studies have characterized
nucleosome positioning in a variety of
organisms, collectively showing that most
genes harbor nucleosome depleted regions
(NDRs) immediately upstream of their
transcription start site (TSS) and within
which many cis-regulatory elements
reside."* However, a major open question
is to what extent nucleosome positioning
acts as a “gate keeper” to regulate access

to the underlying DNA and thus control

gene transcription.
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Several recent studies have attempted
to address this issue by investigating
genome-wide changes in nucleosome
occupancy in cells responding to a chang-
ing environment.>” Collectively, these
studies showed that while the majority
of nucleosomes do not change in posi-
tion or occupancy after environmental
change, those that do are correlated with
downstream  gene-expression changes:
transcriptional induction is correlated
with decreased nucleosome occupancy in
the gene’s immediate upstream region,
while gene repression is associated with
increased occupancy of upstream nucleo-
somes.”® However, whether the nucleo-
some rearrangements are a regulatory
prerequisite for transcription factor access
remains an open question.

An important missing component
from many studies is that of dynamics.
To address this, we recently characterized
dynamic changes in nucleosome occu-
pancy in yeast responding to an acute dose
of hydrogen peroxide (H,0,).* We puri-
fied and sequenced nucleosome-bound
regions before and at five time points after
H,O, treatment, up to 60 min after treat-
ment. Consistent with other reports, most
nucleosome-bound regions in the cell pop-
ulation did not change appreciably in their
association with nucleosomes (referred to
as “nucleosome occupancy”). However,
25% of nucleosome-bound regions showed
a statistically significant change in nucleo-
some binding at one or more time points.
Decreased nucleosome occupancy gener-
ally occurred upstream of induced genes,
whereas increased nucleosome occupancy
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was typically observed upstream of
repressed genes. Most genes harbored only
one upstream nucleosome with altered
occupancy. These changes in nucleosome
occupancy occurred with a wide variety
of temporal patterns, with some regions
changing occupancy almost immediately
after stress treatment and others respond-
ing late in the time course (= 40 min after
H,O, addition).

To better understand the function of
these changes, we also followed dynamic
alterations in gene expression and bind-
ing of the stress-activated transcription
factor Msn2p during the same response.
Integrating the dynamics of these physi-
ological processes allowed us to test
several models regarding the role of chro-
matin change in transcription. Somewhat
surprisingly, there was little correlation
between the timing of upstream nucleo-
some reorganization and the timing of
downstream gene expression (comparing
either the peak changes or earliest changes
in nucleosome occupancy and transcript
abundance), at least on a global scale.
Instead, dynamic differences in nucleo-
some occupancy were associated with dis-
tinct nucleosome positions. For example,
nucleosomes lost transiently after H,O,
treatment were enriched at sites near the
TSS (the so-called “+1” nucleosome) of
induced genes. Their loss occurred after
upstream Msn2p binding, but before the
peak increase in transcript abundance of
neighboring genes. Thus, transient loss of
+1 nucleosomes appeared coincident with
the transient burst of transcript induction
from those promoters, suggesting that
the loss was coupled with transcription
initiation.

In contrast, nucleosomes lost late in
the time course were strongly associated
with Msn2p binding and were often posi-
tioned directly over Msn2p binding sites.
Surprisingly, these nucleosomes were
lost after the transcription factor was
bound to those promoters and after the
peak expression changes of downstream
genes. These data strongly suggested
that the late nucleosome loss was driven
by transcription factor binding, rather
than regulating transcription factor
access. Indeed, we showed that Msn2p
is required for subsequent nucleosome
loss, since a strain lacking MSN2 showed
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defective H,O,-dependent nucleosome
depletion at those sites. Msn2p may co-
occupy its short binding sequence with
a nucleosome, as found for other factors
such as the mammalian glucocorticoid
receptor and the yeast Pho4p transcrip-
tion factor,”'? and then recruit chromatin
remodeling enzymes to evict or reposi-
tion nucleosomes.”” Regardless of the
precise mechanism, our results strongly
suggest that, although many Msn2p
binding sites are covered by nucleosomes
before stress, those nucleosomes do not
restrict Msn2p access to the underlying
DNA. There was enrichment for genes
with late upstream nucleosome loss and
earlier nucleosome depletion coupled to
transcription, but the number of genes
with multiple nucleosomes was relatively
small.

Open Vs. Closed Promoter
Architecture: Static States
or Dynamic Platforms?

Studies of both single genes and genomic
profiles have reported two basic promoter
architectures (and many variations span-
ning the two)." Tirosh and Barkai
defined yeast genes whose promoters were
relatively “depleted” of (DPN) or “occu-
pied” by (OPN) upstream nucleosomes,
by focusing on the nucleosome occupancy
100 bp upstream of the TSS relative to the
distal upstream region." A similar distinc-
tion was made by Field et al., who defined
classes based on the presence or absence
of TATA regulatory elements, nucleo-
some coverage in the “typical” NDR
position and whether or not transcrip-
tion factor binding sites were obscured by
nucleosomes.” Together, these studies and
other single-gene analyses suggested that
relatively “open” promoters (e.g., of DPN
genes) are associated with constitutive
transcription from TATA-less genes, while
“closed” or “covered” promoters (e.g., of
OPN genes) are linked to TATA-regulated
genes and may drive high transcriptional
noise, expression plasticity across environ-
ments and rates of expression evolution.'*"”

These classes of promoter architec-
ture have been distinguished based on
actively dividing cells growing continu-
ously in stress-free media, and therefore
a major question is to what extent these
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architectures are inherent to specific
genes or variable across conditions. Our
data afforded the opportunity to revisit
this question. We analyzed our data in
terms of DPN and OPN genes classifi-
cations." As expected, DPN genes had a
clear NDR ~100 bp upstream of the TSS
(Fig. 1A). This group was enriched for
H,O,-repressed genes (p = 5 x 10, hyper-
geometric distribution) but showed no
significant enrichment beyond chance for
genes with changes in upstream nucleo-
some occupancy.

The OPN class was also enriched
for genes repressed by H,O, but, unlike
DPN genes, showed an enrichment of
genes with upstream nucleosome loss
(p = 1 x 107). Somewhat surprisingly,
however, we observed that most of the
previously defined OPN genes in fact
had very robust NDRs in our data set
(Fig. 1B). We scored the most likely
NDR as the 100 bp upstream window
with the minimum nucleosome occu-
pancy over the 400 bp upstream region;
the NDR boundaries were expanded until
the nucleosome signal increased. The
NDRs of OPN genes were very similar
to the NDRs of DPN genes in terms of
average nucleosome signal, NDR length
and fraction of the gene’s transcription-
factor binding sites contained within®—
however, the NDRs of OPN genes were
significantly farther and more variably
distributed from the TSS (-253 + 105 bp
vs. -140 + 46 bp for OPN and DPN genes,
respectively, p = 1 x 109, T-test). This is
partly explained by the preponderance of
TATA-containing genes,'® whose NDRs
are significantly farther from the TSS
compared with TATA-less genes (-211
+ 110 bp vs. -197 + 96 bp, respectively,
p =3 x 107, T-test). The NDRs of OPN
genes that we observed in our data set
were also found in other data sets from
419 (data not shown).
Thus, while the architectures of the pre-
viously defined DPN and OPN promoters
are indeed different from one another, the
distinction appears to be where the NDR
is placed with regard to the TSS, rather
than to what extent the NDR is occupied
or depleted.

To further investigate the effects
of promoter accessibility, we classified
genes based on the level of nucleosome

unstressed cells
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occupancy in the likely NDR, as described
above. We first focused on 1,069 genes
with zero sequencing counts in the likely
NDR region before stress, regardless of
where the NDR was positioned (Fig.
2A). Over 50% of predicted transcrip-
tion factor-binding sites in each upstream
region® fell within the NDR, compared
with only 30% for genes outside this class
(p =1 x 107° T-test). The genes were
heavily enriched for highly transcribed
yeast genes, including those encoding
ribosomal proteins, ribosome biogenesis
and splicing proteins and transcription
and translation factors. Although these
processes are often thought of as essential
“housekeeping” functions, the genes are by
no means constitutively expressed—most
are strongly repressed upon diverse stress
Indeed, H,O,-repressed
genes made up over half of the 1,069 genes
with the most depleted NDRs before stress
(p =2 x 107). Not surprisingly, the group
also showed a significant enrichment for

treatments.>’

genes with upstream nucleosome gain
after stress treatment (p = 1 x 10°).

We repeated the promoter classifica-
tion based on NDR nucleosome occu-
pancy in cells acclimated for 60 min after
H,O, treatment. Although many of the
1,069 genes remained among those with
the most depleted NDRs, over a third
no longer ranked in this extreme in cells
acclimated to H,O, stress. Thus, for a
substantial subset of genes with the most
accessible NDRs before stress, the degree
to which their promoters are “open” or
“covered” depends on the conditions
being investigated.

We also investigated the 288 genes
(5th percentile) whose promoters were
most covered by nucleosomes before
stress, based on the signal in the NDR
(Fig. 2B). This group of genes was
enriched for induced genes with unchar-
acterized functions, those regulated
by TATA elements (p = 1 x 10%) and
genes with higher transcriptional noise
(p = 2 x 107, T-test).” Although there
was a clear enrichment for genes with
upstream nucleosome depletion, most
promoters (65%, p = 2 x 107, hypergeo-
metric distribution) showed no significant
change in upstream nucleosome occu-
pancy after stress and remained ranked
among the 5% of genes with the least
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Figure 1. Promoter architecture is influenced by NDR placement. Nucleosome occupancy 400 bp
upstream to the TSS, in unstressed cells (left) or 60 min after treatment with 0.4 mM H,0, (right)
from.2 Upstream nucleosome occupancy is shown for 493 DPN genes (A) or 543 OPN genes (B), as
defined by Tirosh and Barkai;'* genes were organized by hierarchical clustering of the upstream
regions. Occupancy is shown on the same scale for both gene groups, according to the key.

accessible  promoters. Transcriptional
induction of these genes could occur if
very rapid nucleosome exchange?*?** or

partial unwinding®*¢ facilitates transient
transcription factor binding, without
apparent and constitutive nucleosome
loss. While this group of genes was not
strongly enriched for genes with rapidly
exchanging (so-called “hot”) upstream
nucleosomes (as measured under stan-
dard conditions*¥) it is possible that
nucleosome exchange increases upon
stress treatments to allow transcriptional
induction without constitutive nucleo-
some loss.

Together, these results suggest impor-
tant details about promoter architecture
and the degree to which it is a defining
feature of the downstream gene. With the
exception of subtle nucleosome sliding in
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specific promoters,” the position of the
NDR is largely fixed regardless of the con-
ditions, consistent with the contribution of
underlying sequence.”?*3° But the extent
to which the NDR is covered by nucleo-
somes is, at least partly, a feature of the
environment. Over a third of the most
accessible NDRs before stress attained
significant nucleosome coverage in cells
acclimated to H,O, stress (Fig. 2A). It is
interesting to note the gene classes repre-
sented by this group (including ribosomal
proteins and  transcription/translation
factors) are reported to show low tran-
scriptional noise and slower rates of expres-

sion evolution.!6-21:31:32

Once again, we
argue that some of these trends are spe-
cific to the conditions investigated, since
other results from our lab demonstrate

that environmental stress reveals cryptic
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Figure 2. Two classes of promoters based on NDR accessibility. Data are shown as described in
Figure 1. (A) 1,069 genes with no nucleosome signal in unstressed cells, before (left) and 60 min
after treatment with 0.4 mM H,0, (right) from.® (B) 288 genes whose promoters rank in the top 5%
based on nucleosome signal in the NDR. Genes in both classes were organized by position of the
NDR. The contrast was increased for genes in (B) to distinguish the NDR.

variation® and transcriptional noise* in
these gene classes.

In contrast to many genes with open
promoters, we find that genes with the
most covered promoters retain this dis-
tinction in multiple environments, even
when apparently induced. It will be inter-
esting to uncover the extent to which this
is due to rapid nucleosome exchange, co-
occupancy with the relevant transcription

factors, or post-transcriptional changes in
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gene expression. Regardless, it is clear that
a full picture of genome biology will only
be revealed as more studies incorporate a
dynamic view of the response to changing
environments.
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