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repression at histone loci

Sari Kassem', Paolo Ferrari'*, AmandalL. Hughes”, Julien Soudet?,

Oliver J. Rando?, Michel Strubin'*
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histones by new histones at the promoters of genes. The role of these histone exchange events in transcription
remains unclear. In particular, the causal relationship between histone exchange and activator binding, preinitia-
tion complex (PIC) assembly, and/or subsequent transcription remains unclear. Here, we provide evidence that
histone exchange at gene promoters is not simply a consequence of PIC assembly or transcription but instead is
mediated by activators. We further show that not all activators up-regulate gene expression by inducing histone
turnover. Thus, histone exchange does not simply correlate with transcriptional activity, but instead reflects the
mode of action of the activator. Last, we show that histone turnover is not only associated with activator function

but also plays a role in transcriptional repression at the histone loci.

INTRODUCTION

Transcription in eukaryotes is associated with major changes in
the chromatin structure. One important event is the replication-
independent replacement of “old” nucleosomal histones by “new”
histones [for a review, see (1)]. This process, referred to as histone
exchange or histone turnover, is largely conserved among eukaryotes
(2, 3). In metazoans, histone exchange is highest at the promoters
and enhancers of active genes (4, 5). In yeast, histones H2A and H2B
that flank the central H3/H4 tetramer in the nucleosome particle
exchange genome wide and independently of transcription (6). How-
ever, exchange of H3 and H4, which reflects disruption and turnover
of the entire nucleosome, is mainly restricted to transcriptionally
active promoters where it generally correlates with gene transcrip-
tion, although not necessarily linearly (5, 7). Histone exchange is
regulated by adenosine 5’-triphosphate-dependent chromatin re-
modeling complexes and histone chaperones. Some of these com-
ponents are recruited to gene promoters by activators or travel with
the elongating RNA polymerase, while others act globally across the
genome (I, 8). They are implicated in either retaining the original
histones or in promoting histone eviction, histone incorporation,
or both (9).

The role of histone exchange in regulated gene transcription is
not yet fully established. In particular, the causal relationship, if any,
between histone eviction and deposition at promoters and transcrip-
tion preinitiation complex (PIC) assembly remains unclear. Nucleo-
somes may be evicted as a passive consequence of PIC assembly,
which is highly dynamic (10-12), thus potentially providing the
grounds for incorporation of new histones originating from the free
pool. Alternatively, histone eviction and deposition may precede
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and thus regulate PIC formation (13, 14). This may be due to the
nucleosome-destabilizing property of promoter sequences (15) or the
consequence of an activator-dependent event that leads to histone
eviction and incorporation. In this scenario, the continuous exchange
of histones may transiently expose promoter sites, thereby facilitating
association of the transcription machinery while maintaining proper
chromatin structure [for reviews, see (1, 16)].

Here, we show that, unexpectedly, histone exchange largely per-
sists genome wide in the absence of PIC formation and, hence, tran-
scription. The same is true at inducible promoters, where histone
exchange requires the presence of the cognate activator but not the
PIC. We provide direct evidence that histone turnover involves the
activation domain (AD) and is not merely due to competition with
the activator for binding to DNA. We further show that Rap1 defines
a distinct class of transcriptional activators that stimulate gene ex-
pression without inducing histone turnover. Last, we provide evi-
dence that HIR (histone regulatory)-mediated repression of the
histone loci involves the continuous incorporation of new histones
to maintain a repressive nucleosomal environment.

RESULTS

Histone exchange is largely maintained in the absence of PIC
formation and transcription

As a first step toward determining what causes histones to turn over,
we set up conditions to monitor histone exchange in the absence of
PIC formation and, hence, transcription. For this, we inhibited PIC
assembly by rapidly depleting TATA box-binding protein (TBP) from
the nucleus using the rapamycin-mediated anchor-away approach
(17) (Fig. 1A, upper left panel). Previous work has shown that the
PIC is very dynamic and that nuclear depletion of TBP, which is
essential for PIC assembly at all genes (18), results in its rapid dissoci-
ation and that of the PIC from promoters (10, 11, 19). To monitor histone
exchange, we expressed an influenza hemagglutinin (HA) epitope-
tagged version of histone H3 (H3"*) from a galactose-inducible
promoter. To avoid replication-coupled histone incorporation, cells were
first arrested at G, with alpha factor. H3™* was then induced by galactose,

1of 11



SCIENCE ADVANCES | RESEARCH ARTICLE

A Depletion strategy
Sl
A IboSs,
A Control TBP-AA
& ’ D Control TBP anchor away
‘a . ) Depletion from
a the nucleus GAPDH - il G Gbems  an» TS Sy S
o 7 TO T10 T30 T60  TO T10 T30 T60
Nucleus Cytoplasm
STE3 ACT1 RPL28
TBP occupancy  H3HA incorporation TBP occupancy  H3HA incorporation TBP occupancy  H3"Aincorp 3'end
20 04T Giucose 20 *~—_ 04T Glucose P 5 O Glcose
516 0.3| Rapamycin 51 \ ~s—9 3| Rapamycin 512 ‘\ 0.6| Rapamycin
212 N 21 / o9
£ 0. 5, \ 0. T N\ 0|04
2o Los \‘ Los \ O—
(S 0.1 (S 01 / Gos 0.2
og-8—2 —— o oo
0.0 ' O=—& /0.0 0.0 0.0 0.0 0.0
TO10 T30 T TO10 T30  T6O TO10 T30  TeO TO10 T30  T6O TO10 T30  Te0 TO10 T  T6O
B
H3HA incorporation
25-
Control
0-
25~
TBP depleted

TATA-containing (n = 931)

o1

CPD1

coos KEER v

GNDZ |8

MGA R

ENO1

s0L4 R

TATA-less (n = 4195)

> 1.75 Control > 1.75 7 Control
g H3HA TBP depleted g TBP depleted
8 1.50 g 150
s NN E
S 1.25 \__\—_ 8 1.25 o
° =t H3!
g B oo RN A ———
€ 075 s 2075
S H3 S H3
Z 050 Z 050
-500 0 500 1000 -500 0 500 1000
Distance from TSS (bp) Distance from TSS (bp)

Fig. 1. Genome-wide histone exchange in the absence of TBP. (A) Upper left panel: the TBP anchor-away assay. Upon addition of rapamycin (+rap; red dot), TBP fused
to the rapamycin-binding domain FRB is rapidly exported out of the nucleus through its interaction with an RP (ribos) bearing the complementary FKBP rapamycin-binding
domain [for details, see (18)]. Upper middle panel: experimental approach. Cells from a TBP anchor-away strain carrying a galactose-inducible H3" construct were grown
in raffinose and arrested in Gy by alpha factor. Galactose was then added at TO to induce H3MA expression, together with rapamycin to deplete TBP™® from the nucleus
[TBP-anchor away (AA)]. As a control, rapamycin was replaced by glucose to limit galactose induction of H3" when TBP remains nuclear (control). The right panel is a
Western blot analysis for H3" expression under the indicated conditions. Lower panels: TBP promoter occupancy and H3" incorporation under control (glucose, green
lines) or TBP depletion (rapamycin, red lines) conditions were monitored at the indicated genes and time points (minutes) by quantitative ChIP using antibodies against
TBP or HA. Results are expressed as percentage of input DNA recovered. Note that H3"' incorporation at RPL28 was measured at the 3’ gene end. (B) ChIP-seq analysis of
H3" incorporation under control (green) or TBP depletion (red) conditions at T30 after galactose induction. Shown is a representative region in chromosome VII (965,000
to 1,015,000). The H3"A ChIP-seq reads were normalized to histone H3 ChIP-seq reads and are expressed in arbitrary units. Shown is one of two independent experiments.
(C) Metagene profiles of H3"" incorporation and H3 occupancy under control (green) or TBP depletion (red) conditions at SAGA-dependent, TATA-containing genes (left
panel) and at TFIID-dependent, TATA-less genes (56). Plots show a 1.5-kb region aligned at the transcription start site (TSS) and average H3"™ or H3 enrichment for the
indicated conditions. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

tin, which indirectly measures histone exchange, were assessed at var-
ious time points by quantitative chromatin immunoprecipitation (ChIP;
Fig. 1A, lower panels). Figure 1 shows that under normal conditions,
TBP promoter occupancy is high and H3"* rapidly accumulates at
the actively transcribed ACT1 and RPL28 genes, whereas low levels

and rapamycin was added to deplete TBP (Fig. 1A, upper middle and
right panels; see fig. S5 for experimental overview). As a control, H3"*
expression was induced without TBP depletion by re&)lacing rapa-
mycin with glucose to limit galactose induction of H3"* when TBP
remains nuclear. TBP occupancy and H3"™ incorporation into chroma-
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of TBP and H3" are detected at the silent STE3 gene (Fig. 1A, lower
panels, green lines). Addition of rapamycin results in a rapid (i.e., with-
in 10 min) loss of TBP from the ACT1 and RPL28 promoters, but does
not affect H3"™* incorporation at the ACT1 promoter at later time
points, thus pointing to a PIC-independent event (Fig. 1A, lower panels,
red lines). However, it leads to decreased incorporation at the 3’ end of
the RPL28 gene (Fig. 1A, lower right panels; see below for further expla-
nation). Thus, the TBP depletion strategy provides a suitable means for
measuring changes in histone exchange in the absence of PIC formation.

To investigate the role of the PIC and transcription in histone
exchange on a genomic scale, we used ChIP sequencing (ChIP-seq).
Measurements were performed just before and at an early time point
(30 min) after induction of H3/A expression to reduce the risk of
reaching a plateau at highly dynamic sites. To normalize for nucleo-
some occupancy, we also carried out ChIP-seq for histone H3. We
performed the experiment twice using independent biological
samples and obtained very similar results (fig. SIA). Under control
conditions, H3™ typically incorporates within intergenic regions,
particularly over promoter regions, as reported (Fig. 1B and fig. S1B)
(20, 21). Consistent with previous studies (20, 22), histone exchange
is associated more with SAGA (Spt-Ada-Genb acetyltransferase)-
dependent, TATA-containing promoters than with TFIID (transcrip-
tion factor II D)-dependent, TATA-less promoters (Fig. 1C and fig.
S1C). Only rare protein-coding genes, exemplified by FIG2, show
high histone turnover over the gene body (fig. $1D). Notably, H3"4
incorporation largely persists and may even modestly increase at TATA-
containing promoters, following nuclear depletion of TBP (Fig. 1, B
and C, and fig. S1, B and C). Only a few genomic regions show mark-
edly reduced histone turnover. These include the 3’ end of a few
RNA polymerase II (Pol IT)-transcribed genes, as illustrated by the

A B
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EMC33 and RPGI genes (vertical arrow in fig. S1B) and some trans-
fer RNA (tRNA) and small nuclear RNA (snRNA) gene clusters
(fig. S1E). Intriguingly, dynamic sites often show an increase in nu-
cleosome occupancy upon TBP depletion (fig. S1B, lower panels).
However, increased nucleosome occupancy upon TBP dissociation
also occurs in the absence of H3"* incorporation (fig. S1E), suggest-
ing that the two events are independent. Together, these results
suggest that histone exchange at most genomic sites is not simply a
consequence of PIC formation or transcription.

Gal4 mediates histone exchange at galactose-inducible genes
The finding that histones globally keep exchanging at dynamic pro-
moters in the absence of a PIC points to a role for regulatory proteins
or some intrinsic nucleosome-destabilizing promoter sequences (15).
To distinguish between these possibilities, we concentrated on
inducible genes up-regulated by well-characterized activators. We
monitored H3™ incorporation under noninducing conditions or
under inducing conditions in the presence or absence of TBP or the
cognate activator protein. We first focused on galactose 4 (Gal4), a
well-known activator that stimulates transcription of several galactose
metabolic genes, including GALI, GAL7, and GAL10, when galactose
is used as the carbon source. Our ChIP-seq experiment (Fig. 1) per-
formed under galactose conditions, when Gal4 is active, indicates
that the GAL gene promoters are dynamic and that H3"™ accumu-
lates at similar levels under control conditions and following TBP
anchor away (fig. S6A). This was confirmed by quantitative ChIP in
an independent experiment performed under similar conditions, in
which loss of TBP was inferred from the decrease in steady-state mRNA
levels (Fig. 2, A and B). Consistent with the ChIP-seq data, H3HA
incorporation remains unaffected upon rapamycin-mediated TBP
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Fig. 2. Histone exchange at Gal4-regulated genes in the presence or absence of TBP or the activator Gal4. (A and B) Histone turnover in the absence of TBP. mRNA
(upper panel) and H3" incorporation (lower panel) levels for the indicated control, and Gal4-regulated GALT and GAL7 genes were monitored by reverse transcription
quantitative polymerase chain reaction (RT-gPCR) and quantitative ChIP under the same experimental conditions, as in Fig. 1A. Measurements were made just before (T0)
and at 60 min (T60) after galactose addition or not. See fig. S5 for experimental scheme. The PYKT mRNA signals were divided by 30x to facilitate comparison. GAL11 is a
lowly transcribed gene that shows no histone exchange (47). Shown in (A) is the sample color code and a Western blot analysis for H3HA expression. (C) Histone turnover
in the absence of Gal4. Cells from a Gal4 anchor-away strain carrying a cadmium-inducible H3" allele were grown in raffinose and arrested in G, by alpha factor. Cadmium
was added at TO to induce expression of H3"A. Cells were then maintained under basal (i.e., raffinose) conditions, or galactose was added 15 min later without or with
prior treatment with rapamycin to deplete Gal4™® from the nucleus. mRNA (upper panel) and H3"A incorporation (lower panel) levels at the indicated genes were monitored
asin (B). On the left is a Western blot analysis for H3"A expression. See figs. S5 and 6 for experimental diagrams and biological replicates of this and all subsequent figures.
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depletion both at the GAL genes tested and at the HXKI and PYK1
genes that we used as controls (Fig. 2B). Thus, histone turnover at
Gal4-activated genes also persists in the absence of a PIC.

To assess the role of Gal4, we constructed a Gal4 anchor-away
strain expressing H3"* independently of the carbon source from a
cadmium-inducible promoter. Under noninducing (i.e., basal) con-
ditions, mRNA levels and H3"* incorporation at the Gal4-regulated
GALI and GAL7 promoters are low, comparable to those detected
at the silent STE3 gene (Fig. 2C). Upon galactose induction, GALI
and GAL7 mRNA levels strongly increase, as expected. This is
accompanied by a marked increase in H3 A incorporation at these
genes to reach levels similar to those observed at the highly tran-
scribed PYKI gene. This, however, does not occur when rapamycin
is added to deplete Gal4 before galactose induction, despite having
similar H3"* expression levels and incorporation at PYK1 (Fig. 2C).
Thus, histone turnover at galactose-regulated promoters takes place
only under inducing conditions and is mediated by the Gal4 activator.

Gal4 has been reported to recruit the Gen5 histone acetyl
transferase-containing SAGA complex. SAGA acetylates histone H3
lysines 9 and 14 (H3K9/14ac), two modification marks that typically
accumulate at active promoters (23). Consistently, galactose activa-
tion of the GALI and GAL7 genes is associated with increased H3K9ac
at their promoters (fig. S2A). This is true under both control and TBP
depletion conditions, thus pointing to a Gal4 function (fig. S2A). To
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HA-tagged histone H3(K9/14R) modification mutant into a wild-
type chromatin background occurs normally (fig. S2B, upper panels),
as does incorporation of wild-type H3 into chromatin containing the
histone H3 mutant (fig. S2B, lower panels). The same is true for H3K4,
which is commonly trimethylated at active promoters (23, 24). Thus,
these promoter-specific histone modifications do not play a major
role in Gal4-mediated histone exchange at the active GAL genes.

Msn2/4 mediates histone exchange at heat

shock-inducible genes

To investigate whether other activators trigger promoter histone
turnover, we turned to Msn2 and Msn4. These two redundant tran-
scriptional activators are well known to up-regulate transcription of
anumber of target genes in response to various stresses such as heat
shock (25). We measured mRNA levels and H3HA incorporation at
two such genes, HSP12 and CTT1, and as a control at the constitu-
tively active ACT1 and silent STE3 genes, either under basal condi-
tions or upon heat shock following TBP depletion or not (see the
experimental scheme in fig. S5). Figure 3 shows that HSP12and CTT1
are strongly induced by heat shock (Fig. 3B, upper panel). This cor-
relates with a marked increase in H34 incorporation (Fig. 3, A and B).
Depletion of TBP before heat shock totally abrogates HSP12 and
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Fig. 3. Histone exchange at Msn2/4-dependent heat shock-inducible genes. (A and B) Histone turnover in the absence of TBP. mRNA (upper panel) and H3"* incor-
poration (lower panel) levels under control or TBP anchor-away conditions were measured, as in Fig. 2, except that, where indicated (induced), transcription of the
Msn2/4-dependent HSP12 and CTT1 genes was induced by heat shock at 37°C starting 10 min after galactose induction of H3M expression. The HSP12 mRNA signals were
divided by 5 to facilitate comparison. See fig. S5 for experimental scheme. Shown in (A) is the sample color code and a Western blot analysis for H3™ expression. WT, wild
type. (C) Histone turnover in the absence of Msn2/4. mRNA levels (upper panel) and H3" incorporation (lower panel) were monitored at the same genes in a wild-type
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Kassem et al., Sci. Adv. 2020; 6 : eabb0333 2 September 2020 4 0f 11



SCIENCE ADVANCES | RESEARCH ARTICLE

CTT1 gene inductions. However, H3"* is unaffected, thus pointing

again to a PIC-independent event (Fig. 3B).

To examine the role of the Msn2/4 activators, we used a strain
deleted for both the MSN2 and MSN4 genes (25). While increased
transcription and concomitant H3HA incorporation at HSP12 and
CTT1I upon heat shock are evident in the parental wild-type strain,
much lower levels are found in the mutant strain under the same
conditions (Fig. 3, A and C). Thus, as for the Gal4-regulated genes,
histone turnover at Msn2/4-regulated genes is low under noninduc-
ing conditions, and it increases upon heat shock in an Msn2/4-
dependent manner.

Ace1 mediates histone exchange at the copper-inducible
CUP1 gene

To further substantiate the role of activators in promoter histone
turnover, we considered a third activator, Acel (activator of CUPI
expression). In the presence of copper, Acel binds upstream to
and activates transcription of the CUPI gene, which encodes a metal-
lothionein that protects cells from copper toxicity (26). We investi-
gated the contribution of the PIC and of Acel to histone exchange at the
CUPI promoter as before, using TBP and Acel anchor-away strains
expressing H3"* from a galactose-inducible promoter (Fig. 4A and
fig. S5). Figure 4 shows that CUPI expression and H3"™ incorporation
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are low in both strains under noninducing conditions (Fig. 4, Band C).
Upon copper induction, H3"* incorporation markedly increases to
reach levels comparable to those measured at the highly dynamic
ACTI or ADHI promoters (Fig. 4, B and C). H3"™ incorporation re-
mains high following TBP depletion, indicating a PIC-independent
event, but drops back to basal levels upon Acel anchor away (Fig. 4,
B and C, lower panels). By contrast, no changes are observed at the
control ACT1 and ADHI1 genes and, unexpectedly, at the SODI gene
reported to be also regulated by Acel (27). Thus, as for the Gal4- and
Msn2/4-regulated genes, histone turnover at the CUPI gene requires the
presence of the activator but not the PIC.

To assess the relative contribution of the Acel DNA-binding do-
main (DBD) and AD to histone turnover at CUPI, we used a com-
petition strategy (Fig. 4D). It has been shown that overexpression of
a transcriptionally inactive, truncated Acel protein that retains the
copper-dependent DBD but lacks the AD blocks activation of CUPI
by displacing endogenous Acel from its binding site (28). Consist-
ently, we find that copper-induced CUP1 expression is reduced to basal
levels in cells overexpressing the wild-type Acel DBD, whereas a point
mutant with attenuated DNA binding activity is without effect (Fig. 4E,
upper panel) (28). Notably, this decrease in CUPI expression is ac-
companied by a corresponding decrease in H3" incorporation (Fig, 4E,
lower panel). Thus, histone turnover at the active CUPI promoter is not
due to Acel binding to its cognate DNA element, but instead reflects a
function of the Acel AD. The same must be true for Gal4, since Gal4
is already bound in an inactive form to its regulatory element under
noninducing conditions when histones do not exchange (Fig. 2C) (29).

Rap1 activates gene transcription without inducing

histone exchange

Inspection of our ChIP-seq data reveals that a number of highly
active genes exhibit unexpectedly low histone turnover at their pro-
moters. These include ribosomal protein (RP) genes, which are typ-
ically regulated by the activator Rap1 and are among the most heavily
transcribed yeast genes (30, 31). Metagene analysis confirmed the
low level of H3" incorporation at RP gene promoters, both in the
presence or absence of TBP (fig. S3A). The same was observed by
quantitative ChIP at two well-known Rap1-regulated RP genes, RPS13
and RPL30 (Fig. 5, A and B). Low histone exchange was also detected
at Rapl-dependent, non-RP genes (fig. S3B). Thus, a lack of histone
exchange is commonly observed at Rapl-dependent genes and is
not due to the PIC-blocking access to the promoter. To examine the
impact of Rap1 on histone exchange, we used the auxin [indole-3-
acetic acid (IAA)]-induced degradation system (fig. S3C). Unex-
pectedly, while remaining largely unchanged at all other genes tested,
H3" incorporation increases at the RPL30 gene following Rap1
degradation (Fig. 5, A and C, and fig. S3B). Thus, if anything, Rap1
prevents histones from exchanging at these promoters.

To exclude that the lack of histone exchange is a specific feature
of the RPS13 and RPL30 promoters, we tested Rapl at the highly
dynamic CUPI promoter (Fig. 4). For this, and to exclude any pos-
sible effect of the Rapl DBD, we fused the Rapl AD to the DBD of
Acel, the natural copper-dependent CUPI activator. The resulting
Rapl-Acel fusion and, as a control, native Acel and a truncation
containing only the DBD were tested in the absence or presence of
copper to induce Acel binding to DNA. While the Acel DBD alone
has no activity, as expected, full-length Acel and the Rap1-Acel fu-
sion produced in similar amounts activate comparably CUPI tran-
scription in response to copper (Fig. 5, D and E, upper panel). Yet
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notably, a marked increase in H3"* incorporation is only observed
with Acel (Fig. 5E, lower panel). This excludes a promoter effect
and provides further evidence that histone exchange at the activated
CUPI promoter is not due to Acel binding to its cognate DNA ele-
ment. Thus, Rapl defines another class of activators that stimulate
transcription without triggering histone exchange.

HIR-dependent nucleosome incorporation and occupancy at

the histone loci

Another unexpected finding from our ChIP-seq analysis is the mas-
sive histone turnover observed at the histone loci regulatory regions.
Yeast contains four histone loci, each containing two divergently tran-
scribed genes separated by a central regulatory region. The HHT1-HHFI1

and HHT2-HHF2 loci encode H3 and H4, whereas the HTA1-HTBI

and HTA2-HTB2 loci encode H2A and H2B. These loci are highly
expressed only during S phase due to both activation and repression
mechanisms. Three of the four gene pairs contain a negative element
(NEG) in their regulatory region to which the HIR histone chaperone
complex is recruited to silence histone gene expression outside of
the S phase (32, 33). Figure 6 shows that all three NEG-containing
loci accumulate much higher levels of H3"* than seen at the highly
dynamic ADH1 gene promoter, regardless of whether TBP is depleted
or not (Fig. 6A, upper panels). This is not the case at the HTA2-HTB2
locus that lacks a NEG element (Fig. 6A, upper right panel). This
points to a role for the HIR complex in histone exchange at these
loci. To examine this possibility, we monitored H3"* incorporation
in cells deleted for HPC2, a subunit of the HIR complex involved in
its recruitment to the NEG-containing histone loci (32). Notably,
while having little effect on induction of H3"* expression (Fig. 6A,
lower right panel) and incorporation at ADHI and the HTA2-HTB2
loci (Fig. 6A, upper left and right panels), HIR inactivation almost
completely abrogates H3" incorporation at the NEG-containing
loci (Fig. 6A, lower panels, black bars). This event is accompanied
by a drastic decrease in H3 occupancy (Fig. 6A, gray bars). This sug-
gests that the HIR complex silences histone gene transcription through
a mechanism that involves incorporation of new histones.

The HIR complex has been shown to repress histone genes via re-
cruitment of the RSC (remodel the structure of chromatin) chromatin-
remodeling complex (34). We therefore examined whether RSC is
involved in histone exchange at the histone loci. We found that RSC
inactivation has no effect on H3" incorporation at the HTA1-HTB1
histone locus (fig. S4, upper panels). Unexpectedly, however, the TBP-
dependent exchange observed at the 3" ends of some transcribed genes
decreases, and this occurs without changes in PIC formation or tran-
scription (fig. S4) (35).

To further examine the functional link between HIR-mediated
histone incorporation and repression, we used an artificial recruit-
ment strategy (36). In this assay, the Hir2 subunit of the HIR complex
is fused to the LexA DBD and tested for its effect on transcription of
a reporter gene carrying either no or four LexA-binding sites up-
stream of the natural CYCI promoter and regulatory elements. As
reported previously, LexA-Hir2, but not LexA alone, strongly re-
presses activity of only the LexA-containing reporter (Fig. 6B, upper
left panel) (36). ChIP analysis for H3"A reveals that the decrease in
reporter gene transcription correlates with an increase in histone
incorporation at the CYCI promoter region (Fig. 6B, middle left panel).
The effect is specific; no major change in H3™ incorporation oc-
curred at the reporter lacking LexA-binding sites, at the endogenous
HHF1-HHT]I locus, or at the active ACT1 or silent STE3 genes.
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Furthermore, LexA alone had no effect, pointing to a HIR activity
(Fig. 6B, middle and lower panels). Thus, artificial recruitment of the
HIR complex to a transcriptionally active test promoter leads to in-
creased incorporation of new histones and concomitant transcrip-
tional repression. This is the opposite of what is observed at inducible
promoters, where H3HA incorporation increases with transcriptional
activity. Together, these data suggest that chromatin within the
NEG-containing histone regulatory regions is intrinsically unstable
and that the HIR complex acts to maintain a repressive chromatin
structure by continuously incorporating new histones.

DISCUSSION

Activator-mediated histone exchange

A major finding of the present study is that histone exchange is
largely maintained across the genome in the absence of TBP and,
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thus, PIC assembly. This was unexpected since the commonly
accepted view is that promoter nucleosomes and the PIC, which
assembles and disassembles in a highly dynamic fashion (10, 11),
are in competition with each other (37, 38). Thus, histone ex-
change is not a consequence of, but instead precedes and perhaps
facilitates, PIC assembly and transcription. This points to a role
for regulatory proteins or some intrinsic nucleosome-destabilizing
property of promoter sequences (15). Consistent with the former
possibility, we show that histone turnover at inducible promoters
regulated by three unrelated activators, Gal4, Msn2/4, and Acel,
occurs only under activating conditions and requires the pres-
ence of the cognate activator, but not the PIC. For Acel and
Gal4, we provide direct evidence that this effect is mediated by
the AD. Thus, the three activators function by a mechanism that
ultimately results in histone exchange. It is likely that the same
is true for other inducible genes and for a number of the many
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constitutively active promoters showing TBP-independent his-  transcribed. Intriguingly, TBP-dependent exchange is also observed
at the 3’ ends of a few RNA Pol II-transcribed genes (Fig. 1A and fig.
S1B). Examination of few such genes that are facing each other in a
TBP-dependent histone exchange tail-to-tail orientation suggests that the phenomenon implicates the
Our ChIP-seq analysis revealed that only a few sites show TBP- RSC complex and is not due to TBP binding at the 3’ regions of
dependent histone exchange across the genome. These include tRNA  these genes (fig. S4). This points to exchange at these regions being
and snRNA gene clusters and are likely due to these genes being highly  transcription dependent. However, the mechanism remains elusive.

tone exchange.
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Histone exchange and histone modifications

Indirect evidence points to a potential causal relationship between
the two covalent histone modification marks H3K9ac and H3K4me3,
which typically accumulate at the promoters of transcribed genes
and histone turnover (39). For example, increased H3K9ac and
H3K4me3 levels at active promoters correlate with higher H3.3
turnover rates in mammalian cells (5, 40). Consistently, we found
that activation of GAL genes by galactose is associated with both
increased H3K9ac and increased histone exchange at the promoters
(fig. S2A). This occurs independently of TBP, thus pointing to a Gal4
activator function. However, the use of histone lysine-to-arginine
mutants revealed that H3K4me and H3K%ac do not play a critical
role in either eviction of nucleosomal histones or deposition of new
histones at the GAL promoters, in agreement with previous data on
other genes (fig. S2B) (41). Thus, histone exchange at GAL promoters
is not regulated by these histone modifications.

The histone loci: Repression by incorporation of

new histones

Another important finding that emerges from our ChIP-seq analysis
is that the three NEG-containing histone loci show, by far, the highest
levels of H3"™ incorporation genome wide. The NEG element has
been shown to recruit the HIR complex to repress histone gene
transcription outside of S phase (33, 34, 42). In vitro, the HIR com-
plex can deposit histones onto DNA in a replication-independent
manner, indicating that it functions as a nucleosome assembly factor
(43, 44). Consistently, HIR inactivation in yeast results in a loss of
nucleosomes over the NEG-containing histone regulatory regions
(45). Here, we confirm these findings and further show that this is
due to a defect in the incorporation of new histones. Furthermore,
we show that artificial recruitment of the HIR complex to a test re-
porter results in increased H3"™* incorporation and reduced reporter
gene expression (Fig. 6) (36). Thus, the HIR complex appears to act
as a sensor of free histones outside of S phase and to repress histone
gene transcription by continuously promoting the assembly of
new nucleosomes.

Rap1: Activation without histone exchange
Whereas activation by Gal4, Msn2/4, and Acel triggers histone ex-
change, activation by Rap1 does not at the genes we tested (Fig. 5).
This is not due to Rap1 being a weak activator; Rapl binds to and
activates many RP genes, which are among the most heavily tran-
scribed yeast genes (30, 31). Furthermore, fusing the Rap1 AD to the
Acel DBD results in a protein that is as powerful as native Acel in
stimulating CUPI gene transcription. However, only Acel triggers
histone exchange. This excludes that the lack of histone exchange at
the natural Rap1-regulated RPS13 and RPL30 genes is due to a core
promoter-specific effect. Instead, the results point to a specific feature
of the Rapl AD. Thus, Rap1 defines a distinct class of transcriptional
activators that stimulate gene expression without inducing histone
turnover. Rapl has been reported to activate transcription by re-
cruiting the TBP-containing general transcription factor TFIID to
the promoter to facilitate PIC assembly (19, 46, 47). The absence of
histone exchange at Rap1-regulated promoters therefore provides
additional evidence that histones are exchanging independently of
the PIC. It is also consistent with previous findings, suggesting that
nucleosome eviction is not a prerequisite for PIC assembly (12, 48).
Overall, our data suggest two classes of activators. One class,
exemplified by Gal4, Msn2/4, and Acel, activates transcription by a
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mechanism that likely involves the recruitment of chromatin re-
modeling factors [for reviews, see (49, 50)] and that ultimately re-
sults in increased histone exchange at the promoter. The second class,
illustrated by Rapl, activates transcription without triggering his-
tone exchange. A prediction from this interpretation is that histone
exchange should correlate more tightly with activator type than with
transcription rates, as commonly reported.

MATERIALS AND METHODS

Strains and plasmids

A full list of the yeast strains used in this study is available in table
S1. Plasmids and oligonucleotides are listed in tables S2 and S3, re-
spectively. To allow efficient G, arrest by alpha factor, all strains are
MATa and defective for the secreted BARI-encoded protease that
cleaves alpha factor. Genes were deleted or modified to encode
C-terminally tagged proteins using one-step polymerase chain reac-
tion (PCR) replacement. In Fig. 5 (D and E), the Acel (residues 124
to 225) and Rapl (residues 601 to 695) ADs were fused at the
C terminus of the Acel DBD by PCR amplification from genomic
DNA and in-frame insertion into p1883 at the unique Clal site be-
tween the Acel DBD and green fluorescent protein (GFP; see tables
S2 and $3). In Figs. 2C and 6A (lower panels), H3MA was expressed
from a cadmium-inducible promoter by replacing the GALI pro-
moter in the original construct (10) by the PCR-amplified MET3
promoter (nucleotides —780 to —7 relative to the AUG start codon)
using Kpnl and Mscl restriction sites. All other constructs have
been described. Details of the plasmid constructions are available
upon request.

Growth conditions

Cells were grown overnight at 30°C (unless otherwise indicated) to
an optical density at 600 nm (ODggp) of 0.5 to 0.7 in casamino acid
medium supplemented with 2% raffinose and 0.1% glucose and
lacking adenine, tryptophan, and/or uracil for plasmid selection.
Methionine (0.2 mM final) was included when H3"4 expression was
from the MET3 promoter. Cells were then arrested in G; by treat-
ment with alpha factor (600 ng/ml; Primm Srl, Italy) for 3 hours.
Expression of H3"* was induced at TO (minutes) by directly adding
galactose or cadmium sulfate to a final concentration of 2% and
0.5 mM, respectively. Where indicated, rapamycin (LC laboratories)
was added at the same time to a final concentration of 4 ug/ml to
induce nuclear depletion of the FRB-tagged proteins (i.e., TBP, Gal4,
or Acel). In the TBP anchor-away experiments, glucose (0.5% final)
was added to the control cultures (without rapamycin) to limit the
induction of H3"4, Degradation of RAP1 fused to the auxin-inducible
degron was triggered by addition of 3-indole acetic acid (Sigma-Aldrich)
at 500 uM final concentration to cell cultures arrested in G; at an
ODgg not exceeding 0.3 to 0.4. Culture aliquots were pelleted at the
indicated time points (see experimental schemes in fig. S5) and pro-
cessed for Western blot, reverse transcription PCR (RT-PCR), and
ChIP analyses.

RNA isolation and reverse transcription

RNA was extracted from 10 ml of yeast cells grown as described
above using the hot phenol method. After treatment with RQ1 ribo-
nuclease (RNase)-free deoxyribonuclease (Promega) and heat in-
activation, a fraction of the RNA (500 ng) was reverse transcribed
with M-MLV (Moloney murine leukemia virus) reverse transcriptase
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(Promega) and oligo d(T)15 primer in the presence of the RNase
inhibitor RNasin (80 U/ml; Fermentas) according to the manufacturer’s
instructions. Real-time PCR quantification was carried out as de-
scribed below using 1/50 of the complementary DNA product and
primer pairs specific for the indicated genes (see table S3). The val-
ues were normalized to those obtained for the 18S ribosomal RNA
or a control mRNA, as indicated in the figures to account for differ-
ences in total RNA across samples.

ChIP and real-time PCR quantification

A detailed protocol for ChIP and quantitative PCR (qPCR) analysis can
be found at www.mimo.unige.ch/STRUBIN_LABb.htm. Chromatin
prepared from about 2 x 10° yeast cells was immunoprecipitated
with mouse monoclonal anti-HA antibodies (2 ug; 16B12, Covance),
rabbit polyclonal anti-TBP antibodies (2 ug; from Laurie Stargell,
Colorado State University), rabbit polyclonal anti-H3 antibodies
(1 pg; 1791, Abcam), or rabbit polyclonal anti-acetyl-histone H3
(Lys’; 2 ug; 07-352, Millipore). The recovered DNA and two stan-
dard dilutions of the input DNA were quantified in duplicate by
real-time PCR using the KAPA SYBR FAST qPCR Kit Master Mix
(2x) Universal (Kapa Biosystems) and the Bio-Rad CFX96 Real-time
PCR System. Sequences of the oligonucleotide primers are found in
table S3. The immunoprecipitation value for a given region was cal-
culated as the ratio between the immunoprecipitation signal and the
respective input DNA signal to correct for variation between different
samples and primer pairs. All data are representative of at least two
completely independent experiments. Independent biological repli-
cates can be found in fig. S6.

Western blotting

Protein samples were prepared by boiling the pelleted cells in radio-
immunoprecipitation assay buffer, as described (41). The membranes
were probed with 1:5000 mouse monoclonal anti-HA (16B12;
Covance), 1:5000 rabbit polyclonal anti-FRB (from David Shore,
University of Geneva), 1:5000 rabbit polyclonal anti-RAP1 (from
David Shore, University of Geneva), 1:10,000 rabbit polyclonal anti-
glyceraldehyde-3-phosphate dehydrogenase (A9521; Sigma-Aldrich),
and 1:5000 mouse monoclonal anti-GFP antibodies (11814460001,
Roche). Horseradish peroxidase-conjugated goat anti-mouse (Bio-
Rad) or anti-rabbit (A8275, Sigma-Aldrich) immunoglobulin G were
used at 1:10,000 as secondary antibodies.

Next-generation sequencing library construction

ChIP-seq was performed using chromatin prepared from approxi-
mately 2 x 10° yeast cells (10-fold more than for conventional ChIP).
Immunoprecipitation was with 20 pg of anti-HA antibodies (16B12,
Covance) or 10 ug of anti-H3 antibodies (1791, Abcam). After
decross-linking and DNA purification, samples were treated with
RNase A (20 mg/ml; Sigma-Aldrich) for 1 hour at 37°C in 1x NEB
(New England Biolabs) buffer 2 followed by a 45-min calf intestinal
phosphatase (NEB) treatment. DNA was extracted with phenol:
chloroform:isoamyl alcohol and ethanol precipitated with Glyco-
Blue. DNA ends were polished with End-it (Epicentre) at room
temperature for 1 hour. AMPure XP beads (Beckman-Coultier)
were used to perform a double size selection by first adding 0.5x
beads to deplete longer fragments from the supernatant, which was
then applied to 1.3x more beads to size-select upward of 100 base
pair (bp). A-tailing was performed on the beads with Klenow exo—
polymerase (Epicentre). Cleanup was performed with the addition of
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1.8x ABR (Ampure XP Bead Resuspension) buffer (15% polyeth-
ylene glycol and 2.5 M NaCl) to the beads, which were then washed
with 70% ethanol. DNA ligation (Fast-Link, Epicentre) to NEXT-
Flex (Bioo Scientific) multiplexed adapters was performed on the
beads. Cleanup was performed, as above, with the exception of an addi-
tional ethanol wash and elution of the DNA from the beads with 39 ul
of water. Test 18- and 20-cycle PCR reactions were performed with
10 pl each, with a view to reduce the number of amplification cy-
cles. The remainder of the ligated material was PCR amplified under
optimum conditions. Amplified material was cleaned up with AMPure
beads, as above. StrataClone was used to check the quality of the li-
braries. Samples were mixed in equimolar amounts (determined by
KAPA Library Quantitation) and submitted to the UMass Deep Se-
quencing Core for HiSeq 100SR, with multiplex indexing. In the
replicate experiment, ChIP-seq libraries were generated using the
NEBNext Ultra IT DNA Library Prep Kit (New England Biolabs)
and submitted to the iGE3 Deep Sequencing Core for HiSeq 100PE.

Data analysis

Sequence data were aligned to SacCer3 via bowtie2 (51), with default
settings. To visualize occupancy on the genome browser, Homer’s
makeTagDirectory and makeUCSCfile (52) codes were used to gen-
erate bigWig files, which were each normalized to 10 million. The
cross-correlation of Watson and Crick reads was used to infer the
average fragment length, and reads were extended by this value.
Genome-wide coverage was calculated with bedtools (53), and counts
were averaged in 10-bp bins surrounding —500 to +1000 bp of the
edge of the +1 nucleosome (54) and normalized to coverage over
genes. Average nucleosome profiles for sets of genes were created in
ggplot2 (55). In fig. S1C, TATA-containing and TATA-less genes
were selected, as defined by (56). RP and non-RP genes used for
fig. S3A are defined in table S4.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/36/eabb0333/DC1

View/request a protocol for this paper from Bio-protocol.
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