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Histone acetylation modulates his-
tone occupancy both at promoters
and in coding sequences. Based on our
recent observation that HDACs in the
budding yeast, Saccharomyces cerevisiae,
are co-transcriptionally recruited to cod-
ing regions by elongating polymerases,
we propose a model in which Pol II facil-
itates recruitment of chromatin remod-
eling complexes as well as other factors
required for productive elongation.

Introduction

The complexity of transcription regula-
tion is underscored by evidence indicat-
ing that multiple mechanisms function
at each stage of the process. Initially, the
majority of regulation was thought to
occur at initiation, which was presumed
to be the most energetically favorable
time point for the cell. The current view
is that regulation occurs at every stage of
transcription. Although the exact factors
and mechanisms involved have not been
fully characterized, the regulatory effect
of chromatin structure on multiple stages
of transcription has been well established.
The packaging of eukaryotic DNA into
chromatin creates a physical barrier for the
transcription machinery both at initiation
and throughout the elongation process.
The dynamic disassembly and reassembly
of nucleosomes observed at the promoter
and coding regions of genes thus facili-
tates accurate transcription while prevent-
ing inappropriate transcription from or
damage to accessible DNA.!"® Despite the
discovery of many factors involved in his-
tone disassembly and reassembly, the exact
mechanisms by which these processes
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occur during transcription, especially dur-
ing elongation, are not well understood.
The initial studies giving rise to the
histone code hypothesis led to the prevail-
ing view that particular histone modifi-
cations or combinations of modifications
serve to recruit various chromatin modi-
fying and remodeling complexes to regu-
late chromatin structure and consequently
transcription.”!® This view is supported by
the presence in these complexes of protein
domains such as bromodomains, chro-
modomains (CHD) and plant homeobox
domains (PHD) that are capable of rec-
ognizing specific histone modifications."
Recent studies providing evidence for
crosstalk between modifications, such as
ubiquitination and methylation,'*"® and
distin-
414,15

for combinatorial mechanisms
guishing recruitment from function,
reveal a far more complex code. In this
article, we will focus on the application
of one such combinatorial mechanism
to the modulation of histone occupancy
by co-transcriptionally recruited histone
modifying and
complexes during transcription elonga-

chromatin-remodeling

tion. More specifically, we hypothesize
that interactions with elongating RNA
Polymerase II and histone acetylation
are important for the co-transcriptional
recruitment and subsequent function of
chromatin remodeling complexes such as

SWI/SNF or RSC.
HDACSs are Recruited
to Coding Regions
by Elongating RNA Polymerase Il
The Set2 methyltransferase is targeted

to coding regions during elongation to
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methylate histone H3K36 through an
interaction with the Pol I CTD, phosphor-
ylated at Ser2 (Ser2P). Several studies have
shown in the budding yeast Saccharomyces
cerevisiae that the smaller of the two Rpd3
containing complexes, Rpd3C(S) rec-
ognizes and binds H3K36me,,, through
its PHD and CHD containing subunits,
Reol and Eaf3, respectively.®'® Since
Set2 travels with elongating Pol IL,"7" the
H3K36me, ,
as a signal for Rpd3C(S) recruitment

mark was pl‘OpOSCd to serve

and deacetylation of nucleosomes in the
wake of the elongating polymerase. The
production of cryptic transcripts from
the FLO8 and STEII genes in ser2A or
eaf3A mutants led to the hypothesis that
HDAC:s are co-transcriptionally recruited
to actively transcribing genes to essentially
re-set the chromatin behind the elongating
polymerase."® Although our recent results
confirmed the cryptic transcript produc-
tion and the increase in H4 acetylation at
FLOS8 and STEII in set2A strains, we did
not observe any reduction in Rpd3C(S)
occupancy in the coding regions of these
genes." This result suggested that while
the H3K36me, mark was indeed impor-
tant for the deacetylation function of the
Rpd3C(S) complex, it was not absolutely
required for recruitment of the complex to
chromatin.

The importance of H3K36 methyla-
tion for Rpd3C(S) binding to nucleosomes
was confirmed by our co-immunoprecip-
itation (Co-IP) experiments in that the
interaction of the Rpd3C(S)-specific sub-
unit Reol with H3 was lost in sez2A cells."
Such a result, however, did not explain the
efficient recruitment of Rpd3C(S) that we
observed through chromatin immunopre-
cipitation (ChIP) in the absence of Set2.
Together, these results indicated that while
H3K36, . was required for Rpd3C(S)
binding to nucleosomes, some other fac-
tor was responsible for its recruitment
to chromatin. Because various factors
involved in elongation or mRNA process-
ing, including Set2, were shown to be
recruited to chromatin through elongating
Pol IL***% we sought to determine
whether Rpd3C(S) physically
acted with Pol II, phosphorylated at the
C-terminal Domain (CTD). Co-IP exper-
iments revealed that Reol co-immunopre-

cipitated with Ser5 phosphorylated (Ser5P)

inter-
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butnothypophosphorylated Pol I, and that
the interaction required Kin28, a Ser5 and
Ser7 Pol II CTD kinase." Furthermore, in
vitro peptide binding assays showed that
reconstituted Rpd3C(S) bound strongly
to peptides phosphorylated at Ser5, and
to di-phosphorylated peptides (Ser2P and
Ser5P) even more so, when compared to
unmodified peptides or peptides with Ser2
or 5 mutated to aspartic acid."* Consistent
with these observations, Rcol occupan-
cies, measured by ChIP, at the ARGI ORF
were significantly reduced in both £in28-
ts and kin28-as (sensitive to the ATP-
analog NMPP1) mutants. Furthermore,
the physical interaction of Rpd3C(S) with
both H3 and Ser5P was lost in the £i228-ts
mutant, while the interaction with H3 but
not Ser5P was affected in sez2A mutants.'
Overall, these results suggest that Phospho-
Pol II is important for the initial recruit-
ment of Rpd3C(S) to coding sequences,
and that the H3K36,_, . modification is
important for the binding of Rpd3C(S) to
nucleosomes and for its histone deacety-
lase activity. These results are additionally
supported by a recent genome-wide study
showing that Rpd3C(S) occupancy was
affected at the ORFs of only one third of
genes in set2A or H3K36A mutants, while
the occupancy was virtually lost genome-
wide in the £/728-as mutant strain.”
Hos2 of the Set3C complex also physi-
cally interacts with Pol II phosphorylated
at Ser5, but not with hypo-phosphorylated
Pol IL,* suggesting that a similar mecha-
nism is responsible for the co-transcrip-
tional recruitment of Hos2 to coding
regions.’ Hos2-Set3C was shown to be
recruited to ORFs by the recognition of
Setl-mediated H3K4me, by the PHD
domain in Set3.* Hos2 occupancy at the
ARGI ORF, however, was not affected in
a brel A mutant, defective for H3K4 di and
tri methylation, suggesting that H3K4me,
is not required for Hos2 recruitment at
least to this gene. Consistent with our
colP data, Hos2 occupancy was reduced in
the kin28-ts mutant, suggesting that simi-
lar to Rpd3C(S), Phospho-Pol II is impor-
tant for the recruitment of Hos2 to coding
regions and that H3K4me, is important
for its subsequent binding to nucleo-
somes." In further support of this hypoth-
esis, the physical interaction of Hos2 with
H3 but not with Ser5P was affected in
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brelA cells." Overall, these results provide
evidence for a two-step model in which
HDAC:s are recruited to coding regions
through an interaction with elongating
Pol II, and that particular histone modi-
fications, in this case H3K36me, , and
H3K4me,, are subsequently important
for nucleosome binding and deacetylation
function. It is possible that the modifica-
tions directly recruit HDACs at certain
subsets of genes, and that Phospho-Pol II
is required for recruitment to others, as
suggested by the genome-wide study of
Rpd3C(S) occupancy mentioned above."”
Such an observation would explain the
discrepancy between our results in brelA
mutant cells and those of an earlier study.?

Histone Acetylation is Inversely
Correlated with Histone
Occupancy in Coding Regions

HAT complexes were initially observed
to be targeted to promoters, and acetyla-
tion in coding regions was thus thought
to be a result of untargeted global activ-
ity.”> Recently, multiple studies have
shown that both HATs and HDAs are
co-transcriptionally recruited to coding
regions.">*1424 The activities of these fac-
tors in coding regions have additionally
been linked to the facilitation of transcrip-
tion elongation. For example, acetylation
by SAGA (Gcen5) and NuA4 (Esal) in the
GALI ORF mediates co-transcriptional
histone eviction and Pol II processivity
through coding regions.*> Furthermore,
we recently showed that multiple HDACs
are recruited to the coding region of
ARGTI upon induction.’ Double and tri-
ple mutants for Rpd3, Hdal and Hos2
exhibited an increase in acetylation and
a decrease in histone occupancy, suggest-
ing that the function of these HDAC:s is
to minimize co-transcriptional histone

eviction.'

Chromatin Remodeling
Complexes Potentially
Function Coordinately with HATs
and HDACs During
Transcription Elongation

As mentioned above, histone acetylation

is inversely correlated with histone occu-
pancy in coding regions.>'* The association
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of HATs and HDACs with elongating Pol
IT thus provides a potential explanation for
how histone occupancy and consequently
transcription elongation are regulated at
actively transcribed genes. HAT com-
plexes are recruited through an interaction
with elongating Pol II to acetylate nucleo-
somes, most likely in front of the poly-
merase.*>?' These acetylated nucleosomes
are then somehow targeted for eviction to
allow the polymerase to pass through.>'
Nucleosomes are then immediately reas-
sembled behind the polymerase to reduce
the possibility of untargeted transcrip-
tion from cryptic promoters or damage to
accessible DNA. This rapid reassembly is
evident from the unaltered histone acety-
lation and occupancy observed in coding
regions in wild-type cells."" Presumably,
the HDAC:s co-transcriptionally recruited
along with HAT complexes allow for rapid
and efficient deacetylation of nucleosomes
that are reassembled behind the elongat-
ing polymerase."”® As described above,
both the HATs and HDAC:s required for
establishing the acetylation patterns that
facilitate histone eviction and reassembly
are recruited through an interaction with
the elongating polymerase. Similarly, the
factors responsible for establishing the
methylation patterns required for the
nucleosome binding and histone deacety-
lase function of the HDACs are recruited
through elongating Pol I1. It follows then,
that the factors that evict and reassemble
the histones may interact with elongating
Pol IT as well. In this way, the local concen-
tration of factors necessary for modulating
histone occupancy and thus elongation
would be increased at the coding regions
of actively transcribed genes.

In support of this hypothesis, the SW1/
SNF chromatin remodeling complex has
been shown to travel with elongating Pol
I1,%* and the RSC chromatin remodeling
complex interacts with the Rpb5 sub-
unit of RNA Polymerases I, II and II1.7
Additionally, histone chaperones such
as Spt6, Asfl and FACT interact with
elongating Pol I1.2%%* The SWI/SNF
family chromatin remodeling complexes
represent candidate effector molecules
that could recognize the acetylation pat-
terns generated by the co-transcriptionally
recruited HATs and HDACs to evict
ORF nucleosomes. Both the SWI/SNF
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Figure 1. (A) Histone acetyltransferase (HAT) complexes associate with elongating polymerase
and acetylate nucleosomes in front of Pol Il. Bromodomain-containing remodeling complexes
(CRC) that interact with Pol Il are able to recognize, bind and evict acetylated histones. The
evicted histones, which presumably are hyperacetylated, are reassembled behind elongating
Pol Il with the aid of histone chaperones such as Asf1 or FACT. The reassembled histones are then
rapidly deacetylated by the histone deacetylase complexes (HDACs) associated with Pol II.

(B) The hyperacetylated reassembled nucleosomes are potential targets for non-Pol Il associated
bromodomain-containing complexes. If HDACs are not present to rapidly deacetylate reas-
sembled histones, the histones may be recognized by free bromodomain-containing remodelers

and RSC complexes possess bromodo-
mains which are capable of recognizing
and binding acetylated histones.’**' The
Swi2/Snf2 bromodomain has been shown
to be important for SWI/SNF binding
to nucleosomes in vivo.*' This bromodo-
main has further been shown to be impor-
tant for the removal of SAGA acetylated
promoter nucleosomes by SWI/SNF in
vitro.*> RSC has been shown to mediate
Pol II elongation through nucleosomes in
vitro, and prior acetylation by SAGA and
NuA4 enhanced this function of RSC.*
Additionally, acetylation by NuA4 was
shown to promote both RSC and SWI/
SNF recruitment to the GALI coding
region in vivo.? Based on these studies,
we propose a model in which HAT com-
plexes are recruited to coding regions
upon induction (Fig. 1A). Chromatin
remodeling complexes such as SWI/SNF
or RSC, which interact with the elon-
gating polymerase, are able to recognize
acetylation patterns through bromodo-
main-containing subunits to bind and
evict histones. The evicted histones are
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likely transferred by RSC or SWI/SNF
to histone chaperones such as Asfl or
FACT which can then aid in reassembly.
In fact, both RSC and SWI/SNF inter-
act genetically with Asfl and Spt16.34»
The HDAC:s that are recruited to coding
regions during activation can then rapidly
deacetylate the reassembled histones to
prevent them from immediate re-eviction.
In this way, the coding regions of actively
transcribed genes are protected from both
cryptic transcription and damage to acces-
sible DNA.

We speculate that the decrease in his-
tone occupancy in coding regions that we
observe in HDAC mutants stems from
eviction of the hyperacetylated nucleo-
somes reassembled behind the elongat-
ing polymerase. The acetylation levels
or patterns of these nucleosomes likely
render them accessible to untargeted
activity of the bromodomain-containing
chromatin remodeling complexes nor-
mally recruited by Pol II to evict his-
tones directly in front of the polymerase
(Fig. 1B). Similarly, it is possible that
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hyperacetylated nucleosomes far in front
of the elongating polymerase are targeted
by free remodelers and evicted as well,
resulting in the overall lower level of his-
tones that we observe in coding regions in
HDAC mutants.

Conclusions

Our results indicate that the Pol IT CTD
in S. cerevisiae is involved in recruiting
both HATs and HDAC:s to modulate his-
tone occupancy in the coding regions of
actively transcribed genes. These results,
together with evidence that the Pol I CTD
recruits additional chromatin modifying
complexes, histone chaperones and elon-
gation factors, suggest that Phospho-Pol 11
is integral in coordinating the activities of
the many factors required for regulating
histone dynamics and consequently tran-
scription elongation at actively transcrib-
ing genes.
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