6534-6546 Nucleic Acids Research, 2012, Vol. 40, No. 14

doi:10.1093/nar|gks345

Published online 2 May 2012

The histone H3 lysine 56 acetylation pathway is
regulated by target of rapamycin (TOR) signaling
and functions directly in ribosomal RNA biogenesis

Hongfeng Chen, Meiyun Fan, Lawrence M. Pfeffer and R. Nicholas Laribee*

Department of Pathology and Laboratory Medicine and Center for Adult Cancer Research, University of
Tennessee Health Science Center, Memphis, TN 38163, USA

Received January 5, 2012; Revised March 16, 2012; Accepted April 2, 2012

ABSTRACT

Epigenetic changes in chromatin through histone
post-translational modifications are essential for
altering gene transcription in response to environ-
mental cues. How histone modifications are
regulated by environmental stimuli remains poorly
understood yet this process is critical for delin-
eating how epigenetic pathways are influenced by
the cellular environment. We have used the target
of rapamycin (TOR) pathway, which transmits envir-
onmental nutrient signals to control cell growth, as
a model to delineate mechanisms underlying this
phenomenon. A chemical genomics screen using
the TOR inhibitor rapamycin against a histone H3/
H4 mutant library identified histone H3 lysine 56
acetylation (H3K56ac) as a chromatin modification
regulated by TOR signaling. We demonstrate this
acetylation pathway functions in TOR-dependent
cell growth in part by contributing directly to ribo-
somal RNA (rRNA) biogenesis. Specifically, H3K56ac
creates a chromatin environment permissive to RNA
polymerase | transcription and nascent rRNA pro-
cessing by regulating binding of the high mobility
group protein Hmo1 and the small ribosomal
subunit (SSU) processome complex. Overall, these
studies identify a novel chromatin regulatory role for
TOR signaling and support a specific function for
H3K56ac in ribosomal DNA (rDNA) gene transcrip-
tion and nascent rRNA processing essential for cell
growth.

INTRODUCTION

The extracellular and intracellular environment induces
chromatin alterations to regulate gene expression yet the
mechanisms underlying such interactions remain poorly
understood (1). Since environmental signals such as

nutrient availability influence gene expression and epigen-
etic processes affecting cell development (2), delineating
these mechanisms has profound importance for many
complex human diseases. The target of rapamycin
(TOR)-signaling pathway transmits nutrient (i.e. growth
factor and amino acid) information to regulate cell growth
and proliferation, and this pathway is deregulated in many
diseases, including cancer, diabetes and cardiovascular
disease (3). TOR was originally identified in the budding
yeast Saccharomyces cerevisiae but is conserved in all eu-
karyotes (4-6). The TOR pathway consists of two signal-
ing branches. The TORCI1 branch controls transcriptional
and translational processes necessary for growth and pro-
liferation and is inhibited by the drug rapamycin, while the
TORC2 complex controls the cytoskeletal changes neces-
sary for growth and is rapamycin insensitive (7). The yeast
TORCI1 complex consists of either the Torl or Tor2
kinases, Lst8, Kogl and Tco89 (7). Increases in intra-
vacuolar amino acid concentration leads to TORCI acti-
vation through association with the vacuole-localized
EGO complex, consisting of the Egol and Ego3 proteins
as well as the small GTPases Gtrl and Gtr2 (8). TORCI
activation can then lead to direct phosphorylation of the
AGC kinase family member, Sch9, to mediate some of
TORCT’s effect on cell growth (9,10). However, TORCI1
signaling also has Sch9-independent effects. In particular,
Tor kinases are recruited to the promoter regions of many
downstream target genes, including the ribosomal DNA
(11) (rDNA) transcribed by RNA Polymerase I (Pol I) in
yeast and to RNA Pol I, Pol II and Pol III transcribed
genes in mammalian cells (12-14).

Although TORCI signaling is critical for controlling
gene expression essential for cell growth, how it regulates
chromatin structure to control transcription is not well
understood. Previous studies in yeast have linked the
RSC chromatin remodeling complex (15), the Rpd3
histone deacetylase complex (16,17) and the Esal histone
acetyltransferase (18) to TORCI1-dependent gene expres-
sion, but whether TORCI signaling directly controls these
chromatin modifiers has not been addressed. Acetylation
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of histones plays a key role in decompacting chromatin to
permit transcriptional activity (19). In particular, histone
H3 lysine 56 acetylation (H3K 56ac) promotes nucleosome
disassembly at promoter regions to facilitate transcription
initiation by disrupting the histone H3-DNA interactions
that occur close to where DNA enters and exits the nu-
cleosome (20-23). H3K 56ac is regulated by the combined
actions of the histone chaperone Asfl and the ace-
tyltransferase Rtt109 (24-27) and this pathway contrib-
utes not only to gene transcription but also to DNA
repair and replication (21,28). While H3K56ac levels
may peak during S-phase to facilitate nascent chromatin
formation (29), recent studies suggest that H3KS56ac is
also expressed throughout the entire cell cycle (30,31), sug-
gesting this histone mark has cell-cycle independent roles
as well. However, the mechanisms regulating H3K56ac
levels and the role this histone mark plays in cell
function still remain poorly understood.

To elucidate mechanisms by which TORCI regulates
chromatin, we have completed a systematic rapamycin-
based chemical genomics screen of a histone H3/H4
library (32) to identify histone residues involved in
TORCI-regulated growth, since mutations in many
TORCI1 pathway components cause rapamycin sensitivity
(manuscript in preparation). Our screen identified acetyl-
ation at histone H3 lysine 56 (H3K56ac), controlled by the
histone chaperone Asfl and the acetyltransferase Rtt109
(24-27,33), as a chromatin pathway regulated by TORCI1
signaling and necessary for optimal rDNA transcription
and ribosomal RNA (rRNA) processing.

MATERIALS AND METHODS
Yeast media and cell growth conditions

Yeast deletion mutants and derivative strains were derived
from the BY4741 genetic background. The histone H3/H4
mutant library was purchased from Open Biosystems and
used to engineer the specific genomically-tagged alleles
described herein using standard yeast molecular biology
approaches (34). A full listing of the yeast strains and
plasmids used in this study are found in Supplementary
Table S1. Unless otherwise stated, yeast strains were
cultured either in nutrient rich media consisting of 1%
yeast extract, 2% peptone and 2% glucose (YPD),
nutrient defined media (SC), or SC media lacking uracil
(SC-Ura) to select for plasmid maintenance. All yeast
growth media and reagents were purchased from either
Research Products International or US Biologicals.
Rapamycin was purchased from Fisher Scientific and
reconstituted in methanol. Cells were typically grown to
an ODggy = 0.8—1.2 unless otherwise stated.

Whole-cell extract preparation, ChIP and antibodies used

Whole-cell extracts (WCE) were prepared and
coimmunoprecipitations were performed as previously
described using 750 pg of WCE (35). ChIP experiments
were performed as described (35) with minor modifica-
tions. The sonicated chromatin extract was clarified using
a low speed centrifugation step (4000g) to maintain
soluble chromatin fragments containing large protein
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complexes bound (36). For the immunoprecipitation (IP)
step, 500 pg of soluble chromatin was immunoprecipitated
overnight and immune complexes isolated using Protein A
agarose beads (Santa Cruz Biotechnology) after extensive
washing and cross-link reversal. Purified DNA was
isolated using DNA binding columns (Genesee, Co.) and
DNA was eluted in 50 ul of water for the immunopre-
cipitated material. An amount of 50 pg of input material
was also purified similarly and eluted in 100 pul of water.
For qPCR, the IP material was diluted 1:5 and the input
material diluted 1:50 and qPCR performed using a Roche
SYBR Green master mix on a Roche 480 Lightcycler
real-time PCR machine. IP specific signals were first
normalized to input levels via the AAC; method then
further normalized to an intergenic region on
Chromosome V to control for immunoprecipitation and
DNA purification efficiency. Primer sequences are listed in
Supplementary Table S2. The a-Myc and a-HA antibodies
were purchased from Millipore, the «-G6PDH antibody
purchased from Sigma-Aldrich, and the a-H3K56ac and
a-H3 antibodies purchased from Active Motif.

RNA extraction and cDNA synthesis

Total RNA was isolated from cells using TriReagent
(Sigma-Aldrich, Inc.) and bead beating. RNA was
digested to completion with DNase I (Promega, Inc.)
and then 1pg of RNA was used in a cDNA synthesis
reaction with random hexamer primers using the
Im-Prom II ¢cDNA synthesis kit (Promega, Inc.) per the
manufacturer’s protocol. cDNAs were resuspended to a
final volume of 100 pl and then diluted 1:5 before perform-
ing qPCR as described above. DNA specific signals were
normalized to the levels of yeast actin mRNA via the
AAC; method.

Flow cytometry analysis

Yeast cells were stained with SYTOX Green (Invitrogen,
Inc.) as previously described (37) and samples analyzed
on a Becton Dickinson LSR II flow cytometer and data
analyzed with Modfit software at the UT Flow Cytometer
facility.

RESULTS

Identification of histone H3KS56ac as a TORCl1-regulated
chromatin modification

We have completed an initial rapamycin-based chemical
genomics screen of a recently described library of histone
H3/H4 amino acid mutants by comparing how each
histone mutant grows relative to wild-type cells in the
presence of a sub-inhibitory (25nM) concentration of
rapamycin. These screens identified lysine to alanine
changes at histone H3 residues 14 (H3KI14A),
18 (H3K18A), 23 (H3K23A) and 56 (H3K56A) as
causing rapamycin sensitivity relative to wild-type cells,
suggesting they contribute positively to TORCI signaling
(Figure 1A). These effects are specific as alanine changes
at positions 9 (H3K9) and 27 (H3K27), also sites of acetyl-
ation, do not affect rapamycin sensitivity. The alanine
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Figure 1. The H3KS56ac pathway is required for TORCIl-regulated growth. (A) H3 lysine to alanine mutants exhibit variable sensitivity to
rapamycin. Wild-type (WT) and the indicated histone H3 lysine to alanine mutants were grown overnight at 30°C and then cell density for each
strain was measured by taking the ODggo. Equivalent numbers of cells were serially diluted 5-fold and replica spotted to control YPD or YPD plates
containing 25nM rapamycin and incubated at 30°C for 4 days before photographing. (B) Acetylation of H3K56 is key in TORCl-regulated growth.
Experiment was performed as in (A) except photographs were taken at 3 days to highlight the growth difference between the H3K56Q and WT
strains. (C) H3KS56ac regulators are selectively required for TORCI-dependent cell growth. The experiment was performed as in (A) with the WT
and indicated gene deletion mutants. Photographs were taken after 4 days at 30°C. (D) H3K56ac regulators do not undergo cell-cycle arrest after an
inhibitory rapamycin treatment. The indicated yeast strains were cultured to log phase and then equal numbers of cells were pelleted, 5-fold serially
diluted and spotted to YPD plates. The remaining cultures were treated with 200nM rapamycin for 5.5h and then equal numbers of cells were
pelleted, washed and 5-fold serially diluted before spotting to YPD plates. Photographs were taken after incubation at 30°C for 3 days.

change at histone H3 lysine 4 (H3K4), a site of both
acetylation and methylation, results in a slight slow
growth phenotype but upon longer incubation it does
not exhibit significant rapamycin sensitivity (Figure 1A
and data not shown). Of the mutants analyzed, the
histone H3K56A mutation resulted in the most severe
rapamycin hypersensitivity (Figure 1A) implicating this
residue in TORC1-dependent cell growth. H3K 56 is pos-
itioned close to where DNA enters and exits the nucleo-
some (22) and this lysine residue makes key DNA contacts
that stabilize histone-DNA interactions and are disrupted
by acetylation (20,23). Given the importance of this
residue in regulating transcription, DNA repair and rep-
lication (21,28), we further analyzed its contribution to
TORCI signaling.

We next determined whether the H3KS56A rapamycin
phenotype is due either to loss of charge or acetylation.
The H3K56 to arginine (H3K56R) mutant exhibits com-
parable rapamycin sensitivity as the H3K56A mutant,
whereas the H3KS56 to glutamine (H3K56Q) change,
which mimics acetylation, results in rapamycin resistance
relative to control cells (Figure 1B). These results impli-
cate H3K56ac, and not disruption of charge, as the
contributor to TORCI-dependent growth. A change of
H3 serine 57 to either alanine (H3S57A) or to the

phosphomimetic residue aspartic acid (H3S57D) also
resulted in rapamycin resistance (Figure 1B), which is
likely due to its influence on H3K56ac as H3S57 has
been suggested to regulate H3K56ac dynamics (38).
Importantly, these rapamycin phenotypes are highly
specific for H3K 56 and H3S57 since a change of H3 threo-
nine 58 to alanine (H3T58A) exhibits wild-type growth
(Figure 1B). We next determined if deleting the genes
for the histone chaperone Asfl or the histone
acetyltransferase Rtt109, which are essential for
H3K56ac (24-27), also resulted in comparable rapamycin
sensitivity. Both asfiA and rt11094 exhibited profound
rapamycin sensitivity whereas other histone chaperone
mutants, including vps754, rtt1064, cac2A and naplA,
were either rapamycin insensitive or exhibited only
minor sensitivity (Figure 1C). Interestingly, while asf14
was as rapamycin sensitive as torl4, rtt1094 mutants con-
sistently exhibited a slightly milder phenotype (Figure 1C)
suggesting Asfl may provide other functions in addition
to H3K56ac regulation that are critical for TORCI-
regulated growth. A subset of TORC1 pathway mutants,
specifically 7co894 and cells deleted for EGO complex
components, undergo an irreversible G1 cell-cycle arrest
upon rapamycin treatment (8). To determine if the
rapamycin phenotype of asfiA and rtt1094 is due to a



similar cell-cycle defect, we cultured wild-type, asfiA,
rtt1094 and multiple TORC1 pathway mutants to log
phase before serially diluting equal numbers of cells and
spotting onto nutrient rich YPD plates. The remaining
cultures were treated with an inhibitory concentration of
rapamycin (200 nM) for 5.5 h before washing and spotting
onto control plates. Consistent with a previous report,
tco894 mutants did not reenter the cell cycle and failed to
grow (8), whereas both tori/A and sch94 resumed growth
(Figure 1D). Under these conditions both asf74 and
rtt1094 fully resumed growth, thus demonstrating their
rapamycin sensitivity is not due to a permanent cell-cycle
arrest. Overall, these results specifically identify Asfl and
Rtt109 mediated H3K56ac as a chromatin modification
pathway essential for TORC1-dependent cell growth.

The TORC1 subunit Tco89 regulates global H3K56ac

To further characterize the link between TORCI signaling
and the H3KS56ac pathway, we combined asf74 with
either toriA or tco894 and analyzed the growth of the
individual and double mutants on both nutrient rich
(YPD) and nutrient defined (SC) media. The asfiA
torlA cells grew identically to asfiA cells (Figure 2A)
demonstrating that the double mutant did not result in a
negative (synthetic sick) genetic interaction. In contrast,
on YPD plates the asfiA tco89A resulted in a minor syn-
thetic sick phenotype compared to asf14 alone after 2 days
of growth, and this synthetic sick phenotype was slightly
exacerbated on nutrient defined media (Figure 2A). These
data support the negative genetic interactions between
asflA and tco894 previously identified (39,40), and
suggest that the TORC1 and H3K56ac pathways may be
functionally linked. We next examined whether perturb-
ation of TORCI affected global H3K56ac. WCE from
log phase wild-type, torid and tco894 cultures were
generated and immunoblotted with antibodies against
H3K56ac (a—H3K56ac) (Supplementary Figure Sla) or
general histone H3 (a—H3) (Figure 2B). We also
included ego34 in these analyses since the EGO complex
is required for TORCI activation and EGO mutants share
many of the same phenotypes as fco894 mutants.
Intriguingly, while the for/A mutant had no impact on
H3K56ac, both tco894 and ego3A caused significant re-
ductions in global H3K56ac levels (Figure 2B and C).
Since EGO activates TORCI1 signaling in response to
intracellular amino acid availability (8), these results impli-
cate EGO-dependent activation of TORCI in the regula-
tion of global H3K 56ac.

To begin delineating the mechanism by which TORCI1
regulates H3K 56ac, we next determined if the decreased
H3K56ac in tco894 was due to reduced expression of
either Asfl or Rtt109. We integrated a 6XHA epitope
tag at the ASFI or RTTI109 genomic locus in wild-type
or tco894 cells and analyzed protein expression by
immunoblotting. Neither Asfl nor Rtt109 protein levels
were significantly altered in tco894 cells compared to
wild-type, demonstrating that the decreased H3K56ac is
not a result of reduced expression of these H3K 56ac regu-
lators (Supplementary Figure S1b and c). Because TORCI1
mutants may affect cell-cycle progression (4,41,42),
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and since H3K56ac levels peak during S phase (29), we
next determined if the H3KS56ac defect in zco894 was
caused by cell-cycle defects. Wild-type, torid, tco894
and asf14 cells were grown asynchronously to log phase,
stained with SYTOX green and analyzed by flow
cytometry. Under these conditions, wild-type, toriA cells
and 7co894 exhibit similar numbers of cells in S-phase
whereas the foriA and tco894 mutants exhibit slight in-
creases in G2-phase cells relative to wild-type (Figure 2D).
Under these conditions, asf14 results in a reduction in G1
phase cells with a significant increase in the number of
cells in G2, a result consistent with a previous study
(43). These data suggest that loss of H3K56ac selectively
in fco894 mutants is not solely due to defects in cell-cycle
regulation since H3K 56ac is maximal in S-phase (29) and
both torliA and tco894 show similar cell-cycle profiles.
Instead, this effect reflects a mechanistically distinct
aspect of TORCI1 signaling.

To confirm that the decreased H3K 56ac was due solely
to loss of Tco89, we transformed rco894 cells with either
empty vector or vector expressing Tco89 as a C-terminal
Flag fusion. H3K56ac was fully rescued upon Tco89-Flag
expression (Figure 3A), thus confirming that loss of Tco89
was the sole cause of the H3K 56ac defect. Because 1c0894
likely reduces the strength of TORCI signaling, we at-
tempted to rescue H3K56ac in 7co894 by overexpressing
wild-type Torl or a Torl mutant (Torl*'?%7V) that has
increased kinase activity in vitro (44). Surprisingly,
neither wild-type nor the hyperactive Torl kinase
increased H3KS56ac in 7co894 (Figure 3B). Similar
overexpression experiments performed in a wild-type
background also failed to drive H3K56ac levels higher
relative to controls (Supplementary Figure S2) suggesting
that TORCl-regulated H3KS56ac levels are already
maximal in wild-type cells. We do note a minor and re-
producible increase in histone H3 levels from wild-type
extracts expressing the hyperactive Torl allele; however,
the significance of this increase is currently unknown. To
determine if the effect on H3K56ac in tco894 was due to
lower levels of Sch9 activation, we overexpressed a
wild-type Sch9 kinase or a mutant Sch9 no longer depend-
ent on TORCI-dependent phosphorylation for activation
(Sch9”™3F) (9). Neither wild-type Sch9 nor the Sch9?P3F
mutant rescued H3K 56ac in fco894 cells (Figure 3C) sug-
gesting that this branch of the TORCl1-signaling pathway
is unlikely responsible for H3K56ac. Histone acetylation
is regulated by a balance of both acetyltransferase and
deacetylase activity such that lower steady-state
H3K56ac could be caused either by defects in acetylation
or increased deacetylase activity. To begin to address the
mechanism responsible for the decreased H3KS56ac, we
asked whether deleting the Sirtuin deacetylases Hst3 or
Hst4, both of which target H3K 56ac (45), restores acetyl-
ation in tco894. We engineered tco894 hst34 and tco894
hst4A strains and compared the levels of H3K 56ac in these
double mutants to that in zco894. Deletion of either
deacetylase fully rescues H3K56ac (Figure 3D) as does
treating rco894 cells with the pan-Sirtuin inhibitor nico-
tinamide (Figure 3E). Taken together, these data suggest
that Tco89 provides a wunique function within
TORCI essential for H3K56ac regulation that cannot
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be bypassed by increased Torl kinase activity or
activation of the downstream effector kinase Sch9.
Furthermore, these data suggest that rco894 cells are
fully competent for generating H3KS56ac and that one
possible explanation for the lower H3K56ac could be an
increase in Hst3 and/or Hst4 deacetylase activity.

TORCT signaling regulates H3K56ac on the rDNA

TORCI signaling directly regulates RNA polymerase I
(Pol I) transcription of the rDNA, which is repeated in
yeast ~150-200 times with only half of the repeats being
transcriptionally active in growing cells (46,47). To deter-
mine if 7co894 resulted in decreased chromatin-associated
H3K56ac on the rDNA, we analyzed H3K56ac levels by
chromatin immunoprecipitation coupled with quantitative
real-time PCR (ChIP-qPCR) using the PCR primers
outlined (Figure 4A). Because we observed a slight exacer-
bation of the synthetic sick phenotype when asf14 tco894
cells were grown on nutrient-defined plates (Figure 2A),
we grew wild-type and 7co894 cells in SC media to log
phase before performing o-H3K56ac and a—H3 ChIP
analysis. Surprisingly, while H3K56ac was readily detect-
able on the rDNA, rco894 did not decrease the level of
this histone modification (Figure 4B). To determine if
tco894 significantly affected rRNA synthesis, we
analyzed the levels of 18S and 25S rRNA by qPCR. We
also analyzed the levels of ITS1-containing rRNA (Figure
4A) since this region of the rRNA is rapidly
cotranscriptionally processed out of the primary transcript
and its presence can be used as an indicator of RNA Pol I
transcription activity and nascent rRNA synthesis (48).
Loss of Tco89 had no effect on 18S, 25S or
ITS1-containing rRNAs (Figure 4C), suggesting that the
level of TORCI-signaling activity in the fco894 mutant
was enough to allow for normal rRNA transcription.
We also analyzed H3K56ac on two housekeeping genes,
ACTI and TUBI, to determine if tco89A4 affected their
acetylation. We found no affect on ACT/ at either the
promoter or 3’-end of the gene; however, while we did
not detect any effect at the TUBI promoter, we did see
a modest reduction at the 3’ of the gene (Supplementary
Figure S3) suggesting the possibility that tco894 may have
effects on chromatin-associated H3K 56ac elsewhere in the
genome. To further analyze the impact of TORCT signal-
ing on H3K56ac, we grew wild-type cells in nutrient rich
media (YPD) and mock-treated or treated with an inhibi-
tory concentration of rapamycin (200nM) for 1 h before
repeating the a-H3K56ac and o-H3 immunoblots (Figure
4D) or ChIP experiment (Figure 4E). Under these condi-
tions, H3K 56ac was reduced both globally and across the
length of the rDNA. These results confirm that TORCI1
signaling regulates global H3K56ac and suggest that the
H3K56ac maintained on the rDNA in 7co894 is most
likely due to the TORCI-signaling activity still retained
in this mutant.

H3K56ac regulates rDNA transcription and rRNA
cotranscriptional processing

Although tc0894 alone did not reduce H3K 56ac levels on
the rDNA, the presence of this histone modification
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suggested the possibility that H3K56ac may play a regu-
latory role in rDNA transcription. To test this possibility,
we compared the levels of rRNAs in wild-type and asf14.
In this analysis, we also included uaf304 and hmolA as
controls for gene mutants that influence rDNA transcrip-
tion and/or rRNA levels (50-52). Interestingly, while
asf14 did not affect 18S or 25S rRNAs under these con-
ditions, we did detect a modest but statistically significant
increase (~1.8-fold) in the non-processed rRNA as
indicated by the increased ITS1 signal in asfiA relative
to wild-type (Figure 5A). In comparison, uaf304, which
reduces RNA Pol I levels on the rDNA (52), did not affect
18S, 258 or ITS1 rRNAs whereas the hmolA reduced the
levels of both 18S and 25S rRNAs as previously described
(50). Although AmolA mutants are known to be deficient
in processing the primary rRNA at defined locations (50),
we detected no increase in ITS1-containing rRNA in this
mutant suggesting that processing at the A, site in ITSI
was intact (Figure 5A). We next asked whether the
increase in ITS1-containing rRNA was due to H3K 56ac
by analyzing rRNA levels in histone H3 wild-type and
H3KS56A mutants. Consistent with the results for asf74,
the H3KS56A mutant exhibited no difference from
wild-type in the levels of 18S and 25S rRNA but did
have an ~4-fold increase in ITSl-containing rRNA
(Figure 5B). Overall, these results suggest that Asfl and
H3K56ac may regulate RNA Pol I transcription and the
processing of the nascent rRNA to promote rRNA
biogenesis.

To address if H3K56ac contributes directly to rTDNA
transcription, we integrated 6XHA and 9XMyc epitope
tags at the endogenous ASFI and RPAI90 (catalytic
subunit of RNA polymerase I) chromosomal loci and
used WCE from these strains to perform coimm-
unoprecipitation  analysis. Immunoprecipitation  of
Rpal90 readily coprecipitated Asfl suggesting that Asfl
physically associates with the RNA Pol 1 complex
(Figure 6A). Furthermore, ChIP analysis with a—HA
antibodies demonstrated significant Asfl  binding
(~3-fold) to the rDNA promoter suggesting Asfl is re-
cruited to the rDNA (Figure 6B). We next introduced
an asf14 into the Rpal90-9XMyc strain and determined
what effect this mutation had on RNA Pol I levels at the
rDNA. Consistent with the presence of Asfl and
H3K56ac on the rDNA, asfiA or the H3K56A mutation
led to decreased RNA Pol I engagement throughout the
rDNA (Figure 6C and D), which was not due to lower
Rpal90 protein levels in these mutants (Supplementary
Figure S4a). These results directly implicate the
H3KS56ac pathway in RNA Pol I transcription and
suggest that the increase in nascent, ITSl-containing
rRNA is unlikely due to increased rRNA synthesis by
RNA Pol I but instead due to decreased cotranscriptional
rRNA processing at the A, cleavage site.

The role of histones in rDNA chromatin structure is
somewhat controversial because traditional nucleosomes
may not form on the highly transcribed rDNA (53).
Instead, nucleosomes may be replaced by the incorpor-
ation of the high mobility group protein Hmol that
forms a specialized rDNA chromatin structure required
for high level rDNA transcription and rRNA processing
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independent experiments are shown. (D) H3KS56ac is significantly reduced in WT cells upon rapamycin treatment. WT cells were grown to log phase
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are indicated. The data are the average and standard deviation of three or more independent experiments. **P < 0.05; ***P < (0.01; ****P < (.005.

(50,53). However, studies using a yeast strain containing
only 42 rDNA copies, all of which are transcriptionally
active, clearly detected histones on the rDNA (54), sug-
gesting that histones do contribute to rDNA chromatin.
Furthermore, multiple factors involved in chromatin regu-
lation are recruited to transcribed rDNA (54,55) suggest-
ing that modifying chromatin is an important step in
rDNA transcription. Since we detected H3K 56ac on the

rDNA and defects in H3K56ac caused increased levels of
non-processed ITSI-containing rRNA but decreased
RNA Pol I engagement, we speculated that this histone
mark may contribute directly to the formation of the
specialized rDNA chromatin structure necessary for
RNA Pol I transcription and rRNA processing. To
address this issue, we engineered a 6XHA epitope tag at
the HMOI! genomic locus in histone H3 wild-type
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and H3K56A mutant strains, confirmed Hmol expression
was equivalent between strains (Supplementary Figure
S4b) and performed o—HA ChIP. In the H3KS56A
mutant, we detected a significant reduction of Hmol
incorporation at the rDNA compared to the wild-type
H3 strain (Figure 7A). These data are consistent with
the possibility that H3K 56ac regulates rDNA chromatin
structure. However, the decreased Hmol incorporation in
H3KS56A was not sufficient to result in reduced 18S or 25S
rRNA levels as observed in imolA (Figure 5A and B), nor
could it explain the defect in rRNA processing since
hmolA mutants did not accumulate ITSI-containing
rRNA (Figure 5A). To address these specific points, we
next examined whether H3K 56ac was necessary for SSU
processome rDNA binding since the SSU processome
regulates both RNA Pol 1 transcription and
cotranscriptional processing of the nascent rRNA at the
A, cleavage site in ITS1 (56,57). We integrated a 6XHA
epitope at the UTP9 (a SSU processome subunit) (56)
genomic locus, confirmed the mutation did not alter
Utp9 protein levels (Supplementary Figure 4b) and then
determined if its recruitment to the rDNA in H3K56A was
altered. While we detected strong enrichment of
Utp9 throughout the rDNA region in histone H3
wild-type cells, the H3K56A mutant exhibited reduced
Utp9 binding along the entire length of the rDNA
(Figure 7B), thus demonstrating a crucial role for
H3K56ac in SSU processome rDNA binding.

These results suggested that the rapamycin sensitivity
detected in H3K 56ac pathway mutants may be due to a
disruption in RNA Pol I transcription and rRNA process-
ing. To determine if increasing rDNA transcription could
mitigate some of the rapamycin phenotypes in these
mutants, we transformed wild-type, torid, tco894, asf1A
and hmolA cells with either a control vector or a vector
expressing the rDNA from a galactose-inducible promoter
(Gal-rDNA) which is transcribed by RNA Pol II instead
of RNA Pol I. In this system, growth of cells on galactose
disconnects rDNA transcriptional regulation from its
normal upstream signaling pathways (i.e. TOR). We
plated cells on YPGalactose plates in the presence or
absence of a reduced rapamycin (1nM for the TORCI
mutants and 10nM for asfI4 and hmolA) concentration
to allow significant growth of these mutants as they all
exhibit enhanced rapamycin sensitivity (Figure 1).
Surprisingly, while all samples grew on YPGalactose
plates, we found that increasing rDNA transcription in
tco894 sensitized these cells to exceptionally low
rapamycin concentrations (1nM) compared to vector
controls (Figure 7C) suggesting that deregulated rDNA
transcription in TORCI mutants is growth inhibitory.
This effect did not occur in for/A which is most likely
explained by the presence of the redundant Tor2 kinase.
Interestingly, similar experiments with asf/4 and hmolA
also sensitized these mutants to rapamycin, albeit at a
10-fold higher concentration of drug than that used for
tco894. Although Hmol controls transcription of
TORCI-regulated genes, in these experiments the asfl4
mutant exhibited far greater sensitivity to deregulated
rDNA transcription, and to rapamycin in general, than
did hmolA. These results suggest increasing expression

of rRNA in cells deficient for chromatin pathways
contributing to rDNA transcription and rRNA processing
can sensitize cells even further to rapamycin-induced
TORCI inhibition. These results implicate the H3K 56ac
pathway as a regulator of the specialized rDNA chromatin
environment necessary for optimal rDNA transcription
and rRNA processing in part by controlling both Hmol
and SSU processome binding. These data also suggest the
H3K56ac pathway may function to coordinate TORCI
signaling with correct rRNA expression and processing
necessary to promote an optimal cell growth response to
nutrient availability.

DISCUSSION

The signaling mechanisms that transmit environmental in-
formation to regulate chromatin structure and elicit
changes in gene transcription and chromatin states are
poorly understood but critical as they may impact
gene-environment interactions and epigenetic processes
(1). We have utilized the TORC1 pathway to begin iden-
tifying mechanisms by which environmental (i.e. nutrient)
signals influence chromatin regulation and gene transcrip-
tion. Our rapamycin screens determined that
TORCI-regulated cell growth requires the H3K56ac
pathway and its disruption sensitizes cells to rapamycin-
induced growth inhibition. Furthermore, genetic disrup-
tion of TORCI (#c0o894) or nutrient-dependent TORCI
activators (ego34), or pharmacological inhibition of
TORCI in wild-type cells (rapamycin treatment), nega-
tively regulates global H3K56ac thus implicating active
TORCI signaling in the control of this chromatin modi-
fication pathway. Tco89 provides an essential function
within TORCI1 for H3K56ac regulation since neither a
hyperactive TORC1 mutant nor a TORCI-independent
Sch9 mutant rescued H3K 56ac. However, the exact mech-
anism by which Tco89 regulates H3K 56ac remains to be
determined. Our results demonstrating that H3K 56ac is
rescued in 7co894 when the Sirtuin deacetylases Hst3 or
Hst4 are deleted suggest one possible mechanism could be
that TORCI1 signaling negatively regulates the activity of
these enzymes. In the absence of normal TORCI signal-
ing, as in tco894, these deacetylases may be more active
and thus reduce the steady-state levels of H3KS56ac
(outlined in Figure 7D). This regulation could be direct
through TORC1-dependent modification of these enzymes
or indirect through TORCI regulation of metabolism
since these deacetylases are regulated by cellular metabolic
state (58). Another possibility could be that TORCI
directly phosphorylates H3K56ac regulators to control
H3K56ac and Tco89 provides an essential role in sub-
strate recognition. To our knowledge, phosphorylation
of yeast Asfl or Rttl09 has not been demonstrated,
although Asfl in animal cells is phosphorylated
by Tousled-like kinases (59) suggesting that H3K56ac
may be regulated by upstream kinases in yeast as well.
Because Tco89 is a newly identified TORCI1 subunit
(60), its functions within the complex are largely
unknown and so how it functions in TORCI signaling,
and in particular H3K56ac regulation, will need to be
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Figure 7. H3KS56ac regulates rDNA chromatin and rDNA transcriptional deregulation sensitizes cells to rapamycin in asf/4. (A) Hmol rDNA
binding is reduced in H3K56A mutants. a-HA ChIP was performed at the rDNA with no tag control, histone H3 wild-type and H3KS6A mutants
expressing Hmol-6XHA. The no tag control and H3K56A signals were expressed relative to the histone H3 wild-type signal. The average and
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SSU processome subunit Utp9 as a 6XHA fusion in the histone H3 wild-type or H3K56A background. Data are the average and standard deviation
of four independent experiments with significance determined by #-test. **P < 0.05; ***P < 0.01. (C) Deregulation of rDNA transcription in tco894,
asflA and hmolA mutants sensitizes cells to TORCI inhibition. Wild-type or the indicated mutants were transformed with control vector or a vector
expressing the rDNA from a galactose-inducible promoter. Cultures were grown in SC-Ura media overnight to select for plasmid maintenance and
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incubated at 30°C for 3-6 days before photographing. (D) A speculative model for the role of H3K56ac in nutrient regulated TORCI signaling.
TORCI signaling may regulate histone H3K56ac on a non-chromatin bound pool of histone H3 and/or at a subset of genomic locations in part, but
not necessarily exclusively, through suppression of Hst3 or Hst4 activity. At the rDNA specifically, the H3K 56ac pathway is required for creating an
optimal chromatin environment that allows binding of both Hmol and the SSU processome to promote the high level RNA Pol I transcription and
rRNA processing necessary for cell growth and proliferation.

determined in future studies. Regardless of the specific
mechanisms involved, TORCI1 regulated H3K 56ac likely
impacts many aspects of genome regulation since this
histone modification functions in transcription, DNA
repair and replication.

Surprisingly, tco894 alone failed to decrease H3K 56ac
on the TORC1-regulated rDNA. This effect is most likely
explained by the retention in fco894 cells of enough
TORCl-signaling activity to maintain TDNA H3KS56ac
and normal rRNA synthesis. Our results demonstrating
that an inhibitory concentration of rapamycin could sig-
nificantly decrease H3K56ac on the rDNA further
supports this idea. The observation of the slight synthetic
sick phenotype in the 7co894 asfiA double mutant, also
detected by other groups (39,40), further suggests there is

likely significant, but not necessarily complete, overlap
between TORC1 and H3K56ac in regulating cell growth.
This overlap would be consistent with the biochemical
data demonstrating a significant reduction, but not
complete ablation, of H3KS56ac in TORCI pathway
mutants. Our analysis of the housekeeping genes ACT]
and TUBI suggest that TORC1 disruption may have dif-
ferential impacts on H3KS56ac that are gene specific.
Whether H3K 56ac is decreased elsewhere in the genome
in TORC1 mutants, especially on other TORCI regulated
genes, will need to be determined in future studies. Our
results due provide evidence that the H3K 56ac pathway
contributes directly to rDNA transcription since Asfl
coassociates with RNA Pol I, both Asfl and H3K56ac
localize to the rDNA, and their disruption significantly
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decreases RNA Pol I levels. These results are in contrast to
a previous study that did not detect Asfl recruitment to
the rDNA (61), which may reflect that the rDNA ChIP
signal from the epitope-tagged Asfl IP in this study was
normalized to an internal control genomic region but a
similar no-tag control was not performed. While we
normalized our Asfl ChIP signal to a control genomic
region as well, we also compared Asfl enrichment to a
no tag control strain analyzed identically to confirm
specific enrichment. Most importantly, our study
provides several lines of independent evidence that the
H3K56ac pathway functions directly in RNA Pol 1
transcription.

Besides affecting RNA Pol I levels on the rDNA, we
also provide direct evidence that H3K56ac is critical for
rDNA binding by Hmol and so it likely participates in
forming the specialized rDNA chromatin structure neces-
sary for high level RNA Pol I transcription. The rDNA
determinants necessary for mediating Hmol incorpor-
ation are not defined so our data implicating H3K56ac
in this process provides new insight into rDNA transcrip-
tional mechanisms and the chromatin pathways essential
for Hmol rDNA binding. Exactly how H3K56ac regu-
lates Hmol incorporation is still not clear but is the
subject of ongoing investigation. One possibility is that
histone H3, perhaps within the tetrasome or other
sub-nucleosomal particle, blocks access to the DNA and
prevents Hmol binding. H3K 56ac could then facilitate the
disruption of histone H3-DNA contacts (22) that would
allow greater fluidity for histone repositioning or eviction
that permits Hmol binding. While we demonstrate
H3K56ac is crucial for Hmol incorporation and RNA
Pol I transcription, we do not detect significant alterations
in 18S or 25S rRNA expression in H3KS56ac pathway
mutants, unlike the decrease in 18S and 25S rRNAs
detected in hmolA. These results suggest that the
amount of Hmol bound in the H3K56A mutant is suffi-
cient to maintain steady-state rRNA levels. This result is
not surprising given that we did not detect significant
changes in rRNA expression in the wuaf304 mutant
which is known to significantly decrease RNA Pol 1
rDNA binding (52). Yeast cells can adjust their rates of
rRNA synthesis such that cells containing only 42 rDNA
repeats express equivalent levels of rRNA as control cells
carrying a normal repeat (~143) number (62). Therefore,
the H3K56ac pathway mutants likely maintain normal
rRNA expression by either increasing the number of tran-
scriptionally active rDNA repeats or altering the turnover
of the rRNAs at a post-transcriptional level.

rRNA cotranscriptional processing by the SSU
processome occurs in the ITSI sequence at the A,
cleavage site and SSU processome defects cause accumu-
lation of non-processed rRNAs (56,57). A sub-complex of
SSU processome components, the t-Utps, are also essen-
tial for RNA Pol I transcription as depletion of t-Utps
reduces the number of RNA Pol I complexes engaged
on the rDNA and decreases rRINA synthesis (56). How
the SSU processome is recruited to the rDNA has yet to
be determined but is known to be independent of RNA
Pol I transcription (56). Our data implicate H3K56ac as a
critical histone post-translational modification pathway

necessary for SSU processome rDNA binding, since a
H3K56A mutation results in decreased SSU processome
recruitment across the rDNA. These data also explain why
H3KS56ac pathway mutants have elevated levels of
ITS1-containing rRNA since decreased SSU processome
binding presumably leads to decreased cotranscriptional
rRNA processing within ITS1. However, whether the
lower SSU processome association in H3K56A mutants
also causes the reduction in rDNA-bound RNA Pol I
remains to be determined. A previous study demonstrated
that hmolA mutants also accumulate non-processed
rRNAs (50) suggesting that the specialized chromatin
state existing at the rDNA is essential for correct
rRNA processing. Although we only detected increased
ITS1-containing rRNAs in H3K56ac pathway mutants
and not hmolA, it is important to point out that
this previous study examined different regions of the
primary rRNA transcript in hmolA cells than we have
analyzed.

We also demonstrate that deregulating rDNA transcrip-
tion in rco894, asflA and hmolA mutants significantly
sensitizes cells to growth inhibition by lower rapamycin
concentrations. While these results were unexpected
they are not unprecedented. Two previous studies
demonstrated that uncoupling rDNA transcription from
its regulation by nutrient-signaling pathways (i.e. TORC1)
causes cells to become significantly rapamycin hypersensi-
tive (63,64). Although the exact mechanisms underlying
this effect are unknown, one explanation could be that
TORCI1 signaling also controls the expression of
non-ribosomal factors essential for ribosome biogenesis,
such as genes of the Ribi regulon which may also
include rRNA processing factors like the SSU pro-
cessome (65). As such, when pathways essential for SSU
processome recruitment are compromised, such as
H3K56ac, non-processed rRNAs accumulate. Under
these conditions, forcing rDNA transcription using an in-
ducible, RNA Pol II transcribed rDNA may generate high
levels of non-processed rRNAs that cause significant
ribotoxic stress in the cells, perhaps through the formation
of non-functional ribosomal sub-complexes. This explan-
ation could also account for why hmolA were not as
sensitized as asfIA under these same conditions. Since
hmolA did not increase ITS1-containing rRNAs and had
significantly lower levels of 18S and 25S rRNAs, the
galactose-induced increase in rRNA likely could be
compensated by the processing factors already expressed
in these cells.

Overall, our studies demonstrate that nutrient signaling
through TORCI regulates global H3K56ac and that this
histone modification regulates rDNA transcription and
rRNA processing by the SSU processome. To our know-
ledge this is both the first demonstration that TORCI sig-
naling regulates the occurrence of a specific histone
post-translational modification and that a single site of
histone post-translational modification can control
rDNA transcription and correct rRNA processing.
These results implicate the chromatin environment as a
regulator of the post-transcriptional rRNA processing
necessary for TORC1-regulated cell growth.
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