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from their initial interactions with the monomer
state (fig. S6). These data suggest that chaperone
binding does not discriminate between folded
and misfolded RNA states per se but that gua-
nosine nucleotides are ultimately arranged in
the final structure in such a way that chaperone
binding (or inosine substitution) does not overly
destabilize the final RNA structure. In this way,
a guanosine-centric mechanism for RNA chap-
erone function is analogous to the mechanism of
some chaperones that facilitate protein folding
that destabilizes interactions involving hydropho-
bic amino acid residues (27). In these cases, both
RNA and protein chaperones simply interact with
residues especially prone to forming stable in-
termediate and non-native states.
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A Histone Acetylation Switch
Regulates H2A.Z Deposition by the
SWR-C Remodeling Enzyme

Shinya Watanabe,* Marta Radman-Livaja,? Oliver ]. Rando,? Craig L. Peterson*

The histone variant H2A.Z plays key roles in gene expression, DNA repair, and centromere
function. H2A.Z deposition is controlled by SWR-C chromatin remodeling enzymes that catalyze
the nucleosomal exchange of canonical H2A with H2A.Z. Here we report that acetylation of
histone H3 on lysine 56 (H3-K56Ac) alters the substrate specificity of SWR-C, leading to
promiscuous dimer exchange in which either H2A.Z or H2A can be exchanged from nucleosomes.
This result was confirmed in vivo, where genome-wide analysis demonstrated widespread
decreases in H2A.Z levels in yeast mutants with hyperacetylated H3K56. Our work also suggests
that a conserved SWR-C subunit may function as a “lock” that prevents removal of H2A.Z

from nucleosomes. Our study identifies a histone modification that regulates a chromatin
remodeling reaction and provides insights into how histone variants and nucleosome turnover

can be controlled by chromatin regulators.

within nucleosomes that flank promoters

of genes transcribed by RNA polymerase
I1, as well as nucleosomes that flank chromatin
boundary elements, centromeres, and replication
origins (/-3). These nucleosomes also exhibit
rapid, replication-independent turnover, which is
thought to function in erasing histone marks, pre-
venting the spread of chromatin states, and en-
suring general plasticity of the epigenome (4, 5).
H2A.Z appears to enhance rapid turnover of pro-

The H2A.Z histone variant is typically found
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moter proximal nucleosomes in yeast (4), and
nucleosomes subject to rapid turnover kinetics
are also enriched for histone H3 acetylated at
lysine 56 (H3-K56Ac) (6). H3-K56Ac is also re-
quired for enhanced turnover of promoter nu-
cleosomes (6, 7). Recent work indicates that
vertebrate gene promoters are also enriched in
nucleosomes harboring both H2A.Z and H3-
K56Ac, suggesting a conserved regulatory re-
lationship (2, 8, 9). How they cooperate in this
process, though, is not clear.

To test whether nucleosomes that harbor both
H2A.Z and H3-K56Ac are inherently unstable,
recombinant yeast mononucleosomes were im-
mobilized on streptavidin beads, and nucleosome
stability was monitored after exposure to in-
creasing salt concentration (fig. S1). Nucleo-
somes were reconstituted with either H2A/H2B

or H2A.Z/H2B dimers, and with histone H3 that
contained either a lysine at position 56 or a glu-
tamine residue to mimic acetylation (H3-K56Q).
H3-K56Q had no detectable effect on the sta-
bility of the H2A/H2B dimer—H3/H4 tetramer
interaction (fig. S1, top panels) (10, 11). By con-
trast, incorporation of H2A.Z led to a decreased
salt stability of both H3 and H3-K56Q mono-
nucleosomes (fig. S1, bottom left panel) (/2).
However, the combination of H2A.Z and H3-
K56Q did not further decrease stability (fig. S1,
bottom right panel), indicating that this H3 mod-
ification does not itself contribute to marked in-
stability of nucleosomes.

The conserved SWR-C chromatin remodel-
ing enzyme controls H2A.Z deposition in yeast
(13, 14), and so we next tested whether H3-
K56Ac might regulate its histone exchange ac-
tivity. Recombinant yeast H2A mononucleosomes
that harbored either H3-K56 or H3-K56Q were
incubated with purified SWR-C, recombinant
H2A.Z/H2B dimers, and adenosine 5 -triphosphate
(ATP), and then histone exchange was quanti-
fied by a Western blot assay, probing for different
epitope-tagged, H2A histones. The integrity of the
mononucleosome was analyzed by both Western
blotting for H3 and by visualizing DNA (Fig. 1).
SWR-C catalyzed robust deposition of H2A.Z
when incubated with the wild-type H2A nucleo-
somes (/4). By contrast, nearly 80% less H2A.Z
was deposited by SWR-C when incubated with
the H3-K56Q substrate (Fig. 1A and fig. S2).

SWR-C—catalyzed dimer exchange involves at
least two coupled steps—ATP-dependent evic-
tion of the H2A/H2B dimer from the nucleo-
some, followed by deposition of H2A.Z/H2B
(15). We predicted that H3-K56Ac might facil-
itate both the forward and reverse reactions and
might display altered substrate specificity more
like that of the related INO80 enzyme (/6). We
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incubated SWR-C with H2A.Z nucleosomes, ATP,
and H2A/H2B dimers and found that SWR-C
had no effect on the histone composition of the
wild-type H2A.Z nucleosome, as expected (Fig.
1B) (14, 16). By contrast, SWR-C showed robust
eviction of nucleosomal H2A.Z when the nu-
cleosome harbored H3-K56Q (Fig. 1B and fig.
S3). Furthermore, SWR-C catalyzed the ATP-
dependent incorporation of H2A when incubated
with the H2A.Z/H3-K56Q mononucleosome
(Fig. 1B). H2A.Z exchange was efficient, with
nearly 30% H2A replacement (Fig. 1C). H3-K56Q
also stimulated a low level of H2A.Z exchange
in the absence of SWR-C, indicating that this
modification may poise the H2A.Z nucleosome
for exchange events (Fig. 1B), perhaps due to
enhanced breathing of nucleosomal DNA (/7).
Robust H2A.Z exchange reaction was dependent
on the concentration of SWR-C (fig. S3), ATP,
and the time of incubation (fig. S4). H3-K56Q
also enhanced the H2A.Z replacement activity of
the related INO8O enzyme (Fig. 1B and fig. S5).
These effects of H3-K56Q were not due to al-
terations in the nucleosome binding affinity of
the SWR-C or INO80 enzymes (fig. S6). We fur-

ther examined whether the alterations in SWR-C
could also be observed with bona fide H3-K56Ac
mononucleosomes (fig. S7) that were incubated
with SWR-C in the presence of H2A/H2B dimers
(Fig. 1D and fig. S8). SWR-C catalyzed the ATP-
dependent incorporation of H2A, similar to our
results with an H2A.Z nucleosome harboring
H3-K56Q.

The substrate specificity of the SWR-C dimer-
exchange reaction is reflected by the adenosine
triphosphatase (ATPase) properties of SWR-C, as
an H2A nucleosome, but not an H2A.Z nucleo-
some, stimulates the ATPase activity of SWR-C
(15). Because ATP-dependent remodeling en-
zymes are DNA-stimulated ATPases, these results
suggest that SWR-C productively interacts only
with the nucleosomal DNA of an H2A nucleo-
some, consistent with the dimer exchange spec-
ificity of SWR-C. To determine if H3-K56Q alters
the ATPase properties of SWR-C, ATPase assays
were performed with wild-type and H3-K56Q
nucleosomes. The ATPase activity of SWR-C was
stimulated by an H2A nucleosome, but no stim-
ulation was observed with the H2A.Z nucleo-
some (Fig. 2A). The addition of free H2A.Z/H2B
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Fig. 1. H3-K56Q alters the substrate specificity of SWR-C dimer ex-
—_— change. (A) Incorporation of H2A.Z by SWR-C on H3-K56Q nucleosomes.

Relative H2A/H3 ratio 0.01 003 027 0.03 0.08

0.01
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dimers led to a further stimulation (/5). By con-
trast, nucleosomal incorporation of H3-K56Q led
to equal ATPase stimulation by both the H2A and
H2A.Z nucleosomes, and addition of free dimers
had no effect (Fig. 2B).

The Swc2p subunit of SWR-C binds to H2A.Z,
and Swe2p is required for deposition of H2A.Z
in vitro (/7) and in vivo (/3), suggesting that
Swc2p functions during the H2A.Z deposition
step of the dimer-exchange reaction, presum-
ably by binding and delivering H2A.Z (17). We
hypothesized that Swc2p might also function
at the end of the reaction cycle, functioning as a
molecular “lock” that binds to H2A.Z and pre-
vents SWR-C from removing the newly incor-
porated H2A.Z.

SWR-C was purified from a swc2A strain,
yielding a SWR-C that lacks the Swc2p and
Swe3p subunits and was depleted for Arp6 and
Swecb (fig. S9). The Swc2A subcomplex was un-
able to deposit H2A.Z into an H2A nucleosome
(fig. S10) (17), but it catalyzed the ATP-dependent
eviction of H2A.Z and promoted H2A incorpo-
ration (Fig. 2C). Thus, the activity of the Swc2A
subcomplex shows similarity to that of SWR-C

Dimer-exchange assay performed with SWR-C (1 to 5 nM), HA-H2A.Z/H2B
dimers (50 nM), and H2A/H3WT or H2A/H3-K56Q nucleosomes (100 nM)

with 1 mM ATP. H2A.Z/H3 ratios were normalized to lane 4. (B) SWR-C incor-
porates H2A into H2A.Z /H3-K56Q nucleosomes and H3-K56Q stimulates dimer-exchange activity of INO80. Dimer-exchange assay performed with
5 nM SWR-C or 1 nM INO8O, FLAG-H2A/H2B dimers (50 nM), and HA-H2A.Z/H3WT or HA-H2A.Z/H3-K56Q nucleosomes (100 nM) with (+) or without (=)
1 mM ATP. Each H2A/H3 ratio was normalized to lane 10. (C) SWR-C—mediated deposition of H2A quantified by quantitative western blotting (LI-COR).
Dimer-exchange assays performed with 10 nM SWR-C, FLAG-H2A/H2B dimer and NAP1 (200 nM), and HA-H2A.Z/H3WT or HA-H2A.Z /H3-K56Q nucleosomes
(100 nM) with or without 1 mM ATP. (D) H3K56Ac stimulates H2A deposition by SWR-C. Dimer-exchange assay performed with SWR-C (5 nM), ATP (1 mM),
FLAG-H2A/H2B dimers (50 nM), and HA-H2A.Z/H3-K56Ac or HA-H2A.Z/H3-K56R-Ac nucleosomes (100 nM) generated by in vitro acetylation with
Rtt109/Vps75 acetyltransferase. EtBr, ethidium bromide.
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with an H3-K56Q nucleosome. The ATPase activ-
ity of the Swc2A subcomplex was stimulated by
an H2A.Z nucleosome, but not an H2A nucleo-
some, the opposite substrates compared to in-
tact SWR-C (Fig. 2D). Thus, the Swc2/3 module
appears to play a key role in substrate specificity,
promoting activity on an H2A nucleosome and
preventing the remodeling of an H2A.Z nucleo-
some. Swc2p binds to the C-terminal domain of
H2A.Z that is near H3-K56 within the nucleo-
some; thus, we propose that H3-K56Ac might
disrupt Swe2p function, allowing SWR-C to act
on a H2A.Z nucleosome. Consistent with this
view, the activity of the Swc2A subcomplex was
not influenced by H3-K56Q (fig. S11).

Our model predicts that constitutive acetyla-
tion of H3-K56 in vivo should promote H2A.Z
exchange, leading to decreased steady-state lev-
els. To test this model, we carried out genome-
wide mapping of H2A.Z in yeast with globally
increased levels of H3K56Ac. For these analy-
ses, yeast strains were used that either express
H3K56Q, or lack the Hst3p and Hstdp deacet-
ylases that target H3-K56Ac (18, 19). In our
wild-type control, we recapitulated the previous-
ly reported localization of H2A.Z (1, 3), with max-
imal enrichment at genic +1 nucleosomes and
more modest enrichment at the —1 nucleosome.
Notably, in both strains carrying globally increased

Fig. 2. Roles for H3-K56Q and Swc2p in mod-
ulating the ATPase cofactor requirements of
SWR-C. (A) Substrate specificity of SWR-C ATPase
activity on H3WT nucleosomes. SWR-C (1 nM) and
0.1 mM ATP was incubated with (+) or without (-)
nucleosomes (15 nM) or free dimers (15 nM). ATPase
assays measured fluorescent change of 7-diethylamino-
3-({[(2-maleimidyl)-ethyllamino}carbonyl)coumarin-
labeled phosphate-binding protein (WDCC-PBP) upon
phosphate binding. Data represent the results from
three independent experiments and error bars re-
flect standard deviations. (B) Substrate specificity
of ATPase activity of SWR-C on H3-K56Q nucleosomes.
As in (A), but nucleosomes harbored H3-K56Q. (C)
The Swc2A subcomplex exchanges H2A.Z with H2A.
The dimer-exchange assay performed with 5 nM
SWR-C WT or Swc2A subcomplex, FLAG-H2A/H2B
dimers (50 nM), and HA-H2A.Z/H3WT nucleosomes
(100 nM) with or without 1 mM ATP. Each H2A/H3 ratio
was normalized to lane 4. EtBr, ethidium bromide.
(D) Substrate specificity of the Swc2A subcomplex.
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H3-K56ac, H2A.Z levels were on average di-
minished at promoters (Fig. 3A). HTZ1 (H2A.Z)
mRNA levels were unchanged in H3-K56Q and
hst3A/hst4A strains (fig. S12). Because Fig. 3A
shows an averaged view over all genes, we also
sought to understand whether this loss of H2A.Z
was universal or specific to a small subset of genes.
As shown in Fig. 3, B and C, H2A.Z was general-
ly lost from +1 nucleosomes—nucleosomes nor-
mally exhibiting modest or minimal enrichment
of H2A.Z (H2A.Z levels in wild type from 0 to 3)
were little affected by global hyperacetylation,
whereas nucleosomes carrying higher amounts
of H2A.Z almost universally lost H2A.Z in strains
harboring constitutive H3-K56Ac (see also fig. S13).
Consistent with the idea that H3K56Ac leads to
SWR-C—dependent H2A.Z replacement, H2A.Z
was lost in hyperacetylation mutants primarily
at genes associated with SWR-C, whereas genes
lacking SWR-C in prior mapping studies (20) were
largely unaffected in these mutants (Fig. 3D and
fig. S13C).

H2A.Z incorporation was also monitored in
wild-type and H3-K56Q strains during the re-
establishment of transcriptional repression at
the PHOS gene. In both the wild-type and H3-
K56Q strains, H3 levels were restored to similar
extents when PHOS5 was repressed; however,
H2A.Z was at least 50% less in the H3-K56Q
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REPORTS I

strain (fig. S14). Finally, we tested whether the
gene expression profiles of an H3-K56Q strain
are similar to that of a strain that lacks H2A.Z.
We observed a significant overlap in gene ex-
pression defects and a positive correlation be-
tween changes in mRNA levels between Atz A
and H3K56Q) strains (Fig. 4). These data are con-
sistent with H3K56Ac modulating SWR-C dimer-
exchange activity in vivo.

A functional connection between histone
modifications and ATP-dependent remodeling
enzymes has long been recognized (27). Here
we find that H3-K56Ac (or H3-K56Q) functions
as a switch that changes the remodeling spec-
ificity of the SWR-C dimer-exchange reaction,
leading to removal of H2A.Z from the nucleo-
somal product. Our data indicate that Swc2p func-
tions to prevent activation of the Swrl ATPase
by an H2A.Z nucleosome, and that it may func-
tion at the end of the reaction cycle to “lock”
H2A.Z and prevent its eviction. Swc2p is con-
served from yeast to human (/7), and YL-1, the
metazoan counterpart of Swc2p, is found in the
Drosophila and human counterparts of SWR-C,
the dTip60 and SRCAP complexes, respective-
ly (22, 23). Thus, it is likely that both the pro-
posed “lock” function of Swc2 and the role of
H3-KS56Ac are conserved in higher eukaryotes.
Our work suggests a model whereby an H3-K56Ac
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averaged for all genes aligned on the basis of their transcriptional start sites
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in WT and hst3A hst4A strains is shown at promoters, showing that genes with
the lowest Swrl levels exhibited lower changes in H2A.Z levels than remaining
genes with moderate to high Swrl levels.
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Fig. 4. Positive correlation of gene expression profiles hetween H3-K56Q and htziA

strains. (A) Scatterplot analysis of change in RNA level measured as the log, of mutant/WT
expression ratio. Gene microarray analysis was conducted in the H3-K56Q and htzIA strains

AmRNA in H3K56Q (log(H3K56Q/WT))

cultured in YPD media at 30°C. R = 0.393. (B) Venn diagrams showing the number of genes

for which RNA levels changed by 1.25-fold in mutants relative to the WT strain. P values were
8 x 107°>* (45% overlap in activated genes) and 9 x 107 (45% overlap in repressed genes).
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nucleosome may be subject to multiple rounds
of SWR-C—catalyzed dimer exchange and such
promiscuous dimer exchange may promote sub-
sequent histone H3/H4 turnover (fig. S15). This
model provides a mechanistic explanation for
how H3-K56Ac and H2A.Z might coordinately
control nucleosome turnover at regulatory regions
(3) by regulating the activity and substrate spe-
cificity of chromatin remodeling enzymes.
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Latency-Associated Degradation of the
MRP1 Drug Transporter During Latent
Human Cytomegalovirus Infection

Michael P. Weekes,'* Shireen Y. L. Tan,** Emma Poole,?* Suzanne Talbot,'* Robin Antrobus,®
Duncan L. Smith,? Christina Montag,* Steven P. Gygi,? John H. Sinclair,? Paul J. Lehner't

The reactivation of latent human cytomegalovirus (HCMV) infection after transplantation is
associated with high morbidity and mortality. In vivo, myeloid cells and their progenitors

are an important site of HCMV latency, whose establishment and/or maintenance require
expression of the viral transcript UL138. Using stable isotope labeling by amino acids in cell
culture—based mass spectrometry, we found a dramatic UL138-mediated loss of cell surface
multidrug resistance—associated protein-1 (MRP1) and the reduction of substrate export by this
transporter. Latency-associated loss of MRP1 and accumulation of the cytotoxic drug vincristine,
an MRP1 substrate, depleted virus from naturally latent CD14" and CD34" progenitors, all of
which are in vivo sites of latency. The UL138-mediated loss of MRP1 provides a marker for
detecting latent HCMV infection and a therapeutic target for eliminating latently infected cells

before transplantation.

uman cytomegalovirus (HCMV) is a ubiq-

uitous beta-herpesvirus that infects 60 to

90% of individuals (7). After primary in-
fection, HCMV establishes a latent infection under
the control of a healthy immune system. Reacti-
vation from viral latency to productive infection
causes serious disease in immunocompromised
individuals, such as transplant recipients and AIDS
patients (/, 2).
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Cells of the myeloid lineage, such as CD34
bone marrow progenitors and CD14" mono-
cytes, are sites of latent HCMV infection (3—5).
The viral genome persists in these cells with
little gene expression and no detectable virus
production (6, 7). Reactivation from latency o-
ccurs upon myeloid differentiation, resulting in
chromatin-mediated activation of the lytic gene
expression cascade, viral DNA replication, and
the production of infectious virions (8). Latent
viral infection is thus required for viral per-
sistence. Establishing how latency is maintained
and how latently infected cells avoid immune
recognition is crucial to understanding how
HCMV persists in vivo. Furthermore, the elimi-
nation of latently infected cells is a key target in
preventing recurrent HCMV infection in im-
munocompromised individuals.

A limited number of viral transcripts have
been identified during natural latency in myeloid
cells (6, 7) and include UL138 (9, 10), which en-

codes a 21-kD transmembrane Golgi-associated
protein (/0). UL138 is expressed with early-late
kinetics during productive HCMV infection (10)
but is also required for efficient latent carriage
in vitro (9, 10). The expression of UL138 during
lytic infection results in increased tumor necrosis
factor receptor 1 (TNFR1) cell surface expression
(11, 12), but little is known about UL138 during
latency.

To address how UL138 affects host cell sur-
face receptor expression during latent HCMV
infection, we used plasma membrane profiling
(PMP) (13), a proteomic technique that employs
stable isotope labeling by amino acids in cell
culture-based differential analysis to compare
the expression of plasma membrane (PM) pro-
teins in the presence and absence of UL138 in
undifferentiated myeloid cells. Of the 592 PM
proteins isolated from the monocytic cell line
(THP-1), only 3 were reproducibly affected more
than twofold (Fig. 1A and tables S1 and S2). Most
notable was multidrug resistance—associated
protein-1 (MRP1) (down-regulated 6.7- to 10.3-
fold in three independent experiments), whereas
Notch-ligand Delta-like protein 1 (DLL1) was
down-regulated 2.1- to 2.6-fold. As expected, cell
surface expression of TNFR1 increased (2.4- to
2.8-fold) (11, 12).

These cell surface changes were confirmed
by cell surface flow cytometry (DLL-1, TNFR1,
and CD36) or intracellular flow cytometry (MRP1),
whereas expression of the control protein (CCR7)
was unaffected (Fig. 1B). UL138 down-regulated
MRPI in all four cell lines tested, including fibro-
blasts (Fig. 1C), HL60-ADR cells, a promyelocytic
leukemia cell line that overexpresses MRP1 (/4),
and HeLa cells (fig. S1).

We focused on MRP1, the most dramatical-
ly down-regulated protein. In the presence of
UL138, not only did MRP1 cell surface expres-
sion decrease but the protein was undetectable
(Fig. 1, C and D). UL138 expression is not re-
stricted to latent HCMYV infection, is detected
6 hours after lytic infection, and accumulates
over 48 hours (/0). We analyzed the temporal
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