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Histone modifications occur in precise patterns and are proposed to signal the recruitment of effector
molecules that profoundly impact chromatin structure, gene regulation, and cell cycle events. The linked
modifications serine 10 phosphorylation and lysine 14 acetylation on histone H3 (H3S10phK14ac), modifica-
tions conserved from Saccharomyces cerevisiae to humans, are crucial for transcriptional activation of many
genes. However, the mechanism of H3S10phK14ac involvement in these processes is unclear. To shed light on
the role of this dual modification, we utilized H3 peptide affinity assays to identify H3S10phK14ac-interacting
proteins. We found that the interaction of the known phospho-binding 14-3-3 proteins with H3 is dependent on
the presence of both of these marks, not just phosphorylation alone. This is true of mammalian 14-3-3 proteins
as well as the yeast homologues Bmh1 and Bmh2. The importance of acetylation in this interaction is also seen
in vivo, where K14 acetylation is required for optimal Bmhl recruitment to the GALI promoter during

transcriptional activation.

Chromatin plays an important role not only in DNA pack-
aging but also in regulating cell cycle progression and gene
expression. The core histones are subject to a wide variety of
posttranslational modifications that include lysine acetylation,
lysine and arginine methylation, serine and threonine phos-
phorylation, ubiquitination, sumoylation, and ADP-ribosyla-
tion (reviewed in references 4, 18, and 26). The signal these
modifications put forth can be read at the level of a singular
modification as well as in the context of unique patterns of
multiple modifications. It has been proposed that the different
combinations of modification patterns are recognized and read
by specific effector molecules that carry out the precise down-
stream function encoded (reviewed in references 13, 14, 17, 18,
26, and 34). The roles of these posttranslational modifications
in the regulation of disparate cellular events have been the
subject of intense investigation and are becoming increasingly
clear. Moreover, specific domains in effector molecules that
recognize acetylated and methylated histones have been and
continue to be identified (reviewed in reference 18). Very little
is known, however, about the involvement of some modifica-
tions, such as phosphorylation, in cellular processes, and do-
mains that read the phosphorylation signal remain elusive.

Phosphorylation of serine 10 on histone H3 (H3S10ph) is
involved in transcriptional activation, chromatin condensation,
and mitotic progression (28, 30). During interphase, H3S10ph
affects only a subset of genes, those that are transcriptionally
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activated. Mitogens stimulate H3S10ph within immediate-
early response genes by the kinases Msk1l and Msk2 (mitogen-
and stress-activated kinases 1 and 2) (36) in a time course
consistent with the expression of these genes. In addition,
H3S10ph has been shown to increase during activation of cyclic
AMP-dependent protein kinase A responsive genes (10), and
cytokines are known to trigger inflammatory responses that
lead to H3S10ph at NF-kB-regulated promoters by the IkB
kinase a (3, 51). In addition to the kinases described above, our
previous research has identified the well-studied transcription-
ally linked kinase Snfl as an H3S10 kinase in Saccharomyces
cerevisiae (20, 21).

Interestingly, H3S10ph has been linked to another modifi-
cation, lysine 14 acetylation (K14ac) on the same histone tail,
and the doubly modified H3S10phK14ac tail is important for
transcriptional activation of several genes. Our work in Sac-
charomyces cerevisiae has found a mechanistic linkage between
the two modifications at the INOI gene where H3S10ph pre-
cedes and promotes Kl14ac on histone H3 (H3K14ac) (9, 20,
21). The histone kinase and histone acetyltransferase pair in
these studies was Snfl and GenS, respectively. However, this
does not appear to be the case for other genes, such as GALI,
where H3Kl14ac exists prior to H3S10ph (22). Nevertheless,
both of these modifications are essential for complete tran-
scriptional activation of these genes (20, 21, 22). This pattern
also occurs in mammals during proto-oncogene induction in-
volving the Msk1 and Rsk2 kinases (7, 33) as well as during
beta interferon activation (1). However, during these pathways
of induction, it is not entirely clear whether these modifications
work in concert with one another or are uncoupled in estab-
lishing complete transcriptional activation (8, 37).

Many phospho-specific binding domains have been identi-
fied for nonhistone proteins, such as WW, FHA, WD40, LRR,
Polo box, SH2, PTB, BRCT, and 14-3-3 (38, 49, 50). 14-3-3 is
a family of well-characterized phospho-Ser/Thr-binding pro-
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TABLE 1. Peptides used in this study

Peptide Amino acid sequence”

H3 (unmodified) ....c.coevveucunee ARTKQTARKSTGGKAPRKQLASK
AAR-C

H3S10ph....ccoiiiiiiiiiicee ARTKQTARK(pS)TGGKAPRKQLA
SKAAR-C

H3K9acS10ph.......cccoceeuiucuneeee ARTKQTAR(Kac)(pS)TGGKAPRKQ
LASKAAR-C

H3K9acS10phK14ac................. ARTKQTAR(Kac)(pS)TGG(Kac)AP
RKQLASKAAR-C

H3S10phKl4ac.......cccccceueuueneeee ARTKQTARK(pS)TGG(Kac)APRKQ
LASKAAR-C

H3K14ac......ccooveiiiiiiicnnnnee ARTKQTARKSTGG(Kac)APRKQL
ASKAAR-C

H4 (unmodified) ....c.coevcucunnee SGRGKGGKGLGKGGAKRHR-C

HA4S1ph (pS)GRGKGGKGLGKGGAKRHR-C

“ The C-terminal cysteine is indicated by -C at the right end of the sequence.
pS, phosphorylated serine; Kac, lysine (K) acetylation.

teins that function as adaptors/chaperones (48). These approx-
imately 30-kDa acidic proteins form homo- and heterodimers
and bind to other proteins to alter their conformation, enzy-
matic activity, interaction with other proteins, or intracellular
localization (47). 14-3-3 proteins are highly conserved from
yeast to mammals (32, 44) and are even interchangeable
among species (40, 42). In mammals, there are at least seven
14-3-3 isoforms, and they are known to interact with over 200
proteins (reviewed in reference 2). S. cerevisiae has only two
isoforms, Bmh1 and Bmh2, which are most closely related to
mammalian 14-3-3¢ (39, 41). Deletion of either of the BMH
genes alone has little effect on the cell (43). Disruption of both
genes, however, results in lethality for most laboratory strains
(15, 40). The double deletion is known to be viable only in the
3,1278b strain background, and this results in severe growth
phenotypes and increased sensitivity to a variety of stresses
(31).

It has long been established that 14-3-3 proteins bind to
chromatin-modifying proteins and transcriptional regulators,
such as histone acetyltransferase 1 (16), histone deacetylases
(5), p53 (45), and TATA-binding protein (29). They have also
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been found to bind to histones (6, 25), although it was not
previously known whether any specific histone modification
promoted 14-3-3 binding. During the course of our studies,
another group reported that 14-3-3 binds to H3S10ph and that
this binding occurs during gene activation in mammalian cells
(24). However, this analysis did not report increased relative
binding to the dual modification H3S10phK14ac as we show
here, nor was there an examination of the binding in S. cerevi-
siae, which, as we describe here, allows for examination of
binding to the combinatorial modification pattern in vivo. Our
results demonstrate a novel feature of an effector molecule in
that 14-3-3 proteins are able to specifically recognize a dual
modification pattern apparently within a single domain in 14-
3-3.

MATERIALS AND METHODS

Peptides. The amino acid sequences of the histone peptides are listed in Table
1. These were synthesized by several sources: Abgent (San Diego, CA), Open
Biosystems (Huntsville, AL), and the Baylor College of Medicine Protein Chem-
istry Core (Houston, TX). Peptides were attached to SulfoLink coupling gel
(Pierce, Rockford, IL) via the C-terminal cysteine at a concentration of 1 mg/ml
per the manufacturer’s recommendation.

Peptide affinity pull-down assays. HeLa cell nuclear extract was prepared as
described previously (12), diluted to 4 mg/ml in IPH buffer (50 mM Tris [pH §],
150 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40 [vol/vol]) as described previ-
ously (52), and precleared with an equal volume of cysteine-blocked, peptide-
free SulfoLink coupling gel. Sodium butyrate (Sigma-Aldrich, St. Louis, MO)
was added to a final concentration of 250 mM, and phosphatase inhibitor cocktail
was added per the manufacturer’s recommendation (Sigma-Aldrich, St. Louis,
MO). Affinity assays were performed by incubating 5 to 10 pg of immobilized
peptide with 0.6 to 1.2 mg of nuclear extract for 1.5 h on a rotator at 4°C. Resin
was washed five times in 1 ml IPH300 buffer (containing 300 mM NaCl [final
concentration]) and boiled in sodium dodecyl sulfate (SDS) sample buffer, and
proteins were resolved on Tris-glycine gels (Invitrogen, Carlsbad, CA) and de-
tected by Silver Stain Plus (Bio-Rad, Hercules, CA) or colloidal blue staining
(Invitrogen, Carlsbad, CA). Yeast whole-cell extract (WCE) was prepared from
cells grown to mid-log phase. Strains used in this study are listed in Table 2.
Pellets were washed once in EB350 (40 mM HEPES [pH 7.5], 350 mM NaCl,
00.1% Tween 20, and 10% glycerol), resuspended in 1 ml EB350 containing
sodium butyrate and phosphatase inhibitors as described above, and lysed with a
mini bead beater three times for 1.25 min each time with 2-min rest intervals on
ice between pulses. The lysate was separated from beads and cleared by centrif-
ugation at 4°C for 15 min at 12,000 rpm. Affinity assays were performed as

TABLE 2. S. cerevisiae strains used in this study

Strain Genotype Reofrerse(::lcrecgs)

LPYS8056 mata his3A200 leu2Al ura3-52 trpl A63 lys2-128 hitl-hhfA::LEU2 hht2-hhf2::HIS3 pRM204 [HHT2-HHF2- 20, 21, 22
CEN-TRPI]

LPYS8058 mata his3A200 leu2Al ura3-52 trpl A63 lys2-128 htt1-hhfA::LEU2 hht2-hhf2::HIS3 pRM204 [HHT2(S10A4)- 20, 21, 22
HHF2-CEN-TRPI]

WWY75 mata his3A200 leu2Al ura3-52 trpl A63 lys2-128 httl-hhfA::LEU2 hht2-hhf2::HIS3 pRM204 [HHT2(KI14R)- This study
HHF2-CEN-TRPI]

WWY76 mata his3A200 leu2Al ura3-52 trp1 A63 lys2-128d hitl-hhfA::LEU2 hht2-hhf2::HIS3 pRM204 This study
[HHT2(S10AKI4R)-HHF2-CEN-TRPI]

YKI155 mata his3A200 leu2Al ura3-52 trpl A63 lys2-128d hit]l-hhfA::LEU2 hht2-hhf2::HIS3 pRM204 [FLAG- This study
HHT2-HHF2-CEN-TRPI]

DBY111 mata his3A200 leu2Al ura3-52 trpl A63 lys2-128d hitl-hhfA::LEU2 hht2-hhf2::HIS3 pRM204 [FLAG- This study
HHT2(K14R)-HHF2-CEN-TRPI]

WWYS5 mata his3A200 leu2Al ura3-52 trpl A63 lys2-128d httl-hhfA::LEU2 hht2-hhf2::HIS3 pRM204 [HHT2- This study
HHF2-CEN-TRP1] three-FLAG-Bmhl kanMX6

WWY69 mata his3A200 leu2Al ura3-52 trpl A63 lys2-128d httl-hhfA::LEU2 hht2-hhf2::HIS3 pDM9 [HHTI-HHFI- This study
CEN-URA3] three-HA-Bmhl kanMX6

RRY1217 MATa bmhl::HIS3 bmh2::HIS3 ura3-52 his3 leu2 trpl 31

10560-4a MATa ura3-52 leu2 trpl his3 31
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described above except that 1 to 2 mg of WCE was incubated with the peptide
resin. Recombinant protein (0.5 to 1.0 ug) was diluted in IPH or EB containing
the indicated NaCl concentration and incubated with peptide resin and analyzed
as described above. Mass spectrometry was performed by the proteomics facility
at The Wistar Institute (Philadelphia, PA).

Western blots and antibodies. Affinity assays were performed as described
above, but proteins resolved by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) were transferred to nitrocellulose and probed with the following anti-
bodies: anti-14-3-3¢ (T-16; Santa Cruz Biotechnology, Santa Cruz, CA), anti-
Hsp70 (Hsp72; Stressgen, Ann Arbor, MI), anti-FLAG M2-peroxidase
(conjugated to horseradish peroxidase) (Sigma-Aldrich, St. Louis, MO), anti-
body to glutathione S-transferase (anti-GST) (Upstate/Millipore, Charlottesville,
VA), and antihemagglutinin (anti-HA) conjugated to horseradish peroxidase
(clone 3F10; Roche, Indianapolis, IN).

Yeast strains. S. cerevisiae strains used in this study are described in Table 2.
C-terminal epitope tagging of endogenous proteins was performed as described
previously (23). Following selection on appropriate media, correct integration
was tested by PCR of genomic DNA, and tagged proteins were also immuno-
precipitated and analyzed by Western blotting. Strains containing histone muta-
tions were created as described previously (20, 21, 22).

Plasmids and recombinant proteins. The BMHI and BMH?2 genes were ampli-
fied from wild-type (IPY36 background) yeast genomic DNA using the following
primers: for BMHI, 5'-GGAATTCATATGATGTCAACCAGTCGTGAAGAT-3'
and 5'-CGCGGATCCTTACTTTGGTGCTTCACCTTCG-3'; and for BMH2, 5'-
GGAATTCATATGATGTCCCAAACTCGTGAAGA-3" and 5'-CGCGGATCC
TTATTTGGTTGGTTCACCTTG-3'.

PCR products were digested with Ndel and BamHI (New England Biolabs,
Ipswich, MA) and cloned into pET28a+ vector (Novagen, San Diego, CA)
digested with the same enzymes. Recombinant protein was expressed in Esche-
richia coli BL21(DE3) cells (Stratagene, La Jolla, CA), purified using Ni**-
nitrilotriacetic acid agarose resin (Qiagen, Valencia, CA) per the manufacturer’s
recommendations, and concentrated to 12 mg/ml. Recombinant GST-tagged
human 14-3-3¢ was purchased from Biomol (Plymouth Meeting, PA). In addi-
tion, BMH2 was amplified using the primers 5'-CGCGGATCCATGTCCCAA
ACTCGTGAAGAT-3" and 5'-CCGGAATTCTTATTTGGTTGGTTCACCTT
G-3'. The PCR product was digested with BamHI and EcoRI (New England
Biolabs, Ipswich, MA) and cloned into the pGEX-4T-1 vector (GE Healthcare,
Piscataway, NJ) digested with the same enzymes. The protein was expressed in E.
coli BL21(DE3) cells and purified using glutathione Sepharose resin (GE
Healthcare, Piscataway, NJ) per the manufacturer’s recommendations.

Affinity assay with GST-Bmh2. About 10 mg WCE prepared from S. cerevisiae
strains YKI155 and DBY111 as described above was incubated with 10 pg of
glutathione Sepharose-immobilized GST-Bmh?2 for 3 h on a rotator at 4°C. Resin
was washed five times for 5 min each time in EB350 containing sodium butyrate
and phosphatase inhibitors and analyzed as described above.

ITC studies. All isothermal titration calorimetry (ITC) measurements were
carried out using a MicroCal VP-ITC isothermal titration calorimeter (MicroCal,
Inc.). Bmhl was dialyzed against phosphate-buffered saline (PBS) at 4°C over-
night and diluted to a final concentration of 90 wM, and the H3S10ph and
H3S10phK14ac peptides (Abgent) were resuspended to 3.0 mM in the resultant
dialysis buffer. About 1.4 ml of Bmh1 protein was added into the sample cell, and
about 300 wl of the peptides was loaded into the injection syringe with the
desired dilution. For each titration experiment, a 300-second delay at the start of
the experiment was followed by selected number of injections (at 300-second
intervals), with the sample cell stirred at 270 rpm throughout and maintained at
25°C. For titrations in PBS buffer, H3 peptides were titrated into Bmh1 at 2.4
mM with 42 injections (5 wl/each). In another round of titrations, NaCl was
added to both protein and peptide solutions to a final concentration of 500 mM,
and peptides were titrated at 2.4 mM with 56 injections (5 wl/each). Titration
data were analyzed using the Origin 5.0 software supplied by MicroCal, Inc., and
data sets were corrected for baseline heats of dilutions from control runs as
appropriate. The corrected data were then fit to a theoretical titration curve
describing one binding site per titrant. The area under each peak of the resultant
heat profile was integrated and plotted against the molar ratio of Bmh1 to H3
peptide. A nonlinear best-fit binding isotherm for the data was used to calculate
Bmh1/H3 peptide stoichiometry, dissociation constant, and standard enthalpy
change. Other details are similar to those previously described (35).

ChIP. Chromatin immunoprecipitation (ChIP) was performed based on a
method previously described (27). Cells were grown in 50 ml of yeast extract-
peptone-dextrose (YEPD) to a density of ~1.5 X 107 cells/ml followed by growth
for 2 h in YEP containing 2% raffinose. Galactose was then added to a final
concentration of 2%, and the cells were allowed to grow for a further 3 h before
cross-linking for 30 min by the addition of formaldehyde (1% final concentra-
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tion) (Fisher Chemicals). Cross-linking was stopped by the addition of 2.5 ml of
2.5 M glycine, and cells were harvested and resuspended in 500 pl FA buffer
[0.1% SDS, 1% Triton X-100, 10 mM HEPES, 0.1% deoxycholate, 150 mM
NaCl, 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF), 0.8 pg/ml pep-
statin A, 0.6 pg/ml leupeptin, 1 pl/10 ml Z-Leu-Leu-Leu-Al] following two PBS
washes. Lysis of the yeast cells was performed by grinding with acid-washed glass
beads. Fixed chromatin was sonicated using a bioruptor (Cosmo Bio) for 30 min
at 3°C (1-min pulses with 20-second intervals) to a fragment size of less than 500
bp. Immunoprecipitations were performed using 200 wl of the sonicated chro-
matin solution and 3 pl anti-Bmh1 (kind gift from Paul van Heusden), 3 wl
anti-histone H3 overnight at 4°C with rotation. Purification of the immunopre-
cipitated protein/DNA complexes was achieved by adding 40 pl of 50% slurry
protein A-Sepharose beads (CL-4B Amersham) for a minimum of 90 min.
Following binding, beads were washed with TSE-150/500 (1% Triton X-100,
0.1% SDS, 2 mM EDTA, 20 mM Tris HCI [pH 8.0], 150/500 mM NacCl), LiCl
wash (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris HCI
[pH 8.0]) and Tris-EDTA. Elution of bound protein/DNA was achieved by
30-min incubation with 100 pl elution buffer (1% SDS, 0.1 M NaHCO3) pre-
warmed to 65°C. DNA was uncross-linked for a minimum of 6 h by incubation at
65°C followed by ethanol precipitation. All samples were treated with RNase A
and proteinase K (Roche) prior to purification with QIAquick PCR purification
columns (Qiagen). DNA was quantified using real-time PCR with the Rotor-
gene-3000 system (Corbett Robotics). PCR was performed using Sensimix
(Quantance SYBR green) and the following primers: for GALI, 5'-GAACGA
GAAAAATCCATCCA-3" and 5'-CAAACCTTTCCGGTGCAAGT-3'; and for
METI6, 5 -GCCAGCAAAGGTATCAACCC-3' and 5'-GCGTTTCCAGCTTG
ATTAGT-3'. Quantitation of the DNA was calculated on the basis of a standard
curve generated from serially diluted sonicated yeast genomic DNA. The percent
input was calculated from three replicates of immunoprecipitation (IP), control
IP (no antibody), and input DNA using the following calculation: [(2 IP signals/
IP samples) — (2 no-antibody signals/% no-antibody samples)]/(2 input signals/>
input samples). Binding of anti-Bmh1 was normalized by taking a ratio of Bmh1
percent input/histone H3 percent input).

Northern blotting. Induction of GALI was performed as described above for
ChIP. Extraction of RNA was performed using hot phenol extraction. Cells were
resuspended in 400 pl TES (10 mM Tris HCI [pH 7.5], 5 mM EDTA [pH 8.0],
1% SDS) followed by the addition of an equivalent volume of acid phenol (pH
4.5) (Qbiogene) and incubated for 1 h at 65°C with shaking. RNA was purified
by phenol-chloroform treatment and ethanol precipitated. Northern blotting was
performed using standard technique and a probe that spanned the coding region
from —401 to +1573 relative to the ATG.

RESULTS

14-3-3 binds to H3 specifically with the pattern S10phK14ac.
With the aim of gaining insight into the role of the linked
modifications H3S10phK14ac in transcriptional activation, we
performed peptide affinity assays to identify effector molecules
that recognize these marks in combination. Peptides corre-
sponding to the N-terminal tail of H3 histones were synthe-
sized such that they contained no modifications, a single mod-
ification (H3S10ph or H3K14ac), or both modifications on the
same tail (H3S10phK14ac). In addition, H4 peptides (unmod-
ified and Slph) were synthesized for use as a control, and a
C-terminal cysteine was incorporated into all peptides for cou-
pling onto SulfoLink (Pierce) resin (Table 1).

Peptide-linked resin was incubated in the presence of HeLa
cell nuclear extract for 1.5 h, washed extensively with buffer
containing 300 mM NaCl, resuspended in SDS-PAGE loading
buffer, and boiled. Resolution of the bound proteins was
achieved by SDS-PAGE, and silver staining revealed that a
group of proteins around 30 kDa in size specifically bound to
the H3 tail peptides in a pattern-specific manner. This binding
was not detectable with the unmodified peptides or in the
presence of either single modification but was observed only
when both modifications occurred together (Fig. 1A).

In order to identify these proteins, the binding reaction was
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FIG. 1. 14-3-3 proteins bind specifically to H3S10phK14ac pep-
tides. (A) Proteins bound to differentially modified or unmodified
(unmod) H3 and H4 peptides after incubation with HeLa cell nuclear
extract, washing in the presence of 300 mM NacCl, resolution by SDS-
PAGE (16% gel), and silver staining. (B) Proteins bound and resolved
as described above for panel A but visualized by colloidal blue staining.
Bands analyzed by mass spectrometry are indicated by asterisks.
(C) Western blot (WB) of proteins bound to peptides as described
above for panel A using an antibody against 14-3-3e (a-14-3-3¢).
(D) Western blot analysis of proteins bound to peptides as described
above for panel A (except with resolution on 8% gel) with antibody
against Hsp70 (a-HSP70). The numbers to the left of the gels are the
sizes (in kilodaltons) of the proteins.

scaled up, and the corresponding bands were subjected to
digestion and mass spectrometry (Fig. 1B). The proteins were
identified as the 14-3-3 family proteins, specifically, the «, B, €,
v, and ¢ isoforms. The presence of 14-3-3¢ was confirmed by
Western blotting (Fig. 1C). In order to confirm that there were
equal loads in the lanes, we additionally probed for Hsp70. We
had previously identified Hsp70 as a H3-binding protein that is
not dependent on the modifications studied in this assay (data
not shown), and therefore, the Western blot with antibody
against Hsp70 confirms comparable loads of peptides and in-
put proteins for each H3-bound sample (Fig. 1D).

Yeast 14-3-3 homologues Bmh1l and Bmh2 bind to H3S10
phK14ac. There are two 14-3-3 homologues in S. cerevisiae, the
major isoform Bmhl and the minor isoform Bmh2. Given that
Bmh1 and Bmh2 are most closely related to the human 14-3-3¢
isoform (39, 41), the fact that human 14-3-3¢ bound specifically to
H3S10phK14ac prompted us to test whether the yeast proteins
also exhibited this pattern-specific recognition of the H3 tail. As
described for the human nuclear extract above, yeast WCE was
incubated with peptide-linked resin and washed extensively with
buffer containing 350 mM NaCl. Bound proteins were analyzed
by SDS-PAGE and silver staining (Fig. 2A). Once again, proteins
around 30 kDa in size were detected in the sample containing the
phosphoacetylated H3S10phK14ac peptide. This binding was spe-
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FIG. 2. Yeast 14-3-3 proteins also bind specifically to the phos-
phoacetylated H3 peptide. (A) Proteins bound to modified or unmod-
ified (unmod) H3 and H4 peptides after incubation with yeast whole-
cell extract (WCE), washing in the presence of 350 mM NaCl,
resolution by SDS-PAGE (4 to 12% gel), and silver staining. (B) (Left)
Western blot (WB) of bound proteins as described above for panel A,
but incubating with WCE containing three-FLAG-tagged Bmh1 and
probing with antibody against FLAG epitope (a-FLAG). Proteins
were resolved on a 16% gel. (Right) Anti-FLAG Western blot of input
WCE and anti-FLAG IP. Proteins were resolved on a 4 to 20% gel.
(C) Purified, glutathione Sepharose-immobilized GST-Bmh2 resolved
on 4 to 12% gel and stained with colloidal blue. Lane M, molecular size
standards. (D) (Top) Western blot analysis using anti-FLAG antibody
(a-FLAG) to detect FLAG-tagged H3 in input and proteins bound to
GST-Bmh2 after incubation in the presence of WCE derived from
strains containing wild-type and K14R H3, washing at 350 mM NaCl,
and resolution by SDS-PAGE (4 to 12% gel). (Bottom) The same blot
was probed with anti-GST antibody (a-GST) to detect GST-Bmh2 as
a loading control. The numbers to the sides of the gels are the sizes (in
kilodaltons) of the proteins.

cific to the dual-modified H3 peptide, as the proteins did not bind
to the unmodified H3 peptide or to the singly modified H3 pep-
tides containing S10ph or Kl4ac. Moreover, this binding was
specific to H3; no binding was visualized in the presence of the
unmodified H4 peptide or even in the presence of the phosphor-
ylated H4 peptide H4S1ph. Once again, the samples were scaled
up, and the bound proteins were identified by mass spectrometry
to be the 14-3-3 family proteins (Bmhl and Bmh2 [data not
shown]).

To investigate whether Bmh1 was bound to the phosphoacety-
lated peptide, we incubated peptide-linked resin in the presence
of yeast WCE containing C-terminally three-FLAG-tagged Bmhl
(Fig. 2B, right panel) and extensively washed the resin in buffer
containing 350 mM NaCl as before. Western blot analysis with
antibody against the FLAG epitope revealed that Bmh1 was in-
deed specifically interacting with the H3S10phKl4ac peptide
(Fig. 2B, left panel).

Given that 14-3-3 proteins are known to interact with phos-
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phorylated proteins, it is not surprising that H3S10ph facili-
tates interaction with the histone. Intriguingly, K14ac appeared
to be equally important for this interaction to survive the
stringent washes used in this technique. We wondered whether
this could be an artifact of using immobilized peptides and thus
examined whether this interaction could still occur in the re-
verse situation where the 14-3-3 protein was immobilized and
the histones were free in solution. The advantage of using yeast
as a model system to study the role of histone modifications is
that strains can be generated in which the only copy of a
specific histone gene is mutated at one or more defined resi-
dues. This allows us to substitute certain amino acids which are
modified with residues that cannot be modified but maintain a
charge similar to the original amino acid. Thus, we can rigor-
ously investigate the importance of this posttranslational mod-
ification in a specific process. We took advantage of this tech-
nique to determine whether H3K14ac was truly important for
binding of the yeast 14-3-3 proteins. We engineered a strain in
which H3K14 was mutated to arginine (H3K14R). A single
N-terminal FLAG epitope tag was also incorporated into the
H3 gene. We then performed an affinity assay using purified
GST-Bmh2 immobilized on glutathione resin (Fig. 2C) and
yeast WCE from strains containing wild-type H3 or H3K14R.
We focused on the K14R substitution, since this was the key
difference from the previous study, and the clear novel predic-
tion is that the single substitution should lower binding of
14-3-3 proteins (24). The resin was washed extensively with
buffer containing 350 mM NacCl, and the binding proteins were
resolved by SDS-PAGE and transferred to nitrocellulose.
Western blot analysis with anti-GST antibody confirmed that
equal amounts of GST-Bmh2 were used for the assay (Fig. 2D,
bottom panel), and then the same blot was probed with anti-
FLAG antibody to detect H3 (Fig. 2D, top right panel). We
found that Bmh2 had an increased affinity for wild-type H3,
which contained intact K14, compared to H3K14R where K14
could not be acetylated. The amounts of H3 in these two
samples were similar (Fig. 2D, input, top left panel), indicating
that acetylation of K14 is indeed required for the interaction of
14-3-3 proteins with H3.

14-3-3 binding is direct and increased by acetylation. We
then sought to determine whether binding of 14-3-3 family
proteins to modified H3 was direct or whether other accessory
proteins were necessary for this interaction. For this, we per-
formed binding reactions with peptide-linked resin and six-
His-tagged Bmh1 or Bmh2 purified from bacteria followed by
extensive washing with high-ionic-strength buffer containing
500 mM NaCl. After SDS-PAGE and silver staining, it was
determined that both yeast 14-3-3 isoforms bind directly to the
phosphoacetylated H3 tail peptide (Fig. 3A and B). Binding
was not detected for the singly modified H3 peptide S10ph or
K14ac, the unmodified H3 peptide, and control unmodified H4
or H4S1ph peptide.

Recently, it was reported that 14-3-3 interacts with H3 when
S10 is phosphorylated and that acetylation of K9 and K14 on
the same histone tail does not interfere with this interaction
(24). Our results do lend support to this observation, except
that we could not detect binding of 14-3-3 to H3S10ph in the
absence of Kl4ac. Our binding experiments were performed
using very stringent conditions with binding and/or washing
steps performed in buffers containing 300 mM (or more) NaCl.
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FIG. 3. Recombinant Bmhl and Bmh2 directly bind to H3S10
phK14ac peptides and also bind to H3S10ph peptides at lower ionic
strength. (A) Bmh1 bound to H3 and H4 peptide resin after washing in
the presence of 500 mM NaCl, resolution by SDS-PAGE (4 to 12% gel),
and silver staining. unmod, unmodified. (B) Bmh2 bound to resin as
described above for panel A. (C) Bmh1 bound to H3 and H4 peptide resin
after binding and washing in the presence of 150 mM NaCl, resolution by
SDS-PAGE (4 to 12% gel), and silver staining. (D) Flowthrough (FT)
fractions of unbound Bmhl from the binding experiment in panel C.
(E) Bmh2 bound to resin after washing at 150 mM NaCl as described
above for panel A. The numbers to the left of the gels are the sizes (in
kilodaltons) of the proteins.

Note that the direct binding experiments with Bmh1 and Bmh2
were analyzed at 500 mM NacCl. This suggested that the inter-
action between the yeast 14-3-3 proteins and H3S10phK14ac
was stable enough to survive extensive washing at higher ionic
strength, whereas the potential interaction with H3S10ph may
not survive under these conditions. Thus, we tested this hy-
pothesis by decreasing the ionic strength of the binding and
washing buffers to enable this potentially weaker interaction to
persist. Indeed, when binding of purified Bmh1 or Bmh?2 to the
immobilized peptides was examined at 150 mM NaCl, we could
detect interaction of the 14-3-3 proteins with the singly modi-
fied H3S10ph peptide (Fig. 3C and E, respectively). Notably,
though, the interaction with the doubly modified H3S10phK14ac
peptide still appeared to be stronger. This is not only obvious in
the bound material (Fig. 3C and 4D) but also evident in the
flowthrough fractions (Fig. 3D for Bmhl, data not shown for
Bmh?2, and Fig. 4E for 14-3-3).
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FIG. 4. The influence of H3K9ac on Bmh1 binding is less than that
of H3K14ac. (A) (Top) Western blot (WB) of proteins bound to
modified or unmodified (unmod) H3 and H4 peptides after incubation
with yeast WCE containing three-HA-tagged Bmh1, washing in the
presence of 350 mM NaCl, resolution by SDS-PAGE (4 to 20% gel),
transferring to nitrocellulose, and probing with antibody against HA
epitope (a-HA). (Bottom) Anti-HA Western blot of input WCE and
anti-HA IP (4 to 12% gel). (B) Silver-stained gel of bound proteins
from the same samples as in the experiment in panel A (4 to 20% gel).
Lane M, molecular size standards. (C) Recombinant GST-tagged hu-
man 14-3-3e bound to peptide resin after washing in the presence of
500 mM NaCl, resolution by SDS-PAGE (4 to 12% gel), and silver
staining. (D) 14-3-3¢ bound to peptide resin after washing in the
presence of 150 mM NaCl, resolution by SDS-PAGE (4 to 12% gel),
and silver staining. (E) Flowthrough (FT) fractions of unbound 14-3-3¢
from the binding experiment in panel D (4 to 12% gel). The numbers
to the left of the gels are the molecular sizes (in kilodaltons) of the
proteins.

Given that acetylation of H3K14 was enhancing the relative
interaction of the 14-3-3 proteins with H3S10ph, we decided to
examine the influence of another known site of acetylation,
H3KO9. Here, we incubated yeast WCE containing C-terminally
HA-tagged Bmh1 with peptide-linked resin (Fig. 4A, bottom
panel), and this time we included the H3K9acS10ph peptide
modified twice and the H3K9acS10phK14ac peptide modified
three times in the analysis. The binding of Bmh1 to the H3 tail
peptides in the presence or absence of modifications was mon-
itored by Western blotting with antibody against the HA
epitope (Fig. 4A). A silver-stained gel of the bound material is
included here as a loading control (Fig. 4B [note that the Bmhl
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binding can be detected in the stained gel]). Once again, the
Bmbhl interaction with H3 showed a strong preference for the
linked S10phK14ac modifications over S10ph alone (Fig. 4A).
Interestingly, K9ac did lead to some increase in Bmh1 binding
in combination with S10ph, but this interaction was not as
strong as that of S10phK14ac, suggesting that the K14ac plays
a more important role in regulating the interaction of 14-3-3
proteins with H3 in the presence of S10ph.

We further investigated the direct binding of purified GST-
tagged human 14-3-3¢ to H3S10ph in the presence of K14ac or
K9ac (Fig. 4C). As expected, at 500 mM NacCl, 14-3-3 bound
strongly to H3S10phK14ac, while the binding to S10ph alone
was minimal. Similar to the result with yeast WCE, the inter-
action of 14-3-3¢ was increased in the presence of K9ac, but the
strength of this binding was not as great as with the double
modification S10phK14ac. Even at lower ionic strength, the
influence of K9ac on the increase of this interaction is not as
prominent as that of Kl4ac. This is seen in both the bound
protein (Fig. 4D) and is also evident in the flowthrough frac-
tions (Fig. 4E). Again, this indicated that K14 is likely to be the
main acetylation site involved in recruiting 14-3-3 to the his-
tone tail in vivo.

As mentioned earlier, a previous report indicated that acet-
ylation did not enhance binding of 14-3-3 to H3S10ph (24).
Surface plasmon resonance and ITC were employed to show
that the binding constants for the H3S10ph and phosphoacety-
lated (H3K9acS10phK14ac) peptides with 14-3-3 were similar
(24). Indeed, as described above, at 150 mM NaCl, we could
detect 14-3-3 binding to H3S10ph in our peptide affinity assays,
but in our assay, the binding did not appear to be as strong as
that seen for H3S10phK14ac. Moreover, at 500 mM NacCl, the
interaction with the single modified H3S10ph peptide was un-
detectable.

We decided to investigate this further using ITC to more
quantitatively measure the affinity of Bmhl1 for the H3S10ph
and H3S10phKl4ac peptides (Fig. 5). We carried out these
studies with Bmh1 protein in the reaction vessel and titrated
with the respective peptide. We initially carried out these stud-
ies in PBS buffer (150 mM NaCl) and observed similar disso-
ciation constants of Bmhl for both peptides (24 uM for
H3S10ph and 26 pM for H3S10phK14ac, respectively). These
dissociation constraints are slightly lower than those that had
been reported in the earlier study for human 14-3-3 proteins
binding to the same peptide substrates with 250 mM salt (78
pM and 92 uM, respectively) (24). We next carried out anal-
ogous ITC studies at an increased NaCl concentration of 500
mM and found that at this higher salt concentration that there
was a clear Bmhl binding preference for the dually modi-
fied peptide substrate. Specifically, while the dual-modified
H3S10phK14ac peptide still retains a well measured dissocia-
tion constant with Bmh1 protein (281 wM), the interaction of
the single modified H3S10ph peptide is not detectable under
the same conditions. Taken together, the ITC studies pre-
sented here demonstrates that under certain conditions Bmhl
has a clear preference for the dual H3S10phK14ac mark over
the single H3S10ph mark.

H3K14ac is crucial in recruitment of Bmhl to the GALI
promoter. Our finding that H3K14ac leads to increased bind-
ing of 14-3-3 proteins with H3 compared to H3S10ph alone
under stringent high-salt conditions in vitro prompted us to
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FIG. 5. Isothermal titration calorimetry of Bmh1 binding to histone H3 peptides with different modifications. For each panel (A to D), the top
panel shows the raw data for injections of the peptide into the Bmhl solution as described in Materials and Methods; the lower section shows the
integrated heats of injections, where panels A and B depict S10p binding at 150 mM and 500 mM NaCl, respectively, and panels C and D depict
S10pK14ac binding at 150 mM and 500 mM NaCl, respectively. At the bottom of the figure, thermodynamic parameters involved in interaction
of Bmh1 with modified histone H3 peptides are shown. The single binding site constant K, and the heat of binding AH were used as fitting
parameters in analysis of these data with the MicroCal software. The free energy and entropy changes for binding were then calculated by using
the following relationships: AG = —RT In K, and AG = AH — TAS, respectively, where R is the gas constant, 7"is temperature, and AS is the change
in substrate concentration. In each case, parameters are reported with associated errors of the fit. The large error rate in S10Pho (500 mM NaCl)
titration (indicated by an asterisk) shows that the binding is too weak to be detected.

investigate the effect of H3K14ac on Bmh1 recruitment in vivo. transcriptional activation of GALI in yeast (22). Thus, we
A previous report suggested that 14-3-3 is recruited to the decided to examine whether Bmh1 and Bmh2 played a role in
S10ph-regulated promoters c-fos and c-jun during transcrip- transcriptional activation of this well-characterized gene.

tional activation in mammalian cells (24). We previously re- We first analyzed whether Bmh1 and Bmh?2 are required to

ported that both H3S10ph and H3K14ac were required for full achieve optimal transcriptional activation of the GALI gene.
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FIG. 6. Yeast 14-3-3 proteins are required for optimal GAL! tran-
scriptional activation in vivo, and H3K14ac plays a major role in regulat-
ing Bmhl recruitment to GAL! during transcription. (A) Northern blot
analysis of GALI and control 18S RNA levels in wild-type and bmhl
bmh?2 double deletion strains after growth in the presence of galactose to
induce GAL transcription. (B) ChIP of Bmh1 in wild-type (WT) H3 and
H3 mutant strains S10A, SI0AK14R, and K14R. Recruitment of Bmhl1 to
the GALI and MET16 promoters were analyzed by real-time PCR with
primers specific for the 5’ regions of the genes. Signals are normalized for
immunoprecipitation recovery and calculated as a percentage of total IP
material. The Bmh1 signal is shown normalized to H3 levels in the same
chromatin sample at the GALI promoter. (C) Western blot analysis of
Bmhl and Bmh2 myc epitope-tagged proteins in the H3 substitution
strains (wild type, S10A, SI0AK14R, and K14R), normalized to histone
H3 levels.

While single BMH gene deletions are viable, double deletions
are generally lethal (15, 40, 43). However, the double bmhl
bmh2 deletion is viable in the 21278b strain background (31).
Thus, we used this double deletion strain, RRY1217, to ana-
lyze the influence of Bmh1 and Bmh2 on GAL! transcriptional
activation. Northern blot analysis revealed that, in the pres-
ence of galactose, the level of GALI transcription in the dou-
ble deletion strain is only about one-third to one-fifth that of
the wild-type strain (Fig. 6A). 18S RNA levels serve as a
loading control. These levels are similar to the defects we
previously observed in GAL]I transcription in the histone sub-
stitution strains (22). Thus, Bmhl and Bmh2 play a role in
transcriptional activation of GALI.

We then investigated whether Bmhl is recruited to the
GALI promoter during galactose induction. In our previous
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studies, we determined that both H3S10ph and H3K14ac exist
at the GALI promoter during transcriptional activation (22).
Thus, if Bmhl is important for transcriptional activation of
this gene and if it interacts with the dual modification
(H3S10phK14ac), it would be predicted to be recruited to this
promoter upon galactose induction. To test this hypothesis, we
again took advantage of histone mutation strains, reasoning
that, if each modification in the dual pattern S10phK14ac is
involved, then recruitment should be lowered by each single
substitution mutant and by the double substitution mutant—
indeed, that the single substitutions should lower recruitment
is the important prediction of a dual modification pattern.
Thus, we looked for the presence of Bmhl at the GALI pro-
moter in wild-type H3, the double H3 mutant SI0AK14R, and
single H3 mutant S10A and K14R strains. ChIP as performed
using antibodies against Bmh1, and PCR primers specific to
the 5’ region of the GALI open reading frame were used to
analyze Bmhl recruitment to this location of the gene (Fig.
6B). The Bmhl1 signal was normalized against H3 levels. The
levels of Bmhl and Bmh2 are not lowered in the histone
substitution strains (Fig. 6C). We found that Bmhl recruit-
ment increases more than 10-fold going from repressing con-
ditions (glucose) to activating conditions (galactose). Impor-
tantly, Bmhl recruitment is decreased by about 75% in the
H3S10AK14R strain compared to the wild-type H3 strain (Fig.
6B). Remarkably, the majority of this decreased recruitment
was caused by the lack of K14ac rather than S10ph, as judged
by recruitment levels in the single H3 K14R and S10A mutants
(Fig. 6B). Bmhl levels were reduced by about 75% in the
H3K14R strain and less than 50% in the H3S10A strain com-
pared to the wild type. MET16 was used as a negative-control
locus, since it is not induced in galactose-containing media; we
found no recruitment of Bmh1 to MET16 and no change in the
histone substitution strains (Fig. 6B). These results suggest
that, in vivo, Kl14ac is more important than S10ph for Bmhl
recruitment to GAL! during transcriptional activation.

DISCUSSION

This study was designed to identify proteins that specifically
recognize the histone modification pattern H3S10phKl14ac.
Histone peptide affinity assays were performed under very
stringent conditions (washing the peptide resin in buffer con-
taining 300 to 500 mM NacCl) with the intention of distinguish-
ing stably interacting proteins. Here, we identified known
phospho-binding 14-3-3 proteins as H3 tail-binding molecules.
By this technique, it was clear that 14-3-3 preferentially binds
to H3 peptides that are not only phosphorylated on S10 but are
also acetylated on K14 (Fig. 1 and 2). Both of these modifica-
tions are necessary for the interaction to survive higher-ionic-
strength washes, as no binding is detected for the singly mod-
ified peptides, H3S10ph or H3K14ac, under these conditions.
This is true for both mammalian 14-3-3 proteins as well as the
yeast homologues Bmh1 and Bmh2. Moreover, in the reverse
scenario where full-length histones were employed to analyze
binding to immobilized Bmh2, the K14R mutant H3, which
lacks acetylation at K14, is unable to bind to Bmh2 (Fig. 2D).
This suggests that, indeed, H3K14ac is required for the inter-
action between 14-3-3 and H3, and not just S10ph alone.

This result was somewhat surprising because during the
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course of this study, another group reported that 14-3-3 bound
to H3S10ph alone (24). Careful analysis of this work, however,
revealed that a singly modified H3S10ph peptide was not em-
ployed in this group’s peptide affinity assay to directly compare
the single modification to the dual modification pattern with
K9ac or K14ac. Nevertheless, the previous analysis did include
the singly modified S10ph peptide in surface plasmon reso-
nance and ITC analyses (techniques performed at less-strin-
gent, lower-ionic-strength conditions than those used in our
experiments) and found that 14-3-3 had similar affinities for H3
peptides which were modified once by S10ph or modified three
times by K9acS10phK14ac. We felt that direct comparison of
the binding of 14-3-3 proteins with single and dual modifica-
tions under various salt conditions in vitro, combined with in
vivo analyses possible in yeast, would help resolve the different
findings.

We employed salt titration studies to our direct binding
experiments (Fig. 3 and 4C to E) and found that 14-3-3 pro-
teins could bind to the singly modified H3S10ph at lower ionic
strength (150 mM NaCl). While the peptide affinity assays
suggested that the 14-3-3 proteins still slightly preferred the
interaction with the phosphoacetylated peptide over the phos-
phorylated peptide, our ITC results argued that Bmhl had
equal affinity for the two peptides at lower ionic strength (Fig.
5). This latter result could be partially explained, however, by
nonspecific interactions between the 14-3-3 protein and the
peptide which are removed by extensive washing in the peptide
affinity assays. Indeed, at higher ionic strength, while the over-
all levels of binding decreased, the ITC results showed a clear
relative preference for the interaction with the doubly modi-
fied H3S10phK14ac tail peptide over the S10ph peptide. It
might also be argued that high-ionic-strength buffers in these
analyses are not physiologically relevant to test the true nature
of an interaction that occurs in vivo. Thus, it is possible that
under these in vitro conditions, the higher concentration of salt
ions would favor hydrophobic interactions (K14ac) and desta-
bilize hydrophilic interactions (S10ph) in an artificial manner.
Since the “true” ionic strength or microenvironment within the
cell where this interaction occurs is unknown, we reasoned that
the physiological relevance of interactions between specific
histone modifications and their interacting proteins should be
investigated in vivo.

We used yeast as a model system to study the role of this
combinatorial H3S10phK14ac histone modification pattern on
Bmbhl recruitment to GALI during transcriptional activation
where both of these modifications are known to exist (22). We
generated histone H3 mutation strains in which the only copy
of the H3 gene was altered such that S10ph could not occur
(S10A), K14ac could not occur (K14R), or neither modifica-
tion could occur (S10AK14R). ChIP analysis revealed that
both modifications are important for bringing Bmhl to the
GALI gene (Fig. 6B), i.e., there is a reduction in Bmhl re-
cruitment in both the SI0A and KI14R mutant strains com-
pared to the wild-type strain where both modifications could
occur. In fact, H3K14ac appears to be more important in the
recruitment of Bmhl1 than S10ph, as the K14R mutant dis-
played a 75% reduction in Bmh1 recruitment compared to less
than 50% decrease for the S10A strain. Thus, in vivo, both
K14ac and S10ph on H3 appear to be important for interaction
of 14-3-3 proteins with the histone tail.
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Our study provides evidence for the role of a histone modifi-
cation pattern in recruitment of a specific effector protein during
transcriptional activation. We note that, while our manuscript was
under revision, another study was published which arrives at es-
sentially the same conclusion, i.e., that 14-3-3 recognizes a dual
modification pattern of phosphoacetylation on histone H3 (46).
Previous investigations of tandem bromodomains or studies with
multiple chromodomains have shown that they can recognize two
identical modifications. For example, interaction of Brd4 with
mitotic chromatin requires multiple sites of acetylation and both
of its bromodomains (11). Moreover, in Arabidopsis, ITC studies
indicated that two chromodomains of the CHROMOMETHYL-
ASE3 (CMT3) DNA methyltransferase directly associated with
the doubly methylated histone tail of H3. This interaction oc-
curred only when H3 was simultaneously methylated at both the
H3 lysine 9 and 27 positions, suggesting that productive binding
resulted from cooperation between subunits (19). However, to
our knowledge, our finding that a combinatorial pattern of two
dissimilar modifications is involved in recruitment of one protein
is unique. The existence of other combinatorial modification pat-
terns within histone proteins suggests that this may be of general
importance in genomic regulation.
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