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Accessibility of the genome to DNA-binding transcrip-
tion factors is regulated by proteins that control the
acetylation of amino-terminal lysine residues on nucleo-
somal histones. Specifically, histone deacetylase
(HDAC) proteins repress transcription by deacetylating
histones. To date, the only known regulatory mecha-
nism of HDAC1 function is via interaction with associ-
ated proteins. Although the control of HDAC1 function
by protein interaction and recruitment is well prece-
dented, we were interested in exploring HDAC1 regula-
tion by post-translational modification. Human HDAC1
protein was analyzed by ion trap mass spectrometry,
and two phosphorylated serine residues, Ser421 and
Ser423, were unambiguously identified. Loss of phospho-
rylation at Ser421 and Ser423 due to mutation to alanine
or disruption of the casein kinase 2 consensus sequence
directing phosphorylation reduced the enzymatic activ-
ity and complex formation of HDAC1. Deletion of the
highly charged carboxyl-terminal region of HDAC1 also
decreased its deacetylase activity and protein associa-
tions, revealing its requirement in maintaining HDAC1
function. Our results reinforce the importance of pro-
tein associations in modulating HDAC1 function and
provide the first step toward characterizing the role of
post-translational modifications in regulating HDAC ac-
tivity in vivo.

Although 30,000–40,000 genes exist in a human cell, only a
fraction of those genes are transcribed into mRNA and ulti-
mately translated into the encoding protein in any given cell
type (1, 2). Transcription is regulated at many levels to selec-
tively express only those proteins necessary for proper cell
function. Although the role of DNA-binding transcription fac-
tors in controlling gene expression is well established, an ad-
ditional level of regulation has been recently elucidated, the
accessibility of genomic DNA to transcription factors (3).

The genome is tightly packed into chromosomes through
nucleosomal protein-DNA complexes. Each nucleosome con-
tains �200 base pairs of double-stranded DNA wrapped twice
around a histone protein core (4). Although the carboxyl-termi-
nal region of the histones are involved in forming the nucleo-

some core, the amino-terminal, lysine-rich tails are located
outside of the nucleosome core (5). Various studies revealed a
correlation between the acetylation of amino-terminal lysine
residues on histones and transcriptional activity in chromatin
(3, 6). Therefore, the current model of transcriptional control
includes DNA accessibility due to acetylation of histones.

The acetylation state of histones is dependent on the activity
of two proteins, histone acetyltransferase and histone deacety-
lase (HDAC),1 which acetylate and deacetylate histones, re-
spectively. Loss of HDAC activity using small molecule inhib-
itors correlates with the hyperacetylation of nucleosomal
histones (7, 8). Importantly, HDAC proteins in yeast and hu-
mans are necessary to achieve the full transcriptional repres-
sion and induction of diverse genes (9, 10).

Not surprisingly, HDAC proteins are critical in fundamental
cellular events, including cell cycle control, differentiation, and
cancer formation (11). A small molecule inhibitor of HDAC
function, trichostatin, causes cell cycle arrest in mammalian
cells at both G1 and G2 phases, while overexpression of HDAC1
in mouse cells results in reduced growth rate due to lengthen-
ing of G2 and M phases (12, 13). Trichostatin induces terminal
differentiation of murine erythroleukemia cells (8, 14) and in-
duces apoptosis in neural, lymphoid, and colorectal cancer cell
lines (15, 16). Finally, HDAC proteins interact with cellular
proteins implicated in cancer development, including the reti-
noblastoma tumor suppressor (Rb), metastasis-associated pro-
tein 2 (MTA2), and nuclear hormone receptors like the retinoic
acid receptor (17). As a well studied example, acute promyelo-
cytic leukemia is associated with a fusion protein of retinoic
acid receptor � and a promyelocytic leukemia zinc finger gene
(promyelocytic leukemia zinc finger-retinoic acid receptor �)
that recruits HDAC repression activity to block normal differ-
entiation and lead to leukemia (18, 19). Trichostatin treatment
of cells expressing promyelocytic leukemia zinc finger-retinoic
acid receptor � derepressed transcription and allowed cells to
differentiate normally (18, 19). With this precedent, HDAC
inhibitors are being explored as potential drugs for the treat-
ment of certain forms of leukemia (20, 21).

The human HDAC proteins are organized into classes based
on their similarity to yeast HDAC proteins. Class I HDACs
include HDAC1, HDAC2, HDAC3, and HDAC8, which are ho-
mologous to the yeast Rpd3 protein (22–26). Class II HDACs
are similar to yeast HDA1 and include HDAC4, HDAC5,
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identified NAD-dependent sirtuin (SIRT) proteins are homolo-
gous to the yeast Sir2 protein (30, 31).

HDAC function is regulated by two known mechanisms. In
the case of class II proteins, HDAC4 and HDAC5 shuttle be-
tween the nucleus and the cytoplasm via phosphorylation-de-
pendent interaction with 14-3-3 protein (32–34). With class I
proteins, HDAC1 and HDAC2 associate with proteins that
modulate their deacetylase activity and recruitment to genomic
regions (18, 35). Three characterized protein complexes contain
HDAC1 and HDAC2. The Sin3 complex comprises HDAC1,
HDAC2, RbAp48, RbAp46, mSin3, and Sin3-associated pro-
teins 18 and 30 and interacts with DNA binding transcription
factors, including Mad, Ikaros, REST, and nuclear hormone
receptors (36–38). The nucleosome remodeling and deacetylat-
ing (NRD or NuRD) complex includes HDAC1, HDAC2,
RbAp48, RbAp46, Mi-2 (or CHD), methyl-CpG-binding domain
3, and MTA2. The NRD complex combines deacetylation by
HDAC proteins with ATP-dependent nucleosome remodeling to
affect transcription (39–41). Recently, the CoREST complex,
comprising HDAC1, HDAC2, CoREST, and p110, was identi-
fied (42). The identification of a group of repressor and core-
pressor proteins that bind HDAC proteins suggests a model
where HDAC1 and HDAC2 are targeted to certain DNA pro-
moters or chromosomal domains to affect transcription of cel-
lular genes.

Although the control of HDAC1 and HDAC2 function by
protein interaction and recruitment is well precedented, we
were interested in exploring HDAC1 regulation by post-trans-
lational modification. We began our study by analyzing the
sequence of HDAC1 by mass spectrometry. Two phosphoryl-
ated serines were unambiguously identified at Ser421 and
Ser423. Mutagenesis experiments revealed that phosphoryla-
tion at Ser421 and Ser423 promoted the enzymatic activity and
complex formation of HDAC1. The protein kinase casein kinase
2 (CK2) was shown to phosphorylate HDAC1 in vitro. Disrup-
tion of the CK2 consensus sequence directing phosphorylation
of Ser421 and Ser423 altered the enzymatic activity and complex
formation of HDAC1. Glutamic acid and aspartic acid only
partially substituted for the phosphoserines, indicating that
the charge and size of phosphate are uniquely suited to main-
taining HDAC1 function. Finally, our data support a model
where the carboxyl-terminal region of HDAC1 is essential for
maintaining the protein association and enzymatic activity of
HDAC1.

EXPERIMENTAL PROCEDURES

Plasmids—All HDAC1 mammalian expression plasmids were con-
structed by inserting the HDAC1-FLAG sequence into the NotI/EcoRI
sites of pBJ5 (22). Point mutants of HDAC1 were created by a two-step
PCR amplification using the following primers (mutated bases are und-
erlined): Not/HDAC1, GGGCTAGAGCGGCCGCGGATCCGCCATGGC-
GCAGACGC; pBJ5–153rev, TATCATGTCTGGATCCGG; connecting
primer, GAACTCTTCCTCACAGGC; S421A, GCCTGTGAGGAAGAGT-
TCGCCGATTCTGAAGAGGAGGG; S423A, GCCTGTGAGGAAGAGT-
TCTCCGATGCTGAAGAGGAGGG; S421A/S423A, GCCTGTGAGGAA-
GAGTTCGCCGATGCTGAAGAGGAGGG; S421E, GCCTGTGAGGAA-
GAGTTCGAGGATTCTGAAGAGGAGG; S423E, GCCTGTGAGGAAG-
AGTTCTCCGATGAGGAAGAGGAGGG; S421E/S423E, GCCTGTGAG-
GAAGAGTTCGAGGATGAGGAAGAGGAGGG; S421D, GCCTGTGAG-
GAAGAGTTCGACGATTCTGAAGAGGAGGGAGAGGGG; S423D,
GCCTGTGAGGAAGAGTTCTCCGATGATGAAGAGGAGGGAGAGG-
GG; S421D/S423D, GCCTGTGAGGAAGAGTTCGACGATGATGAAGA-
GGAGGGAGAGGGG; E424A, GTGAGGAAGAGTTCTCCGATTCTGC-
AGAGGAGGGAGAGGGGGGCCGC; E425A, CGAATTGCCTGTGAGG-
AAGAGTTCTCCGATTCTGAAGCGGAGGGAGAGGGGGG; E426A,
GGAAGAGTTCTCCGATTCTGAAGAGGCGGGAGAGGGGGGCCGC-
AAGAAC; E424A/E426A, GTGAGGAAGAGTTCTCCGATTCTGCAGA-
GGCGGGAGAGGGGGGCCGCAAG; Sal-�390, CCGCCGGTCGACAG-
GGATGGCGTCCTCAGGAATCGCCTGC. pSP/Gal-(1–147)-VP16 pla-
smids used in luciferase assays were constructed by inserting the PCR-

amplified HDAC1 sequence derived from pBJ5 into the HindIII/EcoRI
sites using the following primers: HindIII/HDAC1, GGACCCAAGCTT-
GCCATGGCGCAGACGCAGGGCACCCGGAGG; EcoRI/HDAC1, CCG-
CCGGAATTCTTTATCATCATCATCTTTATAATCCCC.

[32P]Orthophosphate in Vivo Labeling—Simian virus 40 large T-
antigen (T-Ag) Jurkat cells (40 � 106) were washed and incubated in 4
ml of phosphate-free medium containing 1.2 mCi of [32P]orthophos-
phate (PerkinElmer Life Sciences) for 4 h at 37 °C with 5% CO2. Cells
were washed three times with phosphate-buffered saline (10 mM

Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4) and
lysed in 1 ml of JLB (50 mM Tris, pH 8.0, 150 mM NaCl, 10% glycerol,
and 0.5% Triton X-100) supplemented with 1 mM phenylmethylsulfonyl
fluoride, 0.5 �g/ml aprotinin, and 0.5 �g/ml leupeptin by rocking at 4 °C
for 30 min. After pelleting cellular debris, the supernatant was incu-
bated with 20 �l of �-HDAC1-conjugated agarose affinity gel in the
presence and absence of HDAC1 peptide inhibitor (NH2-CGEEK-
PEAKGVKEEVKLA) for 1.5 h with rocking at 4 °C. The immunopre-
cipitates were washed three times with 1 ml of KA/LB (50 mM Tris, pH
8.0, 150 mM NaCl, 0.1% Nonidet P-40, 1 mM EDTA) and resuspended in
20 �l of 2� SDS to elute bound proteins (1� SDS buffer contains 100
mM Tris, pH 6.8, 10% glycerol, 4% SDS, and bromphenol blue). The
eluted proteins were separated using SDS-PAGE.

Phosphorylation Site Determination by Ion Trap Mass Spectrome-
try—K-trap affinity resin was synthesized by deprotection of Alloc-
protected K-trap and immobilization onto Affi-Gel 10 as described (22,
43). T-Ag Jurkat cells (1.25 � 109) were lysed in JLB supplemented
with 1 mM phenylmethylsulfonyl fluoride, 0.5 �g/ml aprotinin, and 0.5
�g/ml leupeptin by rocking at 4 °C for 30 min. After cellular debris was
pelleted by centrifugation, the protein concentration of the supernatant
was determined by Bradford assay and diluted to 5 �g/�l with JLB.
K-trap affinity resin (400 �l) was washed twice with JLB and incubated
with the lysate at 4 °C for 14 h with rocking. The beads were washed
with 10 ml of KA/LB twice quickly and three times more stringently by
rocking for 10 min at room temperature. The washed beads were re-
suspended in 300 �l of 0.25� SDS buffer supplemented with freshly
added 100 mM dithiothreitol and boiled for 5 min to elute bound protein.
The supernatant was removed, and the elution was repeated with 100
�l of 0.25� SDS buffer. The 400 �l of eluted proteins were concentrated
to 100 �l by evaporation, boiled, and separated using SDS-PAGE. After
visualization with colloidal Coomassie staining (Novex), the band cor-
responding to HDAC1 was subjected to in gel reduction, carboxy-
amidomethylation, and tryptic digestion (Promega). Phosphorylated
peptide sequences were determined in a two-stage microchromato-
graphic run on a bimodal immobilized Fe3� metal affinity/reverse phase
liquid chromatography (RPLC) column. The bimodal column was
packed in house with 5 cm of POROS MC support (PerkinElmer Life
Sciences) followed by 5 cm of POROS R2 in a 75-�m inner diameter
fused silica terminating in a 10-�m nanospray tip (New Objective).
Phosphorylated peptides were retained by the immobilized Fe3� metal
affinity phase during RPLC of the nonphosphorylated peptides. Cap-
tured peptides were released by eluting with 100 mM KH2PO4, 1% acetic
acid for subsequent RPLC concentration and separation. The chroma-
tography was directly coupled to a LCQ DECA quadrupole ion trap
mass spectrometer (ThermoFinnigan) through a custom nanoelectros-
pray source. The flow rate was 290 nl/min. The ion trap repetitively
surveyed the range m/z 395–400, executing data-dependent tandem MS
(MS/MS) for peptide sequence information on the four most abundant
ions in each survey scan. MS/MS spectra were acquired with a relative
collision energy of 30% and an isolation width of 2.5 daltons, and
recurring ions were dynamically excluded. After data base correlation
with the algorithm SEQUEST (44), phosphorylated peptides were con-
firmed by manual, de novo interpretation of the MS/MS spectra using
FuzzyIons (45).

Cell Culture, Transfection, Immunoprecipitation, and Antibodies—
T-Ag Jurkat cells (46) were grown in RPMI 1640 supplemented with
10% fetal bovine serum, penicillin, and streptomycin. FLAG epitope-
tagged HDAC1 was transiently transfected by electroporation into T-Ag
Jurkat cells. Forty-eight hours post-transfection, cells were lysed at
4 °C by rotation in JLB with 1 mM phenylmethylsulfonyl fluoride, 0.5
�g/ml aprotinin, and 0.5 �g/ml leupeptin. After cellular debris was
pelleted by centrifugation, HDAC1-FLAG proteins were immunopre-
cipitated from the supernatant by incubation at 4 °C with �-FLAG M2
agarose affinity gel (Sigma) for 2 h with rocking. When immunoprecipi-
tation was performed with T-Ag Jurkat lysates, 10 � 106 cells were
lysed as described and incubated with the protein-specific antibody for
30 min, followed by incubation with protein G-agarose (Life Technolo-
gies, Inc.) for 1 h. For Western blot analysis, the beads were washed
with JLB three times, diluted with 1� SDS buffer, and separated by
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SDS-PAGE. Antibodies against HDAC1 (22) and MTA2 (42) and CoR-
EST (42) have been described. Antibodies against FLAG (Sigma),
RbAp48 (Upstate Biotechnology, Inc., Lake Placid, NY), mSin3A (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA), I�B� (Upstate Biotechnol-
ogy), and CK2 (Upstate Biotechnology) were purchased.

Histone Deacetylation Assay—[3H]Acetate-incorporated histones
were isolated from butyrate-treated HeLa cells by acid extraction as
described (47). Immunoprecipitates were incubated with �0.4 �g (1,000
dpm) of histones for 2 h at 37 °C in 50 �l of HD buffer (20 mM Tris, pH
8.0, 150 mM NaCl, and 10% glycerol). The reaction was terminated by
the addition of an equal volume of stop solution (0.5 M HCl and 0.2 M

acetic acid), and deacetylase activity was determined by scintillation
counting of the ethyl acetate-soluble [3H]acetic acid (22). Inhibition of
enzymatic activity by trichostatin A was determined by incubating the
immunoprecipitates with 500 nM trichostatin A (Sigma) for 30 min prior
to the addition of histones.

Luciferase Assay—For each assay, 107 T-Ag Jurkat cells were trans-
fected by electroporation with 50 ng of luciferase reporter, 50 ng of
cytomegalovirus-�-galactosidase reporter, and 50 ng of protein expres-
sion construct (36). Twenty-four hours post-transfection, luciferase as-
says were performed (Promega). Normalized luciferase values were
calculated by dividing the luciferase activity by the �-galactosidase
activity.

In Vitro and in Vivo Phosphorylation—T-Ag Jurkat cell lysates (50
�l) were incubated with 20 units of calf intestinal phosphatase for 1 h
at 30 °C. The calf intestinal phosphatase was denatured for 5 min at
65 °C, and lysates were incubated with 500 units of casein kinase 2 or
1000 units of casein kinase 1 at 30 °C for 1 h. When treated with 10 �M

5,6-dichloro-1-�-ribofuranosylbenzimidazole (DRB) or 200 nM KT5720,
T-Ag Jurkat cells were harvested after a 45-min incubation. DRB,
KT5720, recombinant CK1, and recombinant CK2 were purchased from
Calbiochem.

RESULTS

HDAC1 Is a Phosphoprotein—To determine whether HDAC1
is a phosphoprotein, simian virus 40 large T-Ag Jurkat cell
lysates were treated with alkaline phosphatase, and HDAC1
was visualized using an HDAC1-specific antibody (Fig. 1A). In
the presence of phosphatase, HDAC1 migrated more quickly in
a polyacrylamide gel than untreated HDAC1, consistent with
the possibility that HDAC1 is phosphorylated.

To verify that HDAC1 is phosphorylated, T-Ag Jurkat cells
were labeled in vivo with [32P]orthophosphate, and HDAC1
was immunoprecipitated with an HDAC1-specific antibody.
Immunoprecipitated HDAC1, which migrated by SDS-PAGE
identically to HDAC1 from lysates (data not shown), was la-
beled with 32P, indicating that the protein is phosphorylated in
vivo (Fig. 1B). These results are consistent with previous ex-
periments indicating that HDAC1 is post-translationally mod-
ified by phosphorylation (48).

Determination of Phosphorylated Residues—To identify res-
idues on HDAC1 that are phosphorylated, HDAC1 was purified
from T-Ag Jurkat cells using K-trap, an affinity resin compris-
ing modified trapoxin, an irreversible inhibitor of HDAC, at-
tached to Affi-Gel 10 (Fig. 2A; Ref. 22). After separation by
SDS-PAGE, the purified HDAC1 was excised from the gel (Fig.
2B) and analyzed by mass spectrometry. Two phosphorylated

serine residues were unambiguously identified, Ser421 and
Ser423 (Fig. 2C). Interestingly, every phosphorylated peptide
observed was doubly phosphorylated at Ser421 and Ser423; no
peptide detected contained only one of the two identified phos-
phorylated serines.

The phosphorylated serines are located in the highly
charged, carboxyl-terminal tail of HDAC1, removed from the
catalytic site (Fig. 2C). A sequence comparison of the class I
HDAC proteins, HDAC1, HDAC2, HDAC3, and HDAC8, indi-
cates that only HDAC1 and HDAC2 contain serines in equiv-
alent sequence positions. HDAC3 contains two potential CK2
consensus sites; however, a lack of sequence conservation in
the C-terminal region of HDAC3 makes comparison with
HDAC1 and HDAC2 difficult. HDAC8 does not contain the
carboxyl-terminal charged tail, where the serine residues are
located. For comparison, the yeast RPD3 protein contains a
truncated carboxyl-terminal tail; however, no homologous
serines exist in the equivalent HDAC1 Ser421 and Ser423 posi-
tions (not shown). The fact that the phosphorylated serines
identified are located in the carboxyl-terminal charge tail of
HDAC1 is consistent with previous results indicating that
HDAC1 is phosphorylated between residues 387 and 482 (48).

Phosphorylation Promotes Enzymatic Activity—To deter-
mine whether phosphorylation influences enzymatic activity,
Ser421 and Ser423 were independently and simultaneously mu-
tated to alanine. Mutant HDAC1 proteins fused to a FLAG
epitope tag were expressed in T-Ag Jurkat cells, which contain
only small amounts of endogenous HDAC2 (49). The HDAC1
fusion protein was immunoprecipitated with �-FLAG affinity
resin, and enzymatic activity was determined in vitro. Western
blot experiments confirmed that only the FLAG-tagged HDAC1
protein bound to the �-FLAG affinity resin, and not detectable
quantities of endogenous HDAC1 protein (data not shown).
Under conditions where equal amounts of HDAC1 or mutant
proteins were immunoprecipitated, mutant proteins displayed
significantly diminished deacetylase activity compared with
the wild-type protein (Fig. 3A). HDAC1 S421A, S423A, and
S421A/S423A mutants demonstrated 33.0 � 4.2, 25.3 � 2.9,
and 22.9 � 3.1% activity compared with wild-type, respectively.
The minimal activity displayed by the mutants was lost upon
treatment with trichostatin A, an inhibitor of HDAC activity,
indicating that the residual activity may be the result of par-
tially active enzyme or a small amount of co-immunoprecipi-
tated, endogenous HDAC activity (data not shown; Ref. 50).

To confirm that phosphorylation of HDAC1 promotes enzy-
matic activity in vivo, luciferase assays were performed.
HDAC1 and mutants were expressed in T-Ag Jurkat cells as
fusion proteins to Gal4 and VP16, which activate transcription
of the luciferase gene under the control of four tandem Gal4
DNA binding sites. Where Gal4-VP16 activated the transcrip-
tion of luciferase, the HDAC1-Gal4-VP16 fusion almost en-
tirely repressed transcription due to deacetylase activity of
HDAC1 (Fig. 3B), consistent with previous studies (49). The
HDAC1 S421A, S4231, and S421A/S423A mutant fusion pro-
teins activated transcription of luciferase under conditions
where the wild-type HDAC1 fusion protein did not (Fig. 3B),
consistent with the fact that the mutants display diminished
deacetylase activities in vitro. Interestingly, the phosphoryla-
tion mutants activated the expression of luciferase to a greater
extent than the HDAC1 H141A mutant (Fig. 3B), which is
mutated at a conserved catalytic histidine residue (49).

Acidic Residues Partially Substitute for Phosphorylated Ser-
ine in HDAC1—Glutamic acid and aspartic acid have been
previously used as mimics of phosphorylated serine residues
(51). To test whether glutamic acid or aspartic acid substitutes
for phosphoserine in HDAC1, Ser421 and Ser423 were individ-

FIG. 1. HDAC1 is phosphorylated in vivo. A, T-Ag Jurkat lysates
were incubated in the absence (lane 1) and presence (lane 2) of calf
intestinal phosphatase and separated by SDS-PAGE. HDAC1 protein,
indicated with arrows, was visualized using �-HDAC1 antibody (22). B,
immunoprecipitated, 32P-labeled HDAC1 is visualized by autoradiogra-
phy (lane 2). As a control, the HDAC1 immunoprecipitation was also
performed in the presence of a competitor HDAC1 peptide (lane 1). The
HDAC1 protein is indicated with an arrow.
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ually and simultaneously mutated and tested for enzymatic
activity (Fig. 4). The S421D or S421E HDAC1 mutants effi-
ciently deacetylated histones in vitro with 82.5 � 2.9 and
81.8 � 2.9% of wild-type activity, respectively. With the S423D
and S423E mutants, acidic residues were less effective at mim-
icking phosphorylation, demonstrating 40.9 � 3.0 and 48.7 �
2.6% enzymatic activity of wild-type HDAC1. Finally, the dou-
ble mutation of Ser421 and Ser423 to aspartic acid or glutamic
acid (S421D/S423D or S423E/S423E) only partially substituted
for phosphorylation with 34.1 � 2.6 and 38.5 � 0.2% wild-type
activity. Although the aspartic and glutamic acid mutants dis-
played diminished activity compared with wild-type, they
maintained greater enzymatic activity than the corresponding
alanine mutants (Fig. 3A). These results demonstrate that
acidic residues only partially substitute for phosphoserine in
deacetylase assays in vitro.

Carboxyl-terminal Region of HDAC1 Is Required for Activi-
ty—One possible mechanism explaining the requirement of
serine phosphorylation for HDAC1 activity is that the highly
charged carboxyl-terminal region, where Ser421 and Ser423 are
located, physically blocks the catalytic site of HDAC1. Accord-
ing to the model, the carboxyl-terminal region properly posi-
tions itself to allow substrate binding and deacetylation only
when Ser421 and Ser423 are phosphorylated.

To test whether the carboxyl-terminal region of HDAC1
physically inhibits enzymatic activity, a truncated mutant of
HDAC1 lacking the charged carboxyl-terminal region was ex-
pressed and tested for enzymatic activity (Fig. 5). HDAC1-(1–
390) demonstrated 22.1 � 2.3% wild-type activity. These data
do not support the model where the carboxyl-terminal region

physically inhibits enzymatic activity. Rather, the data suggest
that the carboxyl-terminal region is critical for enzymatic ac-
tivity, similar to previous results with mouse HDAC1, demon-
strating that the amino-terminal region is required to maintain
enzymatic activity (50).

HDAC1 Is a Substrate of CK2 in Vitro and in Vivo—Ser421

and Ser423 of HDAC1 are located in a consensus site for the
protein kinase CK2 (Figs. 2C and 6A). To determine whether
CK2 is capable of phosphorylating Ser421 and Ser423 in vitro,
phosphatase-treated lysates were incubated with recombinant
CK2 catalytic domain, and HDAC1 was separated and assessed
for changes in migration through the polyacrylamide gel. As
shown in Fig. 6B, HDAC1 incubated with CK2 migrated more
slowly on a polyacrylamide gel than phosphatase-treated
HDAC1 or HDAC1 incubated with casein kinase 1 (compare
lane 3 with lanes 2 and 4), suggesting that HDAC1 is a sub-
strate for CK2 but not CK1. These results are consistent with
previous work demonstrating that human HDAC1 is phospho-
rylated in vitro by CK2 (48).

To determine whether HDAC1 is a substrate of CK2 in vivo,
the CK2 consensus sites that potentially direct phosphoryla-
tion of Ser421 and Ser423 in HDAC1 were disrupted individually
and simultaneously by replacing the critical glutamic acids
with alanine (Fig. 6A). If disruption of the CK2 sites results in
reduced phosphorylation, we would expect the mutants to dis-
play reduced deacetylase activity compared with wild type. The
enzymatic activities of the mutants were assessed and are
shown in Fig. 6C. Consistent with the prediction, all CK2
consensus site mutants displayed reduced deacetylase activity
compared with wild-type HDAC1. The double mutant (E424A/

FIG. 2. HDAC1 is phosphorylated at
Ser421 and Ser423. A, shown is the K-trap
affinity resin used to purify HDAC1 (22).
B, K-trap-purified HDAC1 was separated
by SDS-PAGE and Coomassie-stained to
visualize protein. HDAC1, shown with an
arrow, was excised from the gel and ana-
lyzed by mass spectrometry to identify
phosphorylated residues. The size of mo-
lecular weight markers is shown. C,
serines 421 and 423 in HDAC1, which are
phosphorylated according to mass spec-
trometric analysis, are indicated with ar-
rows. The conserved residues involved in
catalysis are in boldface type. All other
human class I HDAC proteins identified
to date, HDAC2 (GenBankTM U31814),
HDAC 3 (GenBankTM U75697), and
HDAC 8 (GenBankTM AAF73076), are
aligned below the HDAC1 sequence (Gen-
BankTM U50079) using the Clustal
method.
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E426A), disrupting phosphorylation of Ser421 and Ser423, dis-
played 30.9 � 1.6% activity of wild-type HDAC1, while the
E426A mutant, directing phosphorylation of Ser423 only, dem-
onstrated 48.4 � 7.2% of wild-type activity. Mutation of the

glutamic acid directing Ser421 phosphorylation (E424A) was
not as effective in reducing the enzymatic activity of HDAC1,
maintaining 78.5 � 5.4% of wild-type HDAC1 activity. As a
critical control, mutation of a nearby glutamic acid not direct-
ing CK2 phosphorylation (E425A) displayed 108 � 4.3% of
wild-type activity, indicating that the loss of a negatively

FIG. 3. Mutation of Ser421 and Ser423 to alanine in HDAC1
reduces enzymatic activity. A, phosphorylation of Ser421 and Ser423

was disrupted by alanine mutation. HDAC1 wild-type or mutants fused
to a FLAG tag were expressed in T-Ag Jurkat cells and immunoprecipi-
tated using �-FLAG-agarose resin. Equivalent amounts of immunopre-
cipitated protein were either incubated with [3H]labeled acetylated
histones to determine enzymatic activity (histogram) or separated by
SDS-PAGE and analyzed by Western blot to assess protein quantities
(gel image). Enzymatic activity is shown as a percentage of HDAC1
wild-type activity (set at 100%). The S.E. of at least four independent
experiments is shown. B, HDAC1 wild-type or mutants fused to the
Gal4-(1–147) DNA binding domain and VP16 activation domain were
expressed in T-Ag Jurkat cells in the presence of a luciferase gene
reporter under the control of four tandem Gal4 binding sites. A �-ga-
lactosidase gene reporter under the control of the cytomegalovirus
promoter was also included to normalize for transfection efficiencies.
The amount of expressed luciferase and �-galactosidase in the cell
lysates was assessed according to the manufacturer’s procedure (Pro-
mega). Luciferase values (relative light units (RLU)) are calculated by
dividing the luciferase activity by the �-galactosidase activity. The S.E.
of three experiments is shown.

FIG. 4. Glutamic acid partially substitutes for phosphorylated
Ser421 and Ser423 in HDAC1. A, Ser421 and Ser423 were mutated to
glutamic acid and aspartic acid as described under “Experimental Pro-
cedures.” HDAC1 wild-type or mutants fused to a FLAG tag were
expressed in T-Ag Jurkat cells and immunoprecipitated using �-FLAG-
agarose resin. Immunoprecipitates were treated as in Fig. 3A.

FIG. 5. The carboxyl-terminal tail of HDAC1 is necessary for
full enzymatic activity. The carboxyl-terminal charged tail of
HDAC1 was deleted to create the HDAC1-(1–390) truncation mutant.
HDAC1 wild type or mutant fused to a FLAG tag was expressed in T-Ag
Jurkat cells and immunoprecipitated using �-FLAG-agarose resin. Im-
munoprecipitates were treated as described in the legend to Fig. 3A.
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charged residue is not responsible for the reduced deacetylase
activity. In all cases, the CK2 consensus site mutation reduced
activity to a lesser extent than the alanine mutation. However,
the fact that all CK2 consensus site mutants demonstrated

reduced enzymatic activity compared with wild-type HDAC1
suggests that HDAC1 is a substrate for CK2 in vivo.

To provide further evidence that CK2 phosphorylates
HDAC1 in vivo, T-Ag Jurkat cells were incubated in the pres-
ence of DRB, a specific small molecule inhibitor of CK2 enzy-
matic activity, and the migration of endogenous HDAC1 in a
polyacrylamide gel was assessed. Interestingly, the migration
of HDAC1 through a polyacrylamide gel was independent of
whether CK2 activity was inhibited in vivo (Fig. 6D, compare
lanes 1 and 3). In contrast, the migration of I�B�, a known CK2
substrate, was influenced by incubation with DRB (52). Be-
cause mutagenesis studies demonstrated that HDAC1 is a
substrate of CK2 in vivo, these results raise the possibility that
phosphorylation of HDAC1 is not dynamic during a 45-min
incubation.

Finally, to probe the ability of CK2 to interact with HDAC1
in vivo, endogenous HDAC1 and CK2 were immunoprecipi-
tated from T-Ag Jurkat lysates. As shown in Fig. 6E, HDAC1
and CK2 co-immunoprecipitated, indicating that the proteins
interact in vivo. These combined data strongly argue that CK2
phosphorylates HDAC1 in vivo.

Phosphorylation Influences HDAC1 Complex Formation—
HDAC1 function is regulated by association with cellular pro-
teins. Not only are associated proteins able to recruit HDAC to
specific DNA sequences for targeted deacetylation and tran-
scriptional repression (35), but biochemically purified HDAC1
also displays higher deacetylase activity when in complex with
associated proteins (40, 49). These previous results suggest
that phosphorylation might affect deacetylase activity by dis-
rupting complex formation.

To determine whether phosphorylation affects the protein
interactions of HDAC1, immunoprecipitated FLAG-tagged
HDAC1 and mutant proteins were probed for binding to
HDAC1-associated proteins (Fig. 7). Phosphorylation site mu-
tants did not interact with associated proteins as effectively as
wild-type HDAC1. Where equivalent amounts of FLAG-tagged
protein were immunoprecipitated, the S421A, S423A, and
S421A/S423A mutants ineffectively co-immunoprecipitate pro-
teins from HDAC1-containing complexes compared with wild-
type HDAC1, including RbAp48 found in the Sin and NRD
complexes, MTA-2 from the NRD complex, mSin3A from the
Sin complex, and CoREST from the CoREST complex (Fig. 7A,
compare lanes under �-FLAG IP). Co-immunoprecipitation of
HDAC1 by RbAp48, MTA2, and mSin3A verified that HDAC1
binding was reduced with the S421A, S423A, and S421A/
S423A mutants (Fig. 7A, compare lanes under �-RbAp48,
�-MTA2 IP, and �-mSin3A IP). As expected, MTA-2 from the
NRD complex did not co-immunoprecipitate with Sin3 from the
Sin complex (Fig. 7A, compare �-MTA2 and �-mSin3A IP; Ref.
40). RbAp48 and mSin3A were also associated in the presence
or absence of HDAC1, consistent with previous result demon-
strating that they interact directly (Fig. 7A, compare �-RbAp48
and �-mSin3A IP; Ref. 38). Interestingly, MTA-2 and RbAp48
were associated in the presence or absence of the HDAC1-
FLAG fusion protein, although they did not interact directly in
glutathione S-transferase pull-down experiments (Fig. 3A,
compare �-MTA2 and �-RbAp48; Ref. 40). Perhaps endogenous
HDAC1 or another NRD complex member is involved in MTA-
2/RbAp48 association.

To confirm that reduced phosphorylation at Ser421 and
Ser423 disrupts complex formation, HDAC1 mutants with CK2
consensus site alterations were probed for protein interactions.
In this case, the ability of the mutants to bind associated
proteins was roughly correlated with observed enzymatic ac-
tivity (compare Fig. 6C with Fig. 7B). Where the E424A mu-
tant, which disrupts phosphorylation of Ser421, displayed

FIG. 6. Ser421 and Ser423 on HDAC1 are phosphorylated by
CK2. A, the consensus sequence for CK2 is shown, where an aspartic or
glutamic acid directs phosphorylation of an amino-terminal serine lo-
cated two residues away. The HDAC1 CK2 consensus sequence govern-
ing phosphorylation of Ser421 and Ser423 is also shown, with the phos-
phorylated serines indicated with arrows and the directing glutamic
acids (Glu424 and Glu426) in boldface type. B, cell lysates from T-Ag
Jurkat cells containing endogenous HDAC1 were incubated in the
absence (lane 1) or presence (lanes 2–4) of calf intestine phosphatase.
Once dephosphorylated, CK2 (lane 3) or CK1 (lane 4) was added. After
separation of protein in the lysates by SDS-PAGE, HDAC1 was visual-
ized using an HDAC1-specific antibody (22). C, the glutamic acid resi-
dues directing phosphorylation of Ser421 and Ser423 in HDAC1 were
mutated individually (E424A and E426A) or simultaneously (E424A/
E426A). In addition, a glutamic acid not involved in directing CK2
phosphorylation of HDAC1 was also mutated as a control (E425A).
HDAC1 wild-type or mutants fused to a FLAG tag were expressed in
T-Ag Jurkat cells and immunoprecipitated using �-FLAG-agarose
resin. Immunopreciptates were treated as in Fig. 3A. D, T-Ag Jurkat
cells were incubated for 45 min in the absence (lane 1) and presence of
small molecule inhibitors of CK2 (DRB; lane 3) or cAMP-dependent
protein kinase (KT5720; lane 4), and cellular proteins were separated
by SDS-PAGE. Phosphatase-treated lysates were also included for com-
parison (lane 2). HDAC1 and the positive control I�B� were visualized
using a specific antibody. E, HDAC1 or CK2 was immunoprecipitated
from T-Ag Jurkat cell lysates and separated using SDS-PAGE (lanes 2
and 4). As controls, cellular lysates and immunoprecipitates using
protein G-agarose alone (without antibody) were also included (lanes 1
and 3). Proteins were visualized using specific antibodies.
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78.5 � 5.4% of wild-type HDAC1 activity, it immunoprecipi-
tated RbAp48 and mSin3A effectively compared with wild-type
HDAC1. In the case of E426A or E424A/E426A, which dis-
played 48.4 � 7.2 and 30.9 � 1.6% activity of wild-type HDAC1,
respectively, they poorly immunoprecipitated RbAp48 and
Sin3A compared with HDAC1 wild type. In addition, deletion of
the HDAC1 carboxyl-terminal tail that reduced enzymatic ac-
tivity to 22.1 � 2.3% disrupted interaction with associated
proteins (data not shown). These results suggest that the en-
zymatic activity of HDAC1 phosphorylation site mutants may
be related to their ability to interact with associated proteins.

DISCUSSION

Studies with human, mouse, and maize HDAC proteins dem-
onstrated that histone deacetylases are phosphoproteins (32,
48, 53). To identify phosphorylation sites on HDAC1, K-trap-
purified human HDAC1 protein was analyzed by mass spec-
trometry, and two phosphorylated serine residues, Ser421 and
Ser423, were unambiguously identified. Disruption of phospho-
rylation at Ser421 and Ser423 by alanine mutation or mutation
of the CK2 consensus sites reduced HDAC1 enzymatic activity
and perturbed its binding to interacting proteins.

One possible result of mutagenesis is the nonspecific global
unfolding of the HDAC1 mutants. Three experiments refute
this possibility and argue that phosphorylation specifically re-
sults in altered HDAC1 activity. First, all HDAC1 mutants
expressed were not degraded in our experiments, indicating
that they are folded sufficiently to prevent protease digestion in
vivo. Second, mutagenesis of the negatively charged Glu425, a
residue in the vicinity of the CK2 consensus sites but not
involved in directing phosphorylation, did not affect deacety-
lase activity or complex formation (Figs. 6C and 7B). The
E425A control experiments indicate that loss of phosphoserine,
and not the neutralization of any negatively charged residue in
the region, affects deacetylase activity and complex formation
of HDAC1. Finally, mutation of Ser421 and Ser423 to glutamic
acid only partially substituted for phosphorylation, suggesting
that phosphoserine is uniquely suited to maintain HDAC1
activity. Our data suggest that HDAC1 specifically requires
phosphorylation at Ser421 and Ser423 to allow proper activity.

Although HDAC2 contains equivalent serines at HDAC1
Ser421 and Ser423, the other class I HDACs do not (Fig. 2C). The
lack of conservation of Ser421 and Ser423 among the class I
HDACs may reflect the differences in regulation of these pro-

teins. For example, HDAC2 is found in all characterized
HDAC1-containing complexes, indicating that HDAC1 and
HDAC2 are similarly regulated in vivo via a protein association
mechanism (54). Consistent with the possibility that HDAC2 is
phosphorylated, phosphatase treatment alters the migration of
HDAC2 through a polyacrylamide gel (data not shown). The
fact that HDAC2 contains Ser421 and Ser423 and phosphoryla-
tion at Ser421 and Ser423 promotes complex formation of
HDAC1 suggests that HDAC2 may interact with associated
proteins in the same manner as HDAC1. On the other hand,
HDAC3 is known to bind HDAC4, HDAC5, HDAC7, and the
nuclear hormone receptor corepressor; however, multiprotein
complexes containing HDAC3 are not well characterized (32,
55, 56). Although HDAC3 contains two CK2 consensus se-
quences in its short C-terminal region, the lack of conservation
of HDAC3 in the C-terminal region compared with HDAC1 and
HDAC2 may indicate that HDAC3 does not function through
the same complexes as HDAC1 and HDAC2 but rather through
HDAC3-specific complexes. Regulation of HDAC8, the newest
addition to the class 1 HDACs, has not yet been characterized.
The fact that HDAC8 does not contain the carboxyl-terminal
region suggests that it may be regulated through a distinct
mechanism.

HDAC1 function is regulated by associated proteins, which
govern enzymatic activity and specific DNA sequence recruit-
ment (18, 40). Co-immunoprecipitation experiments demon-
strated that the interaction of HDAC1 with associated proteins
is phosphorylation-dependent. Interestingly, the ability of
HDAC1 to interact with associated proteins was roughly cor-
related with HDAC1 enzymatic activity; when HDAC1 phos-
phorylation site mutants bound poorly to interacting proteins,
including RbAp48, MTA-2, Sin3A, and CoREST, they also dis-
played reduced enzymatic activity (compare Fig. 6C with Fig.
7B). In addition, the HDAC1 H141A mutant, which has re-
duced enzymatic activity but still interacts with RbAp48 and
mSin3A, was not as effective in activating luciferase gene ex-
pression as the phosphorylation site mutants (Fig. 3B; Ref. 49).
Although more studies are needed to assign a causative role for
associated proteins in modulating deacetylase activity, our re-
sults reinforce the importance of protein association in regu-
lating HDAC1 function in vivo.

Glutathione S-transferase protein pull-down experiments
with mouse HDAC1 deletion mutants identified the 51-amino

FIG. 7. HDAC1 phosphorylation site
mutants disrupt interaction with as-
sociated proteins. A and B, HDAC1
wild-type or mutants fused to a FLAG tag
were expressed in T-Ag Jurkat cells and
immunoprecipitated using �-FLAG agar-
ose resin (Sigma) or protein G resin and
�-RbAp48 (Upstate Biotechnology),
�-MTA2 (42), or �-mSin3A (Santa Cruz
Biotechnology). The immunoprecipitates
were separated using SDS-PAGE, and
proteins were visualized using specific
antibodies.
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acid amino-terminal region of HDAC1 as mediating interaction
with RbAp48 and Sin3A (50). Our results reveal that the car-
boxyl-terminal region of HDAC1 is also required to maintain
enzymatic activity. The structure of HDLP, an HDAC homolog
from hyperthermophilic bacterium Aquifex aeolicus, does not
include the carboxyl-terminal region of HDAC1, but the 51-
amino-terminal amino acids of HDLP are partially solvent
exposed and available for protein interactions (57). Taken to-
gether, our results support a model where a large structural
domain composed of the amino-terminal and carboxyl-terminal
tails of HDAC1 cooperate to allow protein association.

Our results also suggest that Ser421 and Ser423 are constitu-
tively phosphorylated and buried when properly organized.
Specifically, phosphatase-treated HDAC1 maintained the
same enzymatic activity as wild-type HDAC1, despite the fact
that unphosphorylated Ser421 and Ser423 inactivated HDAC1
(data not shown; Ref. 48). We hypothesize that Ser421 and
Ser423 are inaccessible to the phosphatase enzyme because
they are buried, either in the HDAC1 globular structure or at
the interface with an associated protein. The marked change in
HDAC1 migratory ability when phosphatase-treated, as shown
in Fig. 1, may be caused by the removal of phosphate at solvent-
accessible sites but not at Ser421 and Ser423. Consistent with
this hypothesis is the fact that CK2 phosphorylation of HDAC1
in Fig. 6B resulted in a decreased migratory shift compared
with that in Fig. 1. In addition, incubation of cells with DRB, an
inhibitor of CK2 activity, did not alter the migration of HDAC1
through a polyacrylamide gel, despite the fact that HDAC1 is a
substrate for CK2 in vitro and in vivo. These data suggest that
HDAC1 is not dynamically phosphorylated during a 45-min
time scale. The observation by mass spectrometry that HDAC1
was always doubly phosphorylated and the fact that HDAC1
migrates as a single band by PAGE is consistent with the
possibility that HDAC1 is constitutively phosphorylated at
Ser421 and Ser423. Although more studies are necessary to
determine under what conditions HDAC1 becomes dephospho-
rylated in vivo, these results support a model where Ser421 and
Ser423 are constitutively phosphorylated and inaccessible to
phosphatase enzymes. Perhaps Ser421 and Ser423 phosphoryl-
ation is essential for organizing the large structural domain
that mediates protein interactions. The fact that the mutants
were stable in the presence of endogenous proteases suggests
that the domain organization necessary to support protein
association may be subtle.

Consistent with the proposed structural model is the fact
that Ser421 and Ser423 are substrates for CK2. CK2 is involved
in diverse cellular events, such as transcription, proliferation,
and development, and is essential for viability in numerous
organisms, including Saccharomyces cerevisiae (58). CK2 is
acidophilic, requiring one or more acidic residues positioned
downstream from the target serine, including glutamic acid,
aspartic acid, phosphoserine, and phosphotyrosine, for recog-
nition and phosphorylation. For this reason, CK2 is thought to
be involved in a mechanism of hierarchical phosphorylation,
where one phosphorylation event leads to subsequent protein
modifications (59). Importantly, CK2 is constitutively active
due to the proper positioning of an activation arm, and CK2
activity is predominantly regulated by expression levels. The
high basal activity of CK2 would ensure that HDAC1 is consti-
tutively phosphorylated and able to bind associated proteins
and deacetylate.

The physiological significance of phosphorylation at Ser421

and Ser423 by CK2 remains unclear. As suggested, CK2 phos-
phorylation may serve predominantly a structural role in or-
ganizing the catalytic and protein interaction sites on HDAC1.
Another possibility is that CK2 phosphorylation of HDAC1

leads to additional post-translational modifications that are
critical for HDAC1 function. In fact, hierarchical phosphoryla-
tion events often occur in highly charged regions, analogous to
the highly charged, carboxyl-terminal tail of HDAC1 and in-
volve kinases with acidotropic or basotropic substrate specific-
ities, such as CK2 (60). Perhaps phosphorylation of HDAC1
facilitates its further modification by phosphorylation or acety-
lation, leading to a fully active protein.

HDAC1 and CK2 are thought to be involved in cancer devel-
opment. CK2 concentrations are increased in rapidly prolifer-
ating tumors, including those in breast, prostate, and lung (58).
Although the relationship between heightened CK2 activity
and proliferating tumors is still unclear, CK2 phosphorylates a
number of proteins possibly involved in tumor proliferation,
such as Myc and p53 (58). We speculate that the enhanced CK2
concentrations in proliferating tumors may result in enhanced
HDAC1 activity or an increased fraction of functionally active
HDAC1. In the same way that unnaturally increased HDAC1
recruitment by retinoic acid receptor 1-promyelocytic leukemia
zinc finger protein to DNA target sites in acute promyelocytic
leukemia is linked to leukemia development, in this case by
inhibiting the differentiation of promyelocytes into later lin-
eages, enhanced HDAC1 activity in tumors may be involved in
maintaining a proliferating state, characteristic of an early
lineage cell type. In fact, the MTA-2 protein, associated with
metastatic tumors, is an essential component of the HDAC1-
containing NRD complex (40). Elucidating how CK2 modulates
HDAC1 function in vivo is the first step toward understanding
the role of HDAC1 and CK2 in cancer development.
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