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HDAC1 is a member of the histone deacetylase family,
which plays an important role in modulating the eu-
karyotic chromatin structure. Numerous studies have
demonstrated its involvement in transcription and in
tumorigenesis. To better understand the functions and
regulation of HDAC1, a yeast two-hybrid screening ap-
proach was chosen to identify novel interactions involv-
ing HDAC1. Human HDAC1 was found to interact spe-
cifically in yeast, mammalian cells, and in vitro with the
human Hus1 gene product, whose Schizosaccharomyces
pombe homolog has been implicated in G2/M checkpoint
control. Both HDAC1 and Hus1 proteins localize to the
nuclei. Furthermore, HDAC1 and Hus1 were found to
exist in a complex with Rad9, a known Hus1-interacting
factor. In addition, bioinformatics analysis of the pro-
tein sequences of Hus1, Rad1, and Rad9, three check-
point Rad proteins that form a complex, revealed that
they all contain a putative proliferating cell nuclear
antigen (PCNA) fold, raising the possibility that these
factors may bind to DNA in a PCNA-like ring structure.
The results reported in this study strongly suggest a
novel pathway involving HDAC1 in G2/M checkpoint
control through the interaction with a functional Rad
complex that may utilize a PCNA-like structure. There-
fore, physically and functionally similar apparatus may
function during G2/M checkpoint and DNA replication.

Histone deacetylases (HDACs)1 play an important role in
modulating chromatin structure. Several HDACs have been
discovered in mammalian cells (1–6). They can be divided
further into two classes. Class I contains HDAC1, 2, and 3,
which have a single deacetylase domain at the N termini and
diversified C-terminal regions (1, 2, 6). Class II includes re-
cently identified HDAC4, 5, and 6, with a deacetylase domain
at a more C-terminal position (3–5). In addition, HDAC6 con-
tains a second N-terminal deacetylase domain (3, 4), which can
function independently of its C-terminal counterpart (4).

Identified and cloned first (1), HDAC1 is also the most ex-
tensively studied. It is involved in transcription regulation as

an essential component of cofactor complexes that mediate
transcription repression by cellular factors such as nonligan-
ded hormone receptors (7, 8), MeCP2, a repressor that binds to
methylated DNA (9, 10) and the Max-Mad complex (11).
HDAC1 also interacts directly with other transcription repres-
sors, including all three of the pocket proteins, Rb, p107 and
p130 (12, 13) and YY1 (14). It is generally believed that se-
quence-specific repressors bind to DNA and target HDAC1 to
promoter regions through various protein-protein interactions.
HDAC1 is thought to achieve transcription repression by lo-
cally deacetylating histones, leading to a compact nucleosomal
structure that prevents transcription factors from accessing
DNA to promote transcription.

HDAC activity has also been implicated in cell cycle regula-
tion and cancer development. Transcription repression of E2F-
responsive genes by Rb or Rb-like pocket proteins has been at
least partially attributed to HDAC1 (13, 15, 16). The promoter
for p21, a cyclin-dependent kinase inhibitor, is activated when
cellular HDAC activity is inhibited (17–19). This activation is
independent of p53, a known activator of p21 gene transcrip-
tion. Furthermore, evidence exists to indicate the role of
HDAC1 in the development of acute promyelocytic leukemia
(20–22). These results suggest a role for HDAC activity in cell
cycle regulation and cancer development.

Almost all interactions involving HDAC1 known so far were
discovered during studies of its interacting factors. In the pres-
ent study, we asked which novel interactions involving HDAC1
could be identified which might regulate HDAC1 functions. To
achieve this goal, we adopted a yeast two-hybrid screening
protocol, using a portion of human HDAC1 (amino acids 53–
285 out of a total of 482 amino acids) as the bait and a HeLa
cDNA library. This resulted in the identification of several
clones that contain the full-length cDNA of the human Hus1
(hHus1) gene. In addition to the specific interaction observed
between HDAC1 and hHus1 in yeast, the proteins interacted
specifically in an in vitro GST pull-down assay and in mamma-
lian cells. We also observed that like HDAC1, hHus1 was
localized to the nuclei. These results suggested that hHus1
interacted with HDAC1. This interaction has not been reported
previously.

The Hus1 protein of Schizosaccharomyces pombe is a mem-
ber of the cell cycle checkpoint Rad proteins that are involved
in the mitotic checkpoint induced by either DNA damage or
DNA replication block (23, 24). Although it is not an essential
gene for normal growth, the loss of functional hus1 gene leads
to cell mortality when DNA damage or replication blocks are
induced in S. pombe. The same phenotype is observed when the
other checkpoint rad genes are mutated (23). It is believed that
the rad gene products are responsible for relaying a signal from
damaged DNA and/or blocked DNA replication to the cell cycle
regulatory machinery to induce cell cycle arrest and to prevent
premature cell division. The exact molecular mechanism of this
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signaling pathway remains unclear. The immediate down-
stream effectors of the rad genes have been postulated to be the
chk and cds1 gene products. Both are protein kinases capable of
phosphorylating and deactivating a phosphatase, cdc25p;
cdc25 activity is required to activate cdc2p, a cyclin-dependent
kinase, which controls cell cycle progress through mitosis. By
deactivating cdc25 protein, cdc2p is maintained in its phospho-
rylated state, and mitosis is not initiated (for review, see
Ref. 25).

The S. pombe Rad proteins discovered so far include Rad1p,
Rad3p, Rad9p, Rad17p, Rad26p, and Hus1p. Human homologs
have been identified for all of these genes except for rad26 (24,
26–29). Among them, Rad3p was found to be a protein kinase,
whose human homologs include ATM (30) and ATR (26). Mu-
tations in the ATM gene, which is responsible for the severe
congenital disease ataxia-telagiectasia (30), render cells unable
to maintain proper checkpoints upon DNA damage (31). Hu-
man ATR has also been shown to be involved in the G2/M DNA
damage checkpoint (32). The Rad17 protein has extensive ho-
mology with the so-called clamp loaders, such as human RF-C
factor (33), known to facilitate the loading of the proliferating
cell nucleus antigen (PCNA) onto DNA (34). PCNA trimers are
assembled into a ring-like configuration that clamp and slide
along the DNA double-helix and are thought to help tether
DNA polymerase to DNA. Interestingly, sequence analysis re-
vealed that yeast Rad1 and Hus1 protein and their homologs in
higher eukaryotic organisms may all contain the so-called
PCNA fold (43, 44), and Rad1p, Hus1p, and Rad9p form a DNA
damage-responsive complex (24, 35, 36). Furthermore, based
on similarity searches, we suggest in this study that the Rad9
proteins may also contain the PCNA domain, and we demon-
strate that HDAC1 could form a complex with Rad9, probably
via Hus1.

In summary, we report in this study findings suggesting a
novel pathway involving HDAC1 in G2/M checkpoint control
through the interaction with a functional Rad complex that
may utilize a PCNA-like structure. Therefore, physically and
functionally similar apparatus may function during G2/M
checkpoint and DNA replication.

EXPERIMENTAL PROCEDURES

Plasmids—The region of HDAC1 between amino acids 53 and 285
was PCR cloned using the primers 59-GAAAAATGGAATTCTATCGC-39
and 59-GACAAAGTCGACACACTTGG-39. The amplified fragment was
digested with EcoRI/SalI and cloned into pAS2-1 (CLONTECH, Palo
Alto, CA) digested with EcoRI/SalI to make our bait construct pAS2-
HDAC1-53-285. pHM6-hHus1 expresses hHus1 with an N-terminally
fused HA epitope tag. hHus1 cDNA was PCR amplified from the orig-
inal yeast two-hybrid construct YYN0048 (see below) with GAL4AD LD
primers (CLONTECH). The product was cloned into pCR2.1 (Invitro-
gen, Carlsbad, CA) resulting in pCR2.1-hHus1. The EcoRI fragment
from pCR2.1-hHus1 was cloned into CH2 vector (from the Department
of Oncology, Novartis, Summit, NJ) digested with EcoRI to generate
CH2-hHus1, from which the KpnI/NotI fragment containing hHus1
cDNA was cloned into pHM6 (Roche Molecular Biochemicals, Basel,
Switzerland) digested with KpnI/NotI. pcDNA3-hHus1-HA expresses
hHus1 with a C-terminally fused HA epitope tag. It was cloned by
inserting into the vector pcDNA3.1 (Invitrogen) the PCR product using
pCR2.1-hHus1 as the template and two oligonucleotides, 59-GCCACC-
ATGAAGTTTCGGGCCAAGATCG-39 and 59-GAATTCTTATGCATAG-
TCTGGAACGTCATATGGATACCCGGACAGTGCAGGGATGAAATA-
CTGAAG-39. pGEX-2TK-hHus1 is a bacterial construct that, upon
isopropyl-1-thio-b-D-galactopyranoside induction, expresses GST-
hHus1 fusion protein. It was cloned by inserting the EcoRI/NotI frag-
ment from CH2-hHus1 into pGEX-2TK (Promega, Madison, WI) di-
gested with SmaI. pcDNA3-HDAC1 contains the human HDAC1 cDNA
in the pcDNA3.1 vector (a gift from Dr. Sambucetti, Department of
Oncology, Novartis). pHA-1–179, pHA-179-482, pHA-241–363, and
pHA-364–482 express fusion proteins between HA epitope tag and
regions of HDAC1 from amino acids 1–179, 179-482, 241–363, and
364–482, respectively. To clone pHA-1–179, the BamHI/NcoI fragment

of pcDNA3-HDAC1 was inserted into KpnI-digested CH2. pHA-179-482
was cloned by inserting the region C-terminal to the NcoI site in
HDAC1 cDNA into EcoRI-digested CH2. To clone pHA-241–363, the
region between HDAC1 amino acids 241 and 363 was PCR amplified
using primers 59-TTCAAGCCGGTCATGTCCAAAG-39 and 59-TTTGA-
TCTTCTCCAGGTACTC-39. The product was cloned into pCR2.1 to
generate pTA-241–363, whose EcoRI fragment was cloned into NotI-
digested pHM6. To clone pHA-364–482, the region between HDAC1
amino acids 364 and 482 was PCR amplified using primers 59-CAGC-
GACTGTTTGAGAACCTTAG-39 and 59-GCTGGAGAGGTCCATTCAG-
GC-39. The product was cloned into pCR2.1 to generate pTA-364–482,
whose EcoRI fragment was cloned into NotI-digested pHM6. pEGFP-
hHus1 expresses a fusion protein between green fluorescent protein
(GFP) and hHus1, with GFP at the N terminus of the fusion protein. To
clone it, the EcoRI/ApaI fragment from pHM6-hHus1 was inserted into
pEGFP-C3 (CLONTECH) digested with EcoRI and ApaI.

Yeast Two-hybrid Screening—The bait used is described above. A
HeLa cDNA library was purchased from CLONTECH, which fused
HeLa cDNAs to GAL4 transcription activation domain (GAL4AD). The
CLONTECH protocol was followed. 12 million transformants were first
screened for His1 phenotype, followed by the filter b-galactosidase
assay. Sequencing all of the clones (ACGT Inc., Northbrook, IL) after
these two steps revealed the cDNA sequence of the hHus1 gene. The
cDNA in one clone (YYN0048) was sequenced to completion, and an
open reading frame was identified. The putative peptide sequence was
subject to a BLAST search against sequences in public data bases.

In Vitro GST Fusion Protein Binding Assays—Expression of GST,
GST-hHus1, or GST-p21 that fused GST to the cyclin-dependent kinase
inhibitor p21 was induced by isopropyl-1-thio-b-D-galactopyranoside
from pGEX-2TK-hHus1-, pGEX-2TK-p21-, or pGEX-2TK-transformed
bacteria. The proteins were purified and bound to glutathione-Sepha-
rose beads following the protocol from Promega. The amounts of the
three proteins on the beads were estimated by subjecting small portions
of the samples to SDS-polyacrylamide gel electrophoresis. An equal
amount of each protein was used in the binding assays, while glutathi-
one-Sepharose beads were added to the binding mixtures to achieve
equal amount of beads in the binding reactions.

HDAC1 or deletion mutants of HDAC1 were in vitro translated using
T7 TnT kit (Promega) and [35S]methionine (NEN Life Science Prod-
ucts). The binding mixtures contained immobilized GST, GST-p21, or
GST-hHus1, in vitro translated HDAC1 or one of the HDAC1 deletion
mutants in binding buffer (50 mM Hepes, pH 7.9, 250 mM NaCl, 0.5 mM

EDTA, 1 mM dithiothreitol, 10% glycerol, 0.1% Triton X-100, and 0.1%
SDS). After a 1-h rotation at 4 °C, the beads were washed three times
with binding buffer. Captured, radioactively labeled peptides were sep-
arated by SDS-polyacrylamide gel electrophoresis and analyzed by a
PhosphoImager.

Immunoprecipitation and Western Blot—COS-7 cells were trans-
fected by electroporation with Gene Pulser II (Bio-Rad) with settings at
0.25 kV and 950 microfarads. 2 days after transfection, the cells were
collected and lysed in radioimmune precipitation buffer (RIPA). Immu-
noprecipitation of HDAC1-FLAG fusion protein used anti-FLAG M2
antibody conjugated to agarose beads (Sigma). Peptides used for com-
petition were included in the indicated immunoprecipitation reactions
at a concentration of 200 mg/ml. The assays were stopped by washing
the beads with radioimmune precipitation buffer three times. Immuno-
precipitated materials were separated on acrylamide gels and exam-
ined by Western blot with anti-HA monoclonal antibody 12CA5 (Boeh-
ringer Mannheim), anti-GFP antibody (CLONTECH), or anti-Rad9
antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Immunoprecipi-
tation assays involving endogenous proteins used nuclear extracts pre-
pared with a simplified Dignam protocol. Briefly, K562 cells, a human
chronic myelogenous leukemia cell line, were collected and incubated in
Triton-lysis buffer (150 mM NaCl, 1 mM MgCl2, 1 mM Tris, pH 8.0, and
0.08% Triton X-100) on ice for 5 min. The nuclei were collected after a
5-min centrifugation and resuspended in lysis buffer (50 mM Hepes, 1%
Triton X-100, 10 mM NaF, 30 mM Na4P2O7, 150 mM NaCl, 1 mM EDTA,
10 mM b-glycerophosphate, 1 mM Na3VO4, and protease inhibitors) and
incubated for 45 min on ice. The extracts were obtained by centrifuga-
tion for 15 min after the incubation. Immunoprecipitations were carried
out for 1 h with the appropriate antibodies and protein A-Sepharose
beads. Each reaction was washed three times with the lysis buffer, and
immunoprecipitated materials were examined by Western blots. All of
the antibodies were from Santa Cruz Biotechnology.

Cellular Localization of hHus1 and HDAC1—H1299 cells, a human
lung carcinoma, were plated onto coverslips and transfected with either
pcDNA3-hHus1-HA or pcDNA3-HDAC1-FLAG. 2 days after transfec-
tion, the cells were fixed with a paraformaldehyde (Sigma) solution
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(4% paraformaldehyde in PBS) for 15 min followed by a 30-min incu-
bation in 220 °C methanol. The cells were subsequently blocked with
1% bovine serum albumin in PBST (PBS with 0.1% Triton X-100 and
0.05% Tween 20). After blocking, anti-HA monoclonal antibody or anti-
FLAG M2 antibody (Kodak) was diluted with PBST, added to the cells,
and incubated at room temperature for 1 h. The cells were then washed
extensively with PBST and incubated with a PBST solution that con-
tained RNase A, propidium iodide, and anti-mouse IgG antibody con-
jugated with fluorescein for 30 min. The cells were washed with PBST
and mounted for viewing.

Bioinformatics Analyses of Hus1, Rad1, and Rad9—Iterative data
base similarity searches were performed with PSI-BLAST (37) using all
of the available protein sequences from the Hus1, Rad1, and Rad9
families (i.e. human, mouse, Caenorhabditis elegans, S. pombe, Saccha-
romyces cerevisiae, and Drosophila melanogaster). After two or three
cycles, these homology searches retrieved a few members of the DNA-
sliding clamp family including PCNA and polymerase III (b-subunit).
Currently, no single computational algorithm guarantees the optimal
detection of divergent members in protein families. Thus, to investigate
further a possible evolutionary connection among Hus1, Rad1, Rad9,
and members of the PCNA family, we have used three additional
complementary approaches. First, ungapped conserved regions (or
blocks) in Hus1, Rad1, and Rad9 were converted to position-specific
scoring matrices (or profiles) using BlockMaker and subsequently sub-
mitted as probes in MAST searches (38, 39). Second, a combination of
secondary structure prediction methods (40) was used with three sep-
arate multiple sequence alignments generated by ClustalW (41). In
addition, a fold recognition method (GenThreader) that measures the
compatibility of a primary sequence with a library of tertiary templates
was applied to each of the 15 sequences (42).

RESULTS

Yeast Two-hybrid Screening to Identify Novel HDAC1-inter-
acting Factors—To identify novel HDAC1-interacting proteins,
we performed a yeast two-hybrid screen using a HeLa cDNA
library. Our initial attempt to use the full-length human
HDAC1 as the bait failed, indicating that overexpression of this
protein might be toxic to the yeast cells. Instead, the region
between amino acids 53 and 285 was used. It is part of the
conserved N-terminal domain among the different HDACs (1,
2, 6). Among the 12 million clones screened, several demon-
strated specific interaction with the bait. Fig. 1 shows the
results of b-galactosidase assays for one of the clones,
YYN0048. When YYN0048 was present in yeast with the bait,
positive b-galactosidase activity was observed (Fig. 1A),
whereas there was no b-galactosidase activity when YYN0048
was present together with either one of two nonspecific baits, a
fusion between GAL4BD and the human lamin C protein (Fig.
1B) or GAL4BD alone (Fig. 1C).

All of the positive clones contained cDNA sequence for one

gene. The full-length cDNA in YYN0048 revealed a prominent
open reading frame. The translated amino acid sequence was
subjected to a BLAST search against sequences in public data
bases and identified as a human homolog to a fission yeast
protein, Hus1p (23). They share about 30% identity over the
length of both peptides. Based on this homology, we named the
human cDNA clone hHus1 for human Hus1. While our study
was under way, other groups also cloned hHus1 (24, 35).

In Vitro Interaction between GST-hHus1 and HDAC1—To
assay for in vitro interaction between HDAC1 and hHus1, in
vitro translated HDAC1 using [35S]methionine was mixed with
immobilized, bacterially expressed GST-hHus1. Bound HDAC1
was visualized by electrophoresis and a PhosphoImager. As
negative controls, GST alone or GST-p21 fusion protein was
used in similar binding reactions (Fig. 2A). GST-hHus1 pulled
down HDAC1 (lane 1), but neither GST-p21 fusion protein
(lane 2) nor GST alone (lane 3) pulled down any appreciable
amounts of HDAC1, indicating specific in vitro interactions
between GST-hHus1 and HDAC1.

Further characterization of the in vitro interaction using
several HDAC1 deletion mutants in similar binding assays
suggested that the region between amino acids 1 and 240 is
involved in the interaction with GST-hHus1. This was demon-
strated by the ability of mutants aa1–179 and aa179-482 to
bind to GST-hHus1 (lanes 4 and 7), in contrast to the weak or
the lack of binding of the mutants aa241–363 and aa364–482
(lanes 10 and 13). Based on these results, which are summa-
rized in Fig. 2B and also supported by the yeast two-hybrid
experiments, we propose that HDAC1 putative interaction do-
main with hHus1 is between amino acids 53 and 240. Fur-
thermore, because mutants 1–179 and 179-482 bound to
GST-hHus1 with similar affinity, there may be two hHus1-
interacting regions in HDAC1.

HDAC1, hHus1, and Rad9 Interacted in Vivo—In vivo inter-
action between HDAC1 and hHus1 was demonstrated by a
series of coimmunoprecipitation assays (Fig. 3A–C). HA-hHus1
was coimmunoprecipitated with anti-FLAG antibody in the
presence of HDAC1-FLAG (Fig. 3A, lane 2), but no HA-hHus1
was immunoprecipitated in the absence of HDAC1-FLAG
(Fig. 3A, lane 1) or with the competing FLAG peptide (Fig. 3A,
lane 3). Similarly, GFP-hHus1 was coimmunoprecipitated us-
ing anti-FLAG antibody (Fig. 3B, lane 2) but not in the absence
of HDAC1-FLAG (Fig. 3B, lane 1). FLAG peptide (Fig. 3B, lane
3), but not a nonspecific peptide (Fig. 3B, lane 4), competed the
coimmunoprecipitation of GFP-hHus1. More convincingly, en-

FIG. 1. Yeast two-hybrid screen to
identify novel HDAC1-interacting
proteins. Top panel, the bait used in the
yeast two-hybrid screen, pAS2-HDAC1-
53–285, comprised the region in HDAC1
from amino acids 53 to 285, fused to the
DNA binding domain of the yeast GAL4
protein (GAL4BD). Bottom panel, repre-
sentatives of b-galactosidase filter assays
from yeasts transformed with clone
YYN0048 and the bait pAS2-HDAC1-53–
285 (A); pAS2-lamin C, which expresses a
fusion between GAL4BD and the human
lamin C protein (B), and pAS2-1, which
only expresses GAL4BD (C).
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dogenous HDAC1 and hHus1 were coimmunoprecipitated
(Fig. 3C) from K562 cell nuclear extracts. HDAC1 was immu-
noprecipitated with either anti-HDAC1 (Fig. 3C, lane 1) or
anti-hHus1 antibody (Fig. 3C, lane 2). No immunoprecipitation
of HDAC1 was observed with anti-HA antibody (Fig. 3C,
lane 4).

In both S. pombe and mammalian cells, Rad1, Rad9, and
Hus1 form a complex (24, 35). We postulated that HDAC1 and
Rad9 could also exist in a complex, possibly via Hus1. To test
this possibility, coimmunoprecipitation assays were performed
with both nontransfected and transfected cells. Fig. 3C, lane 3,
demonstrates that endogenous Rad9 and HDAC1 could coim-
munoprecipitate. The same results could be observed when
HDAC1-FLAG was immunoprecipitated with anti-FLAG anti-
body from transfected cells and the presence of Rad9 in the
immunoprecipitated complexes was examined by Western blot.
As demonstrated in Fig. 3D, Rad9 protein was coimmunopre-
cipitated in the presence of both HDAC1-FLAG and HA-hHus1
(lane 2) and was not detected in the absence of HDAC1-FLAG
(lane 1). In addition, when both HA-hHus1 and HDAC1-FLAG
were present (lane 4), more Rad9 protein was coimmunopre-
cipitated compared with the immunoprecipitation in the pres-
ence of HDAC1-FLAG alone (lane 3). A nonspecific band ob-
served on the same Western blot displayed equal intensity
across lanes 3 and 4 (data not shown), indicating equal loading

of the samples. Together, these data clearly indicated that
HDAC1 and hHus1 form a stable complex in the cells and also
suggested that hHus1 might stabilize the interaction between

FIG. 2. In vitro interactions between HDAC1 and hHus1. Four
deletion mutants of HDAC1 (amino acids 1–179, 179-482, 241–363, and
364–482) were generated. The numbers represent the amino acids in
HDAC1 which are present in these mutants. GST-hHus1, GST-p21, or
GST expressed in bacteria was bound to glutathione-Sepharose beads.
Full-length human HDAC1 or HDAC1 deletion mutants were trans-
lated in vitro with [35S]methionine and mixed with the immobilized
GST or GST fusion proteins. Bound HDAC1 or the deletion mutants
were separated on SDS-polyacrylamide gel electrophoresis and ana-
lyzed (A). The asterisks indicate the positions of the two mutants,
aa241–363 and aa364–482, which were weakly or not captured by
GST-hHus1. The results are summarized in panel B. The mutants
depicted by solid lines interacted with hHus1 in vitro, whereas the
mutants represented by the dotted lines were not found to interact with
GST-hHus1.

FIG. 3. HDAC1, hHus1, and Rad9 interacted in vivo. Transfec-
tion and immunoprecipitation (IP) were performed as described under
“Experimental Procedures.” In A and B, immunoprecipitation was done
with anti-FLAG antibody and cell lysates made from transfected COS-7
cells. Immunoprecipitated materials were analyzed by Western blots
(WB) with either anti-HA antibody (A) or anti-GFP antibody (B). Leg-
ends on the top of the figures indicate the constructs that were trans-
fected: HA-hHus1, pHM6-hHus1; HDAC1-flag, pcDNA3-HDAC1-
FLAG; GFP-hHus1, pEGFP-hHus1. FLAG peptide was purchased from
Sigma. The nonspecific peptide has the following sequence, in the
conventional one-letter amino acid code: LASESTHEDRNVEHMAE-
VHI. C, endogenous HDAC1 interacts with hHus1 and Rad9. Immuno-
precipitation assays were performed with K562 cell nuclear extracts
and anti-HDAC1 (lane 1), anti-hHus1 (lane 2), anti-Rad9 (lane 3), or
anti-HA polyclonal antibodies (lane 4). Lane 5 contains only nuclear
extract (NE). HDAC1 was detected by a Western blot using anti-
HDAC1 antibody. D, HDAC1 and Rad9 form a complex in transfected
cells. Cell lysates from COS-7 cells transfected with expression con-
structs for either HDAC1-FLAG (pcDNA3-HDAC1-FLAG), HA-hHus1
(pHM6-hHus1), or both were immunoprecipitated with anti-FLAG an-
tibody. The presence of Rad9 protein in the immunoprecipitated com-
plex was examined by Western blot with anti-Rad9 polyclonal antibody.
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HDAC1 and Rad9 by participating directly in the complex
formation.

Both hHus1 and HDAC1 Were Localized to the Nuclei—To
visualize the cellular localization of hHus1 (Fig. 4A), immuno-
fluorescent staining was performed on H1299 cells transfected
with an expression vector for hHus1-HA, which was detected
by anti-HA tag antibody and fluorescein-conjugated secondary
antibody (fluorescein isothiocyanate staining). The nuclei were
visualized by DNA staining with propidium iodide (Fig. 4B).
Fig. 4C shows a composite of the fluorescein isothiocyanate and
propidium iodide staining and demonstrated that hHus1-HA
was found in the nuclei. Similar immunofluorescent staining
assays of H1299 cells expressing HDAC1-FLAG showed that
HDAC1 was also localized in nuclei (Fig. 4, D–F).

Potential PCNA Folds Exist in Hus1, Rad1, and Rad9—To
gain further insights into the potential biological functions of
Hus1, Rad1, and Rad9, we have exploited the complementary
nature of four different computational sequence analysis meth-
ods. These analyses revealed that both Hus1 (43) and Rad1 (44)

contain PCNA folds (45–47) as was reported recently. In addi-
tion, our analysis demonstrated that Rad9 may also fold into a
PCNA-like domain. When a PSI-BLAST (37) search using the
human Rad9 protein sequence as the initial query input and a
threshold E value of 0.100 against nr data bases from GenBank
was performed, the PCNA protein from archaebacterium Meth-
anobacterium thermoautotrophicum was listed as one of top
eight matches after the first round of iterative search. 6 of the
8 matches were various Rad9 homologs, and one was not an-
notated. After the second round of iterative search, 35 of the 42
matches with E values above the threshold were PCNA ho-
mologs from various organisms. A direct pairwise alignment
between the human Rad9 protein and the PCNA protein of M.
thermoautotrophicum using ALIGN (65) yielded only an iden-
tity of 17.6%. This result strongly suggested that the human
Rad9 protein contains a PCNA-like motif even with a low
sequence similarity.

We expanded these analysis to include Hus1, Rad1, and
Rad9 proteins from various organisms and used more sophis-
ticated analysis tools, including MAST searches, secondary
structure predictions, and threading analysis. Fig. 5, A and B,
illustrate the local multiple sequence alignments containing
the moderately conserved regions common to Hus1, Rad1,
Rad9, and representatives of the PCNA family. A number of
key core hydrophobic (blue regions) and basic residues (red
regions) that line up the internal cavity of the crystal struc-
tures of human (45, 46) and yeast (47) PCNAs are well con-
served. Rad9 has an additional extended C-terminal proline-
rich region that is not present in Hus1 or Rad1. Although all
Rad9 sequences share similarity with the PCNAs, their N-
terminal regions are less conserved (alignments not shown). On
the contrary, the N-terminal regions of Hus1 and Rad1 are
better conserved (Fig. 5A) than their C-terminal regions (not
shown). Nevertheless, the combined results of PSI-BLAST and
MAST searches point to the existence of PCNA-like folds that
extend throughout the entire lengths of the Hus1, Rad1, and
Rad9 sequences (Fig. 5C). These structural motifs could be
projected onto the secondary and tertiary structures of the
PCNA ring as described by Gulbis et al. (46) and shown in
Fig. 5D. The structural motifs identified with these tools were
verified independently using secondary and tertiary structure
prediction methods. Consensus-based secondary structure pre-
diction shows that Hus1, Rad1, and Rad9 exhibit an organiza-
tion of b-strands and a-helices similar to those seen in the
major structural elements that make up the scaffold of the
PCNA molecule (data not shown). Threading results have dem-
onstrated that the PCNA folds (1PLQ and 1AXC) were the best
ranking matches for nearly all of the Hus1, Rad1, or Rad9
sequences analyzed. The probabilities of correct matches for
four Rad9 sequences estimated by GenThreader were in the
range of 0.897 to 0.982.

DISCUSSION

In an attempt to further characterize HDAC1 functions and
regulation, we identified a novel interaction between HDAC1
and hHus1, a G2/M checkpoint protein, using a yeast two-
hybrid screen. The interaction between HDAC1 and hHus1 was
characterized further by in vitro GST pull-down and coimmu-
noprecipitation assays. It was clear from these assays that
HDAC1 and hHus1 form a complex in vitro and in vivo, and
both proteins localize to the nuclei. Furthermore, this interac-
tion likely occurs in the N-terminal portion of HDAC1. We
further demonstrated that HDAC1 also coimmunoprecipitates
with Rad9 protein, a known Hus1-interacting protein (24, 35).
Moreover, this interaction is likely to be mediated by Hus1
because a cotransfection of Hus1 expression construct en-
hanced the amount of Rad9 protein coimmunoprecipitated with

FIG. 4. hHus1 and HDAC1 were localized in the nuclei. H1299
cells were transfected with an expression construct for hHus1-HA (A–C)
or HDAC1-FLAG (D–F). The cellular localization of hHus1-HA (A) or
HDAC1-FLAG (D) was visualized by immunofluorescent staining with
anti-HA or anti-FLAG antibody followed by fluorescein-conjugated
(FITC) secondary antibody. The nuclei were visualized by propidium
iodide (PI) staining (B and E). C and F are composites of the fluorescein
(green) and propidium iodide (red) signals.
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HDAC1. These results strongly suggest that HDAC1 interacted
with the complex composed of Hus1, Rad9, and Rad1 (35, 36)
and potentially link histone deacetylase activity to a cell cycle
checkpoint control pathway.

Checkpoints, as defined by Hartwell and Weinert (48), are
cellular mechanisms that ensure dependence of events in the
cell cycle. The G2/M checkpoint ensures that mitosis only oc-
curs upon the completion of DNA replication and in the absence
of damages to the chromosomes. A loss of this checkpoint would
lead to premature cell division without the completion of S
phase or the full repair of DNA damage. Both situations are
potentially detrimental to the cells and may cause cancer be-
cause they could eventually induce massive mutations in the
genome. Therefore, a protein involved in the G2/M checkpoint
is also a potential tumor suppressor, which is usually identified
by a relationship between incidences of cancer and loss of
function mutations in a gene. The human Hus1 gene is located
at chromosomal location 7p13-p12 (49), which has been dem-
onstrated to harbor a potential tumor suppressor gene linked to
ovarian cancers (50–53). The murine Hus1 gene has been lo-
cated to chromosome 11, in a region with similarity to the
human chromosomal region 7p13 (54). Furthermore, this chro-
mosomal region in mice contains an autosomal recessive mu-
tation, germ cell-deficient (gcd) (55, 56). Duncan et al. (57)
reported that 56% of homozygous female mice over 1 year of age
with this mutation developed tubulostromal adenoma of the
ovary, whereas no wild type or heterozygous females appeared
to have this type of tumor (57). It is conceivable that the gcd
mutation disrupts the murine Hus1 gene and abrogates a tu-
mor suppressor. To implicate further the involvement of the
Rad checkpoint proteins in ovarian cancers, it has also been
discovered that a significant number of human ovarian cancers
contain a loss of heterozygosity on chromosome 11q (52), where
the ATM and Rad9 genes are located (30, 49). Together, these
studies suggested that the Hus1 and other Rad proteins may
act as tumor suppressors through their functions of maintain-
ing chromosome integrity.

Bioinformatics analysis of Hus1, Rad1, and Rad9 proteins
suggested that these proteins may contain PCNA-like domains.
This led us to postulate a simplified though plausible scenario
of the early sensing of DNA damage and subsequent repair.
One of the initial events may be the assembly of Hus1, Rad1,
and Rad9 by Rad17, a putative clamp-loader protein (33), into
a ring-like structure around the damaged DNA via their puta-
tive PCNA-like domains. This structure could function as the
adapter molecule or the glue that ensures the functional integ-
rity of the actual repair machinery. In addition, Rad1 may also
be responsible for proofreading and nucleotide(s) excision be-
cause of its associated exonuclease activity (28, 59), and Hus1
may provide a connection to chromatin through its interactions
with HDAC1. Hence, we propose two possible mechanisms
involving the HDAC1-Hus1 interaction. In one scenario
(Fig. 6A), a multicomponent complex consisting of Rad17,
Rad1, Rad9, and Hus1 could form around free DNA ends

caused by either incomplete replication or DNA damage.
Thereafter, HDAC1 is targeted to these sites through its inter-
action with Hus1. HDAC1 could further recruit nucleosome
remodeling complexes such as CHD3/4 through protein-protein
interactions (60, 61) so that they could modify the local nucleo-
somal structure to facilitate DNA repair. Alternatively (Fig.
6B), the interaction between HDAC1 and Hus1 could target
HDAC1 and its associated nucleosomal remodeling activity to
the region where DNA repair has been successfully completed
to modify the local nucleosomal structure, which may have
been changed during the repair. These two hypothetical sce-
narios are not mutually exclusive. HDAC1 activity could po-
tentially be utilized to modify nucleosomal structure to facili-

FIG. 5. Bioinformatics analysis of members of the hus1 and Rad9 families. ClustalW multiple sequence alignments of the N-terminal
domains of members of the PCNA family and Hus1 and Rad1 primary sequences (A) and the C-terminal domains of the PCNAs sequences and
members of the Rad9 family (using default parameters; B) are shown. The moderately conserved hydrophobic residues are colored in blue; basic
residues are red. Minor editing of a few primary sequences was required to preserve the compactness of the alignments. The approximate positions
and sizes of the secondary structure elements have been obtained by mapping onto the multiple sequence alignments the experimental b-strands
(shown as arrows) and a-helices (shown as rectangles) of the yeast and human (D) PCNA crystal structures (adapted from Ref. 46). The yellow and
magenta coloring scheme of the secondary structure elements reflects the internal 2-fold symmetry relating the N- and C-terminal subdomains of
the PCNA monomer. In C, the domain organization of human Hus1, Rad1, and Rad9 is shown. In addition to a PCNA-like domain, Rad9 contains
a C-terminal proline-rich region (green area). Protein sequences from the PCNA family were from C. elegans (Ce), Catharanthus roseus (Cr), S.
cerevisiae (Sc), Sarcophaga crassipalpis (Sa), Styela clava (Sy), Homo sapiens (Hs), S. pombe (Sp), Orgyia pseudotsugata virus (Op), Plasmodium
falciparum (Pf), Autographa californica nucleopolyhedrovirus (An), M. thermoautotrophicum (Mt), Methanococcus jannaschii (Mj), Paramecium
bursaria virus 1 and 2 (Pb_PCN1, 2), and Archaeoglobus fulgidus (Af). The Hus1, Rad1, and Rad9 amino acid sequences were from human (Hs),
rat (Rn), mouse (Mm), D. melanogaster (Dm), S. pombe (Sp), Schizosaccharomyces octosporus (So), and C. elegans (Ce), respectively.

FIG. 6. Schematic models of possible involvement of HDAC1 in
the G2/M checkpoint control. Two schemes are depicted as models
for the potential involvement of HDAC1 in the G2/M checkpoint control.
In A, a damaged DNA site, represented by a gap in DNA, induces the
assembly of a multicomponent complex consisting of Rad1, Rad9, and
Hus1, which form a PCNA-like ring structure around the DNA and
Rad17 as the clamp loader. The interaction between Hus1 and HDAC1
could recruit HDAC1, and possibly nucleosomal remodeling factors
such as CHD3/4, to the site to modify the local nucleosomal structure
and facilitate DNA repair. It is conceivable that some additional factors,
represented here by question marks, could also be involved in this
checkpoint control process and targeted to the site via various protein-
protein interactions. Alternatively (B), after repair has been completed,
HDAC1 could be recruited by hHus1 to the complex made of Rad1,
Rad9, and hHus1 surrounding the repair site. Consequently, the nu-
cleosomal remodeling factors such as CHD3/4 could join the complex.
These factors would restore the local chromatin structure to its native
compact form.
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tate DNA repair as well as to restore the structure to its native
state.

The results reported here argue that the function of HDAC1
may need to be regulated during G2/M checkpoint. Strength-
ening this hypothesis is a recent study that reported an inter-
action between HDAC1 and the ATM protein (62). This partic-
ular interaction increased after ionizing radiation of cells and
seemed to enhance HDAC1 activity, suggesting that HDAC
activity is needed for the sensing of ionizing radiation-induced
DNA damage, and there may be multiple sites of action for
HDAC1 at this checkpoint. In addition, there has been some
indirect evidence to suggest HDAC involvement in the progress
through G2/M phase. For example, inhibition of histone
deacetylase activity arrested MCF-7 cells, a human mammary
adenocarcinoma (63), and H1299, a human non-small lung
carcinoma (19) at the G2/M phase. In S. cerevisiae, mutation of
all four N-terminal lysines in histone H4 to glutamines, which
mimic acetylated lysines, prolonged the G2/M phase (64). In
addition, inhibition of HDAC activity by trichostatin A relieved
transcriptional repression of marker genes in centromeric het-
erochromatin and subsequently caused chromosome loss in S.
pombe (58). These observations are consistent with the hypoth-
esis that underacetylated histones, as a result of histone
deacetylase activity, are needed for cells to go through mitosis
and maintain the integrity of chromosome.

In summary, we identified an interaction involving HDAC1
which could link the enzyme to the G2/M checkpoint machin-
ery. Regulation of HDAC activity by the Rad checkpoint com-
plex through the interaction between Hus1 and HDACs could
be an important step toward achieving G2/M arrest in the case
of DNA damage and/or replication block.
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