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I

t has been established that Polo-like kinase 1 (Plk1) plays a
critical role in various aspects of mitotic events, such as mitotic
entry, centrosome maturation, and mitotic spindle assembly (1).
In addition to the N-terminal kinase domain, Plk1 is characterized by the presence of a polo-box domain (PBD) in the
noncatalytic C-terminal region (2). The PBD mediates the
recruitment of Plk1 to proteins that have been ‘‘primed’’ by
phosphorylation at appropriate sites, thus providing an elegant
mechanism for controlling Plk1 activity both temporally and
spatially (2, 3). Increasing evidence suggests that Plk1 may have
additional functions in the regulation of DNA replication. The
initiation of DNA replication is tightly regulated in eukaryotic
cells to ensure that the genome is precisely duplicated once per
cell cycle (4). DNA replication starts with the ordered assembly
of a multiprotein complex called the prereplicative complex
(pre-RC), whose components are recruited to replication origins
in a stepwise manner beginning with the origin recognition
complex (Orc). The Orc recruits Cdc6 and Cdt1, which are both
required for the subsequent loading of the minichromosome
maintenance complex (Mcm). Formation of the pre-RC occurs
during late M phase right after sister chromatid segregation and
licenses the DNA for replication during S phase (4). A connection between these pre-RC proteins and Plk1 was indicated. The
fact that Plk1 is coimmunoprecipitated (co-IPed) with all members (Mcm2–7) of the Mcm complex suggests a new function for
Plk1 in coordination of DNA replication and mitotic events (5).
Yeast two-hybrid and co-IP were used to reveal interactions
between Plk1 and Mcm2, as well as Orc2 (6). Moreover, it was
shown that most of the Orc and Mcm subunits are colocalized
with Plk1 to centrosomes, and Orc2 is a substrate of Plk1
in vitro (6).
The human histone acetyltransferase binding to Orc1 (Hbo1)
protein, a MYST family histone acetyltransferase (HAT), was
originally identified through its binding to Orc1 (7). Binding to
Mcm2 as well, Hbo1 is required for Orc formation and replication licensing (8) and acts as the major enzyme responsible for
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0712063105

histone H4 acetylation (9). In this study, we demonstrate the
interaction between Plk1 and Hbo1 and show that Hbo1 is a Plk1
substrate. Depletion of Hbo1 by RNAi results in a reduction of
DNA replication and a failure of Mcm protein loading onto
chromatin, both of which are partially rescued by ectopic expression of WT Hbo1, but not by a Plk1 unphosphorylatable
mutant, suggesting an essential role of Plk1 in pre-RC formation
and replication licensing.
Results
Physical Interaction of Plk1 with Hbo1. In a search for Plk1-

interacting proteins using a yeast two-hybrid system, we have
identified Hbo1 as a potential Plk1 target. To determine whether
Hbo1 is a bona fide Plk1-interacting partner, we further analyzed
the association between Hbo1 and Plk1. Accordingly, HA-Plk1
or Flag-Hbo1 constructs were in vitro translated in a rabbit
reticulocyte lysate system in the presence of [35S]methionine.
The translation products from the two reactions were mixed
together and subjected to HA antibody IP. As shown in Fig. 1A,
Hbo1 was co-IPed with HA-Plk1 protein, indicating the association between Plk1 and Hbo1 in vitro. To confirm the interaction
between Hbo1 and Plk1 in vivo, HeLa cells were treated with
mimosine, hydroxyurea, or nocodazole to arrest cells at G1, S, or
M phase, respectively. Total nuclear extracts were prepared and
subjected to Plk1 antibody IP. As indicated, endogenous Hbo1
was co-IPed with Plk1 only in nocodazole-treated cells, but not
in mimosine- or hydroxyurea-treated cells, suggesting the interaction is mitosis-specific (Fig. 1B). Similarly, overexpressed
Flag-Hbo1 also was co-IPed with Plk1 only in mitosis (Fig. 1C).
Finally, we tested the subcellular localization of Hbo1 and Plk1.
As shown in Fig. 1D, Plk1 can be detected in all three fractions:
cytoplasm, nucleoplasm, and chromatin-binding, whereas Hbo1
was only detected in the chromatin-enriched fraction, indicating
that Hbo1 binds to Plk1 only in chromatin.
Plk1 Phosphorylates Hbo1 in Vitro and in Vivo. Considering that

Hbo1 and Plk1 bind to each other in vivo and in vitro, we asked
whether Hbo1 is a substrate of Plk1. Toward this end, purified
full-length, N-terminal or C-terminal Hbo1 was incubated with
purified Plk1-WT in the presence of [␥-32P]ATP. As shown in
Fig. 2A, both full-length and N-terminal fragment of Hbo1
proteins yielded a strong phosphorylation signal. To further
narrow down the site, three nonoverlapping Hbo1 fragments
(amino acids 1–98, 99–214, and 215–329) were subjected to a
kinase reaction, and only the domain containing amino acids
1–98 was a robust substrate for Plk1 (data not shown). Next,
every serine in the amino acids 1–98 domain was mutated into
alanine in the context of the full-length Hbo1 protein to map the
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In a search for Polo-like kinase 1 (Plk1)-interacting proteins using a
yeast two-hybrid system, we have identified histone acetyltransferase binding to the origin recognition complex 1 (Hbo1) as a
potential Plk1 target. Here, we show that the interaction between
Plk1 and Hbo1 is mitosis-specific and that Plk1 phosphorylates
Hbo1 on Ser-57 in vitro and in vivo. During mitosis, Cdk1 phosphorylates Hbo1 on Thr-85/88, creating a docking site for Plk1 to be
recruited. Significantly, the overexpression of Hbo1 mutated at the
Plk1 phosphorylation site (S57A) leads to cell-cycle arrest in the
G1/S phase, inhibition of chromatin loading of the minichromosome maintenance (Mcm) complex, and a reduced DNA replication
rate. Similarly, Hbo1 depletion results in decreased DNA replication
and a failure of Mcm complex binding to chromatin, both of which
can be partially rescued by the ectopic expression of WT Hbo1 but
not Hbo1-S57A. These results suggest that Plk1 phosphorylation of
Hbo1 may be required for prereplicative complex (pre-RC) formation and DNA replication licensing.
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Fig. 1. Physical interaction between Plk1 and Hbo1. (A) HA-Plk1 or FlagHbo1 was translated by using a rabbit reticulocyte system for 30 min at 30°C
in the presence of [35S]methionine. Ten percent of the translation products
were used as input controls. The remaining products from the two reactions
were mixed together, incubated with rotation for 4 h at 4°C, and subjected to
HA antibody IP. (B and C) HeLa cells were transfected (C) or not (B) with
Flag-Hbo1. At 3 d after transfection, cells were treated with mimosine, hydroxyurea, or nocodazole. Nuclear extracts were prepared, subjected to antiPlk1 IP, and analyzed by Western blot. (D) Lysates from random growing cells
were fractionated into cytoplasmic, soluble nucleoplasmic, and chromatinenriched fractions and then subjected to Western blot.
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HA

potential phosphorylation site for Plk1. Compared with the
phosphorylation level of Hbo1-WT, the phosphorylation level of
Hbo1-S57A by Plk1 was significantly reduced, indicating that
Ser-57 is the major phosphorylation site for Plk1 in vitro
(Fig. 2B).
To test whether Hbo1 could be phosphorylated by Plk1 in vivo,
cells were cotransfected with pBS/U6-Plk1 (or pBS/U6), FlagHbo1-WT, and pBabe-puro at a ratio of 6:3:1. At 1 d after
transfection, puromycin was added to select transfection-positive
1920 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0712063105
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Fig. 2. Mapping of Plk1 phosphorylation sites in Hbo1. (A) Purified GSTPlk1-WT (WT) or ⫺KM (kinase-defective mutant) was incubated with purified
GST-Hbo1 (amino acids 1– 601), Hbo1-N (amino acids 1–329), or Hbo1-C (amino
acids 330 – 601) for 30 min at 30°C in the presence of [␥-32P]ATP. (B) Purified
Plk1 was incubated with various GST-Hbo1 serine-to-alanine mutants. (C) Cells
were cotransfected with pBS/U6-Plk1 (or pBS/U6), Flag-Hbo1, and pBabe-puro
at a ratio of 6:3:1. Nuclear extracts were prepared and subjected to anti-Flag
antibody IP, followed by Western blot analysis with an antiphosphoserine
antibody. The same membrane was stripped and probed with an anti-Flag
antibody. (D) Cells were cotransfected with HA-Plk1 and Flag-Hbo1-WT (or
-S57A) at a ratio of 3:1 and processed as in C.

cells for 2 d. After floating cells were washed away, attached cells
were further incubated for 14 h in the presence of nocodazole
and harvested. Nuclear extracts were prepared, subjected to
anti-Flag IP, and analyzed by immunoblot to detect the phosphorylation of Hbo1 by using a phosphoserine antibody as
described (10). The data show that the elimination of endogenous Plk1 attenuated Hbo1 phosphorylation, compared with
phosphorylated Hbo1 detected in control cells, suggesting that
Plk1 phosphorylates Hbo1 in vivo (Fig. 2C). To determine
whether Ser-57 is the in vivo site for Plk1, cells were cotransfected with HA-Plk1-WT and Flag-Hbo1-WT or -S57A at a ratio
of 3:1. Hbo1 was IPed with Flag antibody, and the levels of Hbo1
phosphorylation were determined by using the phosphoserine
antibody as described above. The S57A mutation significantly
reduced Hbo1 phosphorylation, indicating that Ser-57 of Hbo1
is the Plk1 phosphorylation site in vivo (Fig. 2D).
Wu and Liu
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Fig. 3. Prior phosphorylation of Hbo1 by Cdk1 enhances recruitment of Plk1
to Hbo1. (A) Purified Cdk1/Cyclin B was incubated with various GST-Hbo1
threonine-to-alanine mutants. (B) HeLa cells were transfected with FlagHbo1-WT or -T85/88A mutant. At 3 d after transfection, cells were treated with
nocodazole for 14 h. Nuclear extracts were subjected to Plk1 antibody IP and
analyzed by Western blot. (C) Direct binding of Hbo1 to PBD. After cells were
transfected as in B, nuclear extracts were subjected to anti-Flag IP. (Upper) The
IP pellets were resolved by SDS/PAGE, transferred to a membrane, and probed
with a recombinant GST-Plk1-PBD protein, followed by anti-GST Western blot
analysis. (Lower) The same membrane was stripped and reprobed with an
anti-Flag antibody to assess the expression level of Hbo1. (D) Purified GSTHbo1 or -T85/88A proteins were preincubated with or without Cdk1/Cyclin B
in the presence of unlabeled ATP. All samples were then incubated with or
without Plk1 in the presence of [␥-32P]ATP.
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Prior Phosphorylation of Hbo1 by Cdk1 Enhances Recruitment of Plk1
to Hbo1. Cdk1-associated phosphorylation has been shown to

generate a docking site to recruit Plk1 toward its substrates, such
as Cdc25C (2, 11). We asked whether the Hbo1–Plk1 interaction
is regulated by a similar mechanism. Accordingly, recombinant
Cdk1/cyclin B was incubated with purified Hbo1-WT or various
Hbo1 threonine to alanine mutants in the presence of
[␥-32P]ATP. We showed that Hbo1 is a robust substrate of Cdk1
and that Thr-85 and Thr-88 are the two sites phosphorylated in
vitro (Fig. 3A).
Next, we tested whether the phosphorylation state of Cdk1
sites would affect Plk1 binding to Hbo1 in vivo. For that purpose,
HeLa cells were transfected with Flag-Hbo1 or Flag-Hbo1-T85/
88A constructs and then treated with nocodazole. Nuclear
extracts were prepared, subjected to anti-Plk1 IP, and analyzed
by Western blot. As shown in Fig. 3B, introduction of the
Wu and Liu

T85/88A mutations strongly reduced the binding affinity between Plk1 and Hbo1, suggesting that Cdk1-associated priming
phosphorylation might generate a docking site for Plk1. Furthermore, Far Western blots were used to test the direct binding
between Plk1-PBD and Hbo1. After cells were transfected with
Flag-Hbo1 and treated with nocodazole, nuclear extracts were
prepared and subjected to anti-Flag IP. The IP pellets were
resolved by SDS/PAGE and transferred to a membrane, and the
membrane was incubated with GST-Plk1-PBD. After extensive
washes, the membrane was probed with a GST antibody. As
shown in Fig. 3C, alanine substitution of T85/88 dramatically
reduced the binding of Plk1-PBD with Hbo1, indicating that
Cdk1-associated priming phosphorylation enhances the recruitment of Plk1-PBD to Hbo1.
To determine whether the Cdk1-induced recruitment of Plk1
to Hbo1 converts Hbo1 into an efficient Plk1 substrate, sequential kinase assays were performed (Fig. 3D). For that purpose,
recombinant WT and T85/88A Hbo1 proteins were incubated
with Cdk1/cyclin B in the presence of unlabeled ATP, followed
by incubation with or without Plk1 in the presence of
[␥-32P]ATP. Our results showed that the sequential exposure of
Hbo1 to Cdk1 and Plk1 resulted in strong phosphorylation of
WT Hbo1, but only weak phosphorylation of the T85/88A
mutant, suggesting that Cdk1 serves as a priming kinase for Plk1
toward Hbo1.
Overexpression of Hbo1-S57A, but Not Hbo1-WT, Leads to G1/S Phase
Arrest, Inhibition of Pre-RC Formation, and a Reduced DNA Replication
Rate. Considering the essential function of Hbo1 in the pre-RC

formation and DNA replication licensing, we were interested to
test whether these functions of Hbo1 are regulated by Plk1associated phosphorylation. First, we asked whether overexpression of an Hbo1-S57A mutant would cause cell-cycle arrest.
Toward that end, HeLa cells were cotransfected with Hbo1
constructs and pBabe-puro at a ratio of 7:1 and selected with
puromycin. After incubation with nocodazole for 10 h, transfection-positive cells were harvested. Lysates were prepared and
subjected to Western blot analysis or an anti-Cdk1 IP kinase
assay by using histone H1 as a substrate. As shown in Fig. 4 A and
B, overexpression of the Hbo1-S57A mutant, but not Hbo1-WT,
led to an accumulation of Cyclin E (a G1/S stage marker) and
reduced Cdk1 kinase activity in nocodazole-treated cells, suggesting that the overexpression of Hbo1-S57A might cause an
arrest in the G1/S phase.
To further characterize the cell-cycle arrest induced by the
Hbo1-S57A mutant, we used FACS to monitor the cell-cycle
progression. After cotransfection and selection, puromycinresistant cells were further incubated for 6 h and then treated
for 5 h with nocodazole. As indicated in Fig. 4C, when treated
with nocodazole for 5 h, Hbo1-S57A-expressing cells showed
an obvious cell-cycle progression delay, compared with that of
Hbo1-WT-expressing cells. There was still a lower G2/M peak
versus G1 peak in Hbo1-S57A-expressing cells, compared with
that of Hbo1-WT-expressing cells (Fig. 4C). Next, we tested
whether the overexpression of Hbo1-S57A affects BrdU incorporation. We observed that the overexpression of Hbo1S57A, but not Hbo1-WT, led to a reduced BrdU incorporation
rate, indicating an inhibition of DNA replication in these cells
(Fig. 4D).
Considering that Hbo1 is a HAT enzyme responsible for
histone H4 acetylation in vivo (9), we asked whether Plk1associated phosphorylation of Hbo1 affects its histone H4 HAT
activity. Accordingly, after cells were transfected with FlagHbo1 constructs and treated with nocodazole, nuclear extracts
were prepared and subjected to anti-Flag IP, followed by a HAT
activity assay using recombinant human histone H4 as the
substrate. As shown in Fig. 4E, histone H4 HAT activity of
Hbo1-S57A was obviously reduced compared with that of Hbo1PNAS 兩 February 12, 2008 兩 vol. 105 兩 no. 6 兩 1921
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Acetyl-H4
Fig. 4. The overexpression of Hbo1-S57A leads to G1/S arrest in HeLa cells. (A
and B) Cells were cotransfected with Flag-Hbo1 or Flag-Hbo1-S57A and pBabe-puro at a ratio of 7:1 and selected with puromycin. After floating cells
were removed, attached cells were further incubated for 10 h in the presence
or absence of nocodazole. Lysates were prepared and subjected to Western
blot analysis (A) or an anti-Cdk1 IP/kinase assay using histone H1 as a substrate
(B). (C) After transfection as in A, cells were incubated for 6 h, treated with
nocodazole for 5 h, and harvested for FACS analysis. (D) At 3 d after transfection with GFP-Hbo1 or -S57A, cells were labeled with BrdU for 30 min and
stained with BrdU antibody, and the GFP-positive cells were counted. (E and
F) Cells were cotransfected with Hbo1 constructs and pBabe-puro at a ratio of
7:1 (E) or with pBS/U6-Plk1, Flag-Hbo1, and pBabe-puro at a ratio of 6:3:1 (F),
selected with puromycin, and treated with nocodazole. Nuclear extracts were
prepared and subjected to a HAT activity assay.
1922 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0712063105

Fig. 5. Phosphorylation of Hbo1 by Plk1 is essential for pre-RC complex
formation. HeLa cells were cotransfected with Flag-Hbo1 (A and B) or pBS/
U6-Plk1 (C) and pBabe-puro at a ratio of 7:1 and selected with puromycin.
After floating cells were washed away, attached cells were further incubated
for 12 h and then harvested. To monitor the Plk1-depletion efficiency, attached cells were treated with nocodazole for 14 h and then harvested (lower
portion of C). Lysates were separated into cytoplasmic, soluble nucleoplasmic,
and chromatin-enriched fractions and then subjected to Western blot using
antibodies indicated at left. The effect of Plk1 depletion on Mcm loading onto
chromatin is shown in the upper portion of C.

WT, indicating that Plk1-associated phosphorylation of Hbo1
also affects its HAT activity toward histone H4. To further
support this notion, Plk1-depleted cells showed lower histone H4
HAT activity (Fig. 4F). To exclude the possibility that S57A
mutation might cause some conformational changes in Hbo1 to
lead to the decrease of HAT activity, we compared the HAT
activity of WT versus phosphomimetic mutation -S57D. Our
data showed that S57D retained the HAT activity, compared
with that of WT (data not shown).
We then examined the effects of overexpression of Hbo1 with
different phosphorylation states on the chromatin loading of
Mcm proteins. Cells were transfected with Flag-Hbo1 constructs
as described above, and cytoplasmic, nucleoplasmic, and chromatin-binding fractions were prepared and subjected to Western
blot analysis. In Hbo1-S57A- but not Hbo1-WT- or -S57Dexpressing cells, the amounts of Mcm2 and Mcm6 were significantly reduced in the chromosome-binding fraction and
recovered instead in the cytoplasmic fraction, indicating that
Wu and Liu
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tion strongly inhibited the chromatin loading of Mcm protein and
the DNA replication rate (8). To further address the relevance
of Plk1 phosphorylation of Hbo1 in both of these processes, we
developed a rescue assay in cells by introducing silent mutations
in the RNAi target sequence of the cDNA for Hbo1 expression.
First, we tested the depletion efficiency of the RNAi vector
pSuper-Hbo1 against endogenous Hbo1 in cells. As shown in Fig.
6A, endogenous Hbo1 was significantly reduced 3 d after transfection, suggesting that pSuper-Hbo1 can efficiently deplete
Hbo1 in mammalian cells. Next, cells were cotransfected with
pSuper-Hbo1, Flag-Hbo1 (WT or S57A) or RNAi-resistant
Flag-Hbo1 (WT-r or S57A-r), and pBabe-puro at a ratio of 6:3:1.
As shown in Fig. 6B, overexpressed Flag-Hbo1 was completely
depleted, whereas overexpressed Flag-Hbo1-r remained abundant. Under these conditions, we examined whether Hbo1-WT-r
could rescue Hbo1-depletion-induced phenotypes such as failure
of Mcm protein chromatin loading and inhibition of DNA
replication. We showed that Hbo1 depletion strongly reduced
Mcm protein loading onto chromatin, and Hbo1-WT-r, but not
Hbo1-S57A-r, significantly recovered the chromatin loading of
Mcm proteins in Hbo1-depleted cells (Fig. 6C).
Finally, we tested the rescue ability of Hbo1-WT-r on the
reduced BrdU incorporation rate in Hbo1-depleted cells. Cells
grown on coverslips were cotransfected with pSuper-Hbo1 and
RNAi-resistant GFP-Hbo1 (WT-r or S57A-r) at a ratio of 2:1. At
3 d after transfection, cells were labeled with BrdU for 30 min
and then stained with a BrdU antibody. Our results showed that
the expression of Hbo1-WT-r, but not Hbo1-S57A-r, efficiently
rescued the reduced BrdU incorporation rate due to Hbo1
depletion (Fig. 6D). Taken together, these rescue data suggest
that phosphorylation of Hbo1 by Plk1 is essential for the
chromatin loading of Mcm proteins and DNA replication
licensing.
Discussion
In a search for Plk1-interacting proteins using a yeast two-hybrid
system, we observed the interaction between Plk1 and Hbo1.
Using co-IP and cell-fractionation approaches, we show that
Hbo1 binds to Plk1 in vivo. Interestingly, the in vivo binding
between Hbo1 and Plk1 is found only in a chromatin-enriched
cell fraction during mitosis. A possible explanation for this
cell-cycle-specific interaction is that Plk1 serves in the G2/M
boundary and reaches a peak during mitosis (12). Furthermore,
considering the role of Hbo1 in pre-RC formation and DNA
replication, we propose that the interaction between Plk1 and
Hbo1 may mainly occur in late mitosis right after sister
chromosome segregation.
The sequence context of S57 in Hbo1, the major phosphorylation site for Plk1, is DSSP, which is highly conserved in human,
rat, and Xenopus. This sequence also resembles the Plk1 conWu and Liu
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Fig. 6.
Hbo1-WT, but not Hbo1-S57A, rescues Hbo1-depletion-induced
phenotypes in HeLa cells. (A) Cells were cotransfected with pSuper-Hbo1 and
pBabe-puro at a ratio of 7:1 and selected with puromycin. Nuclear extracts
were subjected to Western blot analysis. (B) Cells were cotransfected with
pSuper-Hbo1, Flag-Hbo1, or RNAi-resistant Flag-Hbo1 and pBabe-puro at a
ratio of 6:3:1 and selected as in A. Nuclear extracts were subjected to Western
blot analysis. (C) Cells were prepared as in A and harvested. Lysates were
separated into cytoplasmic, soluble nucleoplasmic, and chromatin-enriched
fractions and then subjected to Western blot. (D) Cells grown on coverslips
were cotransfected with pSuper-Hbo1 (or pSuper) and RNAi-resistant GFPHbo1-WT (or -S57A) at a ratio of 2:1. At 3 d after transfection, cells were
labeled with BrdU for 30 min, and the GFP-positive cells were counted.

sensus phosphorylation sequence D/E-X-S/T-⌽ (X, any amino
acid; ⌽, a hydrophobic amino acid) (13). Additionally, we
provide evidence that Hbo1 could be phosphorylated by Cdk1 at
T85 and T88. A single alanine substitution of T88 dramatically
reduces the level of Hbo1 phosphorylation, whereas phosphorylation of the double mutant, T85/88A, is further reduced. This
indicates that T88 is the major Cdk1 phosphorylation site, but
that T85 also is important for phosphorylation by Cdk1. The
consensus phosphorylation motif for Cdk1 is S/T-P-X-R/K, in
which the Pro at the ⫹1 position is absolutely required, and a
basic residue at the ⫹3 position is preferred but not essential for
kinase recognition (14). The sequence context of both T85 and
T88 (PT85PVT88P) matches this consensus phosphorylation
motif, indicating that the phosphorylation of Hbo1 by Cdk1 is
specific. Furthermore, alanine substitution of T85, together with
T88, significantly reduces the in vivo binding of Hbo1 with Plk1,
as well as the in vitro binding between Hbo1 and Plk1-PBD, and
affects subsequent phosphorylation by Plk1. Thus far, several
PNAS 兩 February 12, 2008 兩 vol. 105 兩 no. 6 兩 1923
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Hbo1-WT, but Not Hbo1-S57A, Rescues Hbo1-Depletion-Induced Phenotypes in HeLa Cells. Recently, it was reported that Hbo1 deple-
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Plk1-associated phosphorylation is required for chromatin loading of Mcm proteins (Fig. 5 A and B). As expected, chromatin
binding of Cdc6 and Orc2, two upstream factors of Hbo1 in the
formation of pre-RC, was not affected by the phosphorylation of
Hbo1. It is worthy to note that the overexpression of Hbo1-T85/
T88A double mutant behaved like the S57A mutant on Mcm2/6
chromatin loading (Fig. 5B), further confirming the notion that
priming phosphorylation of T85/T88 by Cdk1 has a potent effect
on Plk1-mediated phosphorylation toward Hbo1. To directly test
the potential involvement of Plk1 in the chromatin loading of
Mcm proteins, cells were Plk1-depleted by using vector-based
RNAi. Plk1 depletion strongly decreased the binding of Mcm
proteins to chromatin, in line with the notion that Plk1-mediated
phosphorylation of Hbo1 is involved in the chromatin loading of
Mcm proteins (Fig. 5C).
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physiological substrates that bind to the PBD of Plk1 in a Cdk1
phosphorylation-dependent manner have been identified, such
as Cdc25C (2, 11), the peripheral Golgi protein Nir2 (15), and
the Plk1-interacting checkpoint ‘‘helicase’’ (16). Here we provide
another example that this type of interaction is physiologically
relevant by demonstrating that the PBD of Plk1 binds to Hbo1
in a Cdk1 phosphorylation-dependent manner. Finally, the
sequence context of T85 and T88 (PT85PVT88P) partially satisfies the optimal sequence motif recognized by the PBD, which
is proposed as Ser-[pSer/pThr]-[Pro/X] (2).
The N-terminal domain of Hbo1, which contains a highly
conserved serine-rich sequence (amino acids 1–160), serves as
the regulatory domain, whereas the C-terminal domain, characterized by a highly conserved C2HC zinc finger and a putative
HAT domain, functions as the enzymatic catalytic domain (7,
17). We propose that Plk1 affects the functions of Hbo1 through
its phosphorylation of S57 within the N-terminal regulatory
domain. It is intriguing to compare the phenotypes induced by
the overexpression of WT Hbo1 versus the S57A mutant. We
show that the overexpression of Hbo1-S57A induces cell-cycle
arrest in the G1 or S phase. In fact, it is more likely that the cell
cycle is arrested in the G1 phase because Plk1 levels in Hbo1S57A-expressing cells are lower than that of Hbo1-WTexpressing cells. This suggests that Plk1-associated phosphorylation of Hbo1 might be essential for G1/S phase transition in
cell-cycle progression.
As described above, the major function of Hbo1 is to facilitate
the assembly of the pre-RC on replication origins, beginning at
late M phase right after sister chromatin segregation and continuing during the G1 phase. Recently, it was reported that the
depletion of Hbo1 in mammalian cells or Xenopus eggs led to the
failure of Mcm2/6 chromatin loading, although the loadings of
geminin, Cdt1, and Cdc6 were not affected (8). In the present
study, we provide evidence that the overexpression of Hbo1S57A, but not Hbo1-WT, prevents the chromatin loading of
Mcm2/6, leading to a reduced DNA replication rate. Furthermore, ectopic expression of Hbo1-WT, but not Hbo1-S57A, can
significantly rescue these Hbo1-depletion-induced phenotypes.
Altogether, our data suggest that Plk1-dependent phosphorylation of Hbo1 plays an essential role in the formation of the
pre-RC and DNA replication licensing.
It has been reported that Hbo1 is the major enzyme responsible for histone H4 acetylation in vivo and that Hbo1 depletion

induces a dramatic decrease of histone H4 acetylation in mammalian cells and Xenopus eggs (8, 9). Our data show that the
histone H4 HAT activity of Hbo1-S57A is significantly decreased compared with that of Hbo1-WT, suggesting that Plk1
phosphorylation of Hbo1 is involved in the modification of its
HAT activity. Interestingly, it was previously shown that the
recombinant Hbo1 protein expressed in Escherichia coli had no
detectable HAT activity (7). One possible reason that the
authors raised is that Hbo1 expressed in E. coli lacked a
posttranslational modification such as phosphorylation, resulting in a lack of HAT activity (7). We hypothesize that the
regulation of Hbo1 HAT activity by Plk1 phosphorylation might
be one of the possible mechanisms by which Hbo1-S57A induces
a defect in pre-RC formation.
Overall, we show that Hbo1 is a substrate of Plk1 and that
Plk1-dependent phosphorylation of Hbo1 is essential for pre-RC
formation and DNA replication licensing. The association of
Plk1 with Hbo1 indicates potential functions for Plk1 and the
possibility of a link for coordination between DNA replication
and mitosis.
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Materials and Methods
Plasmid Construction. Full-length human Hbo1, kindly provided by B. Stillman
(Cold Spring Harbor Laboratory, Cold Spring Harbor, NY), was amplified by
PCR and subcloned into pGEX-KG vector (Amersham), pCMV-Tag-2A (Stratagene), and pEGFP-C1 (Clontech). Human Hbo1 mutants were made by sitedirected mutagenesis by using a QuikChange kit from Stratagene according to
the manufacturer’s instructions. pSuper-Hbo1 RNAi vector was a generous gift
of J. Cote (Laval University, Quebec City, QC, Canada) (9). The targeting
sequence of Hbo1 was 5⬘-GAAATGCGCCTTCTTCTGA-3⬘, corresponding to
392– 410 of the coding region relative to the first nucleotide of the start codon.
For the RNAi rescue assay, two silent mutations were introduced into the RNAi
targeting region of Hbo1. The final mutant, 5⬘-GAAACGCGCCATCT TCTGA-3⬘,
was created by PCR (mutations italicized).
Supporting Information. Cell culture, transfections, immunoblotting, kinase
assays, and HAT assays are described in supporting information (SI) Materials
and Methods.
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