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In addition to governing mitotic progression, Plk1 also suppresses the activation of the G2 DNA damage checkpoint
and promotes checkpoint recovery. Previous studies have shown that checkpoint activation after DNA damage requires
inhibition of Plk1, but the underlying mechanism of Plk1 regulation was unknown. In this study we show that the
specific phosphatase activity toward Plk1 Thr-210 in interphase Xenopus egg extracts is predominantly PP2A-
dependent, and this phosphatase activity is upregulated by DNA damage. Consistently, PP2A associates with Plk1 and
the association increases after DNA damage. We further revealed that B55a, a targeting subunit of PP2A and putative
tumor suppressor, mediates PP2A/Plk1 association and Plk1 dephosphorylation. B55a and PP2A association is greatly
strengthened after DNA damage in an ATM/ATR and checkpoint kinase-dependent manner. Collectively, we report a
phosphatase-dependent mechanism that responds to DNA damage and regulates Plk1 and checkpoint recovery.

Introduction

Polo-like kinase 1 (Plk1, also known as Plx1 in Xenopus) is the
best-studied member of the evolutionarily conserved polo-like
kinase family. Plk1 contains a kinase domain at its N-terminus
and a polo-box domain composed of 2 polo-box motifs at the
C-terminus. The polo-box domain is believed to regulate the
subcellular localization of Plk1 and mediate its association with
specific substrate proteins. As the polo-box domain preferentially
binds phosphorylated peptides, Plk1-mediated phosphorylation
typically involves priming phosphorylation of the substrates by
other protein kinases, such as cyclin-dependent kinase 1
(Cdk1).1-4 It has been shown that Plk1 plays critical roles in
many aspects of cell division, including centrosome maturation
and separation, mitotic entry, spindle and chromosome dynam-
ics, and cytokinesis. The extensive involvement of Plk1 in mitosis
is consistent with both the complex localization of Plk1 in the
cell and the diverse substrates that are targeted by Plk1, including
Cdc25, Mst2, Nek9, BubR1, Emi1, Cyclin B, NuMA, and
PRC1. The critical role of Plk1 in mitotic regulation was also
reflected by the fact that inhibition of Plk1 induced mitotic
defects and cell death.1-3,5-7

Interestingly, in addition to regulation of cell division, Plk1
has also been shown to govern the cellular DNA damage response
(DDR), an essential surveillance mechanism that prevents geno-
mic instability and maintains cell homeostasis.5,8 As DNA dam-
age is frequently induced by both endogenous and exogenous

agents, all eukaryotic cells commit a great deal of resources to the
DDR process. With more than 100 genes involved, the DDR
encompasses complex network of signal transduction and a broad
spectrum of enzymatic activities. In principle, DDR activation
leads to DNA repair, and cell cycle arrest via the checkpoint
mechanism. Upon completion of DNA repair, the cell will
recover from the DDR and re-enter cell cycle progression, a pro-
cess termed DNA damage checkpoint recovery, whereas failure
in DNA repair leads to apoptosis or senescence.9,10 At the center
of the DDR are the phosphoinositide 3 kinase-related kinases
ATM and ATR. Activation of ATM/ATR by DNA damage
results in phosphorylation of dozens of physiological substrates
that control various pathways including DNA repair, checkpoint
control, apoptosis and transcription.11 For example, ATM and
ATR activate the checkpoint kinases Chk1 and Chk2, which
phosphorylate Cdc25, leading to its proteolysis and nuclear
export. Subsequently, loss of Cdc25-dependent dephosphoryla-
tion of Cdks at inhibitory residues prevents Cdk activation and
cell cycle progression.9 Germline mutations in DDR genes, such
as TP53, ATM, CHEK2, BRCA1, BRCA2, MRE11, RAD50,
NBS1, MSH2, MLH1, FANCD2, often lead to cancer predispo-
sition, indicating a critical role of the DDR in tumor
suppression.12,13

Plk1 acts as an important regulator of the DDR by inhibiting
DNA damage signaling and promoting checkpoint recovery. The
role of Plk1 in checkpoint recovery likely differs from its role in
unperturbed mitosis, as suggested by a few lines of evidence.
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First, a previous study showed that Plk1 was required for mitotic
reentry following DNA damage and inactivation of ATM/ATR,
whereas these cells were not dependent on Plk1 for mitotic entry
in the absence of DNA damage.14 Second, detailed investigations
revealed a number of DNA damage checkpoint factors, including
claspin, 53BP1, and Chk2 as substrates of Plk1. Phosphorylation
of these factors by Plk1 typically led to disruption of their func-
tions.15-18 In addition to the function of Plk1 in checkpoint
recovery, recent studies also discovered the molecular mechanism
that leads to Plk1 activation. It has been shown that, during both
checkpoint recovery and unperturbed mitosis, Aurora A kinase
activates Plk1 by phosphorylating Plk1 at its T-loop activation
site, Thr-210.19,20 The mechanism of Plk1 activation would, on
the other hand, suggest that deactivation of Plk1 can be readily
achieved through Thr-210 dephosphorylation. Though the
detailed mechanism of Plk1 dephosphorylation is largely obscure,
it has been shown that introduction of a phospho-mimetic form
of Plk1 that cannot be dephosphorylated suppressed the activa-
tion of the DNA damage checkpoint.21

Dephosphorylation of Ser/Thr residues is catalyzed by a group
of Ser/Thr phosphatases. In particular, protein phosphatases 1
and 2A (PP1 and PP2A) are the most abundant forms that
together account for over 90% of the total cellular Ser/Thr activ-
ity. The specific action of PP1 and PP2A relies on a large array of
targeting and regulatory subunits. The holoenzyme containing
the catalytic and targeting subunits, and in the case of PP2A, an
additional scaffold subunit, is believed to recognize and dephos-
phorylate specific substrates.22 With the existence of various tar-
geting subunits that mediate the diverse function of PP1 and
PP2A, it is not surprising that PP1 and PP2A have been shown
to govern many important biological processes. In this study, we
investigated whether and how DNA damage modulates Plk1
through protein phosphatases. Our study revealed that the phos-
phatase activity toward Plk1 Thr-210 increases after DNA dam-
age. Dephosphorylation of Plk1 Thr-210 is predominantly
mediated by PP2A, consistent with increased PP2A association
with Plk1 after DNA damage. A specific targeting subunit of
PP2A, B55a, mediates PP2A and Plk1 association, and is respon-
sible for DNA damage-induced dephosphorylation of Plk1.
B55a and PP2A association was greatly strengthened after DNA
damage, in an ATM/ATR and checkpoint kinase-dependent
manner. The characterization of B55a as a regulator of Plk1 and
DNA damage checkpoint recovery may shed important light on
the emerging role of B55a as a major tumor suppressor in vari-
ous human cancers.

Results

DNA damage induces dephosphorylation of Plk1 Thr-210
in a PP2A-dependent manner

We incubated purified, active Xenopus Plk1 in interphase Xen-
opus egg extracts, and monitored its dephosphorylation at Thr-
210, the well-characterized T-loop phosphorylation site required
for Plk1 activation.19,20,23 As shown in Figure 1A, Plk1 was
dephosphorylated in approximately 20 min, suggesting that the

phosphatase activity that dephosphorylates Plk1 dominates the
kinase activity that phosphorylates Plk1 in interphase egg
extracts. To investigate the impact of DNA damage on Plk1
dephosphorylation, we supplemented the extract with dA-dT oli-
gonucleotides, a well-defined method to induce the DDR.24

Interestingly, Plk1 was more efficiently dephosphorylated in
extracts containing dA-dT (Fig. 1A). Dephosphorylation of Plk1
in extracts containing damaged DNA was correlated with a
reduced kinase activity of Plk1 (Fig. 1B).

Furthermore, we adopted fromMorchida et al.25 an in-extract
phosphatase assay to specifically measure the phosphatase activity
toward Plk1 Thr-210. We first expressed a short motif surround-
ing Thr-210, and then phosphorylated the recombinant protein
in vitro using Aurora A and32P-labeled ATP. The specificity of
the phosphorylation was confirmed using a phospho-deficient
mutant (Plk1 Thr210 ->Ala, data not shown). We then eluted
the phosphorylated substrate and added it into extracts, in which
during dephosphorylation it released free32P-ATP. Extracts were
then treated with trichloroacetic acid to precipitate proteins, and
the supernatant was evaluated for the release of free32P-ATP in
proportion to the total radioactivity. As shown in Figure 1C,
extracts with DNA damage consistently exhibited higher phos-
phatase activity toward Plk1 Thr-210, as compared to those
without DNA damage. The phosphatase activity toward Plk1
Thr-210 was likely PP2A-dependent, as it was inhibited by oka-
daic acid (OA) (Fig. 1D), at concentrations sufficient to inhibit
PP2A, but not PP1.25 The protein level of PP2A remained
unchanged upon treatment with OA. As a negative control, we
included in the experiment histone H3 Ser-10 (Fig. 1D), which
was shown to be dephosphorylated by PP1.26

PP2A association with Plk1 increases after DNA damage
Consistent with the above results showing PP2A-dependent

dephosphorylation of Plk1 at Thr-210, we observed protein asso-
ciation between PP2A and Plk1. As shown in Figure 2A, Plk1
was found in the PP2A immunoprecipitate isolated from inter-
phase egg extracts. Interestingly, a higher level of Plk1 was recov-
ered by PP2A immunoprecipitation from extracts supplemented
with dA-dT, indicating that the association between PP2A and
Plk1 increases after DNA damage (Fig. 2A). To verify these find-
ings, an alternative pull-down assay was performed using micro-
cystin beads that bind both PP1 and PP2A. As expected,
microcystin beads pulled down a portion of Plk1 from interphase
egg extracts (Fig. 2B). More Plk1 was bound to microcystin
beads in extracts containing dA-dT, confirming an increased
association between Plk1 and microcystin-bound phosphatases
after DNA damage (Fig. 2B). Furthermore, addition of OA can
disrupt the binding of PP2A, but not PP1, to microcystin beads
(Fig. 2B, and25,27). As in Figure 2B, Plk1 was not detected in
microcystin pull-down prepared from extracts containing both
dA-dT and OA, confirming a dependence on PP2A, but not
PP1.

B55a associates with Plk1
The specificity of PP2A is conferred through its various target-

ing subunits, or B subunits. Among several B, B0, and B00 family
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members, we observed protein associa-
tion between B55a (also known as
Ppp2r2a) and Plk1 (Fig. 3A). The speci-
ficity of B55a and Plk1 association was
underscored by the fact that B55b,
another member of the B family sharing
86% sequence identify with B55a, did
not exhibit a detectable association with
Plk1 (Fig. 3A). The B55a and Plk1
association was confirmed at the endog-
enous level by reciprocal immunopre-
cipitation using either Plk1 or B55a
antibody (Fig. 3B and C). It has been
shown that, in many cases, Plk1 associ-
ates with substrates and functional part-
ners via its C-terminal polo-box
domain. However, the N-terminus of
Plk1 that contains the kinase domain
was sufficient in binding B55a and
PP2A (Fig. 3D).

B55amediates Plk1 association
with PP2A

With the discovery of Plk1/B55a
association, we speculated that B55a
may mediate the association between
PP2A and Plk1. To reveal a detailed
role of B55a using both loss-of-function
and gain-of-function approaches, we
altered the protein level of B55a in
extracts by immunodepletion using a
specific antibody or by supplementation
of purified, recombinant B55a
(Fig. 4A). Interestingly, we found that the addition of B55a in
interphase egg extracts led to increased association of PP2A with
Plk1 N-terminus (Fig. 4B). Similarly, immunoprecipitation of
Plk1 recovered more PP2A with the addition of B55a (Fig. 4C):
Conversely, a partial depletion of endogenous B55a resulted in a
reduced level of PP2A that was associated with Plk1 N-terminus
(Fig. 4D). Collectively, these results demonstrated the role of
B55a in mediating Plk1 and PP2A association.

Increased B55a-PP2A association after DNA damage
We showed that DNA damage led to an increased association

between PP2A and Plk1, which finding was in line with the ele-
vated phosphatase activity toward Plk1 Thr-210. We then asked
if the association of B55a with Plk1 or PP2A changed after
DNA damage. We did not observe an increase in Plk1/B55a
association after the addition of dA-dT in egg extracts (Fig. 4E).
However, our results revealed an induced association between
B55a and PP2A after DNA damage (Fig. 4E). The B55a and
PP2A association was disrupted upon treatment with caffeine, an
inhibitor of ATM/ATR, or Ucn-01, an inhibitor of Chk1/Chk2
(Fig. 4E,28). This result suggested that checkpoint signaling
through these DNA damage kinases modulates B55a/PP2A asso-
ciation. As B55a mediates Plk1 and PP2A association, this mode

of regulation would account for the increased association between
Plk1 and PP2A, and the elevated phosphatase activity toward
Plk1.

B55amediates DNA damage-induced dephosphorylation
of Plk1 Thr-210

It has been well-demonstrated that the phosphatase holoen-
zymes containing targeting subunits act in a substrate-specific
fashion.22 To directly examine the role of B55a/PP2A in the
dephosphorylation of Plk1 Thr-210, we isolated recombinant
B55a from interphase egg extracts, and measured the co-purified
phosphatase activity toward Plk1 Thr-210. The B55a complex
was able to dephosphorylate active Plk1 in vitro (Fig. 5A). Fur-
thermore, we incubated the B55a complex with CSF extract con-
taining Plk1 Thr-210 and other mitotic phosphorylation, and
observed efficient dephosphorylation of Plk1 Thr-210, but not
H3 Ser-10 (Fig. 5B). To further reveal the role of B55a in
mediating Plk1 dephosphorylation in extracts. Active Plk1 was
incubated in interphase egg extracts with or without immunode-
pletion of B55a (Fig. 5C), and assessed for its dephosphoryla-
tion. As expected, immunodepletion of B55a caused a delay in
the dephosphorylation of Plk1 Thr-210 in extracts (Fig. 5D,
Plk1 was efficiently dephosphorylated within 10–20 min in the

Figure 1. DNA damage-induced dephosphorylation of Plk1 Thr-210. (A) Active 6His-Plk1 was added
into interphase egg extracts with or without supplementation of dA-dT (20 ng/ml), Plk1 dephosphor-
ylation was analyzed by immunoblotting using phospho-Plk Thr-210 and His-tag antibodies. (B) Plk1
immunoprecipitation (IP)-kinase assay was performed using GST-Cdc25C as substrate, as described
in Materials and Methods. Plk1 was incubated in and immunoprecipitated from extracts treated with
or without dA-dT (for 10 min, as in panel A). The autoradiographic image, and immunoblots of GST
and Plk1 are shown. (C) As described in Materials and Methods, the phosphatase assay was per-
formed using Plk1 Thr-210 peptide as substrate, dephosphorylation was measured at the indicated
time points in extracts with or without dA-dT. (D) The phosphatase activity toward Plk1 Thr-210 and
Histone H3 Ser-10 was measured as in panel C. Okadaic acid (OA) was added into the extract as indi-
cated. The level of PP2A in these extracts was measured by immunoblotting.
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mock-depleted, but not B55a-depleted extract). Add-back of
recombinant B55a restored Plk1 dephosphorylation (Fig. 5D).

B55a regulates DNA damage checkpoint recovery
through Plk1

It has been shown that Plk1 negatively regulates the DNA
damage checkpoint and is thereby required for checkpoint recov-
ery.14 As we characterized B55a as a regulator of Plk1 that directs
an elevated phosphatase activity toward Plk1 in response to DNA
damage, we speculated that B55a may control checkpoint recov-
ery via modulation of Plk1. As in our previous studies,29,30

checkpoint recovery was initiated by removing dA-dT from the
extract, which was then monitored for phosphorylation of Chk1
as a marker of checkpoint signaling, and phosphorylation of

Cdc27 and Cdc25 as markers of mitotic entry (Fig. 6A). Interest-
ingly, supplementation of B55a in interphase egg extracts pre-
vented Plk1 phosphorylation, and suppressed checkpoint
recovery, as judged by the sustained Chk1 and Cdc25 phosphor-
ylation and abrogated Cdc27 phosphorylation (Fig. 6A). More-
over, the effect of B55a on checkpoint recovery was rescued by
the co-addition of a phospho-mimetic form of Plk1, confirming
that B55a controls checkpoint recovery via regulation of Plk1
(Fig. 6B). We then examined the association of PP2A/B55a
with Plk1 to reveal more insights into the role of this phosphatase
complex in regulation of Plk1 during checkpoint recovery. We
have shown that the association of PP2A with B55a and Plk1
increased after DNA damage. Likewise, during the initial stage
(time 0) of checkpoint recovery, Plk1 associated with PP2A, to a
much greater extent compared to that in the control interphase
extract (Fig. 6C). Consistently, an elevated association between
PP2A and B55a was also observed in the recovery extract at time
0 (Fig. 6D). Interestingly, as the extracts underwent recovery, the
PP2A/B55a association was reduced, presumably to allow the
phosphorylation and activation of Plk1 (Fig. 6D).

Discussion

Given the critical function of Plk1 in regulation of cell divi-
sion and the DNA damage checkpoint, the fine modulation of
Plk1 activity is undoubtedly a critical task. In particular, previ-
ous studies have shown that Plk1 inhibition was necessary for
the activation of the DNA damage checkpoint, whereas sus-
tained activation of Plk1 overrode the DNA damage check-
point, leading to premature mitotic entry in the presence of
DNA damage.14 As Plk1 is activated via phosphorylation at the
Thr-210 site within its activation loop, it is plausible that Thr-
210 dephosphorylation constitutes an effective mechanism to
switch off Plk1 activity. A few previous studies shed some light
on how Plk1 can be dephosphorylated and deactivated by either
PP1 or PP2A.31-34 Interestingly, it was suggested that mitotic
DNA damage can lead to dephosphorylation of mitotically
active Plk1 in a PP2A-dependent manner,31 a conclusion that
was, however, not supported by another report that found no
dephosphorylation of Plk1 at Thr-210 or Ser-137 in response
to mitotic DNA damage.32 More importantly, activation of the
DNA damage checkpoint in interphase prevents cells from
entering mitosis, but the above studies did not address how
Plk1 is regulated prior to mitotic entry. Plk1 can also be regu-
lated by PP1, mediated by myosin phosphatase-targeting sub-
unit 1 (MYPT). MYPT/PP1 dephosphorylates Plk1 and
antagonizes the function of Plk1 in centrosome maturation and
other aspects of mitosis.34 A more recent study further suggested
that MYPT/PP1-dependent regulation of Plk1 may play a role
in G2 phase or early M-phase before nuclear membrane break-
down. In that study, Kachaner et al.35 showed that cytoplasmic
optineurin is phosphorylated by Plk1 and thereby shuttled to
the nucleus. Once in the nucleus, optineurin promotes dephos-
phorylation of nuclear Plk1 by the MYPT complex.

Figure 2. PP2A association with Plk1. (A) As described in Materials and
Methods, PP2A or control immunoprecipitation (IP) was performed in
interphase egg extracts with or without DNA damage treatment (dA-dT).
The input and IP products were analyzed by immunoblotting for PP2A
and Plk1. (B) Microcystin-beads pull down was performed in extracts
with or without dA-dT. OA was added as indicated to compete off PP2A-
binding to Microcystin-beads. The input extracts and pull-down products
were analyzed by immunoblotting for PP1, PP2A and Plk1.
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To delineate the specific phospha-
tase activity that acts on Plk1 Thr-210
in interphase, and investigate whether
such activity is modulated by DNA
damage, we adopted an in-extract phos-
phatase assay using radioactively phos-
phorylated Plk1 Thr-210 motif as
substrate. This method measures spe-
cific dephosphorylation of a given
phospho-residue, while minimizing the
influence of counteracting protein kin-
ases as rephosphorylation of the sub-
strate in extracts would utilize
predominantly endogenous ATP. Our
results clarified that dephosphorylation
of Plk1 in interphase egg extracts was
mediated by PP2A, but not PP1, and
that the phosphatase activity was upre-
gulated in response to DNA damage.
This conclusion was further supported
by the fact that Plk1 binds PP2A but
not PP1, and Plk1/PP2A association
increased after DNA damage. Impor-
tantly, our study identified B55a as the
specific targeting subunit mediating
PP2A-dependent regulation of Plk1
after DNA damage. B55a binds Plk1
and mediates its association with PP2A.
Unlike some other targeting subunits
of PP2A, B55a exhibits minimal asso-
ciation with the catalytic subunit
PP2A, whereas DNA damage-induced
checkpoint signaling strengthened
B55a-PP2A association. This interest-
ing feature of B55a-PP2A association explained the increased
phosphatase activity toward Plk1 Thr-210 in response to DNA
damage, and provided new evidence in support of an important
and highly regulated role of protein phosphatase in the DDR.36

Our results further demonstrated that B55a regulates DNA
damage checkpoint recovery through Plk1. Thus, the study dis-
covered a detailed mechanism that accounts for phosphatase-
dependent regulation of Plk1. It should be noted that other PP1
and PP2A subunits may also be involved in regulation of Plk1,
and future studies are needed to clarify whether and how multi-
ple phosphatases govern Plk1 in a manner specific to subcellular
localization and biological processes.

The classic model of the G2/M DNA damage checkpoint
emphasizes the ATM/ATR-Chk1/Chk2-Cdc25 axis that pre-
vents Cdk1 activation.37 However, other mitotic kinases, particu-
larly Plk1 and Aurora A, also play important roles in regulation
of mitotic entry. It is thus plausible that the DNA damage check-
point directly inhibits non-Cdk kinases to reinforce cell cycle
arrest. In fact, the critical nature of DNA damage-induced inhibi-
tion of Plk1 and Aurora A has been illustrated in previous studies
as constitutively active Plk1 or Aurora A was sufficient to sup-
press the DNA damage checkpoint and promote premature

checkpoint recovery.21,38,39 Therefore, to fully understand how
the DNA damage checkpoint prevents mitosis, it is important to
investigate whether and how DNA damage employs alterative
mechanisms to regulate Plk1 and Aurora A in addition to the
conventional Chk1/2-Cdc25-Cdk1 pathway. The present study
revealed important insights into this question: through ATM/
ATR and checkpoint kinases, DNA damage strengthens the
incorporation of PP2A catalytic subunit into the B55a/Plk1
complex, leading to increased dephosphorylation and deactiva-
tion of Plk1. In theory, a similar phosphatase-dependent regula-
tory mechanism may also account for inhibition of Aurora A
after DNA damage, given that activation of Aurora A is depen-
dent on its T-loop phosphorylation at Thr-288. A previous study
reported that DNA damage inhibited Aurora A in a manner that
appeared independent of Cdk1. Intriguingly, phosphorylation of
Aurora A at Ser-342, a regulatory site, was suggested to be
involved.38

B55a belongs to the B family of PP2A targeting subunits,
and, like many other phosphatase subunits, is poorly studied.
Several genomic studies in human cancers suggested that B55a
functions as a tumor suppressor. For example, one study showed
depletion of B55a gene accounts for 67% of all prostate cancer

Figure 3. B55a association with Plk1. (A) The pull-down assay was performed in Xenopus egg extracts
as described in Materials and Methods using purified B55a and other PP2A subunits. Immunoblotting
of Plk1 was shown. (B) Immunoprecipitation was performed in in Xenopus egg extracts as described in
Materials and Methods using Plk1 antibody. Immunoblotting of B55a and Plk1 was shown. (C) Immu-
noprecipitation was performed in in Xenopus egg extracts using B55a antibody. Immunoblotting of
B55a and Plk1 was shown. (D) N-terminal (aa 1–380) or C-terminal (aa 380–598) Xenopus Plk1 was
expressed, purified, and used for pull down assays, as described in Materials and Methods. Input and
pull-down products were analyzed by immunoblotting for B55a, PP2A and GST.
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cases.40 Moreover, a large-scale genomic and transcriptomic anal-
ysis of 2,000 breast tumors identified B55a as one of the most
commonly silenced genes in breast cancer with a comparable or
higher mutation rate than CDKN2, PTEN, etc.41 The same
study also reported that the subgroup of breast cancer patients
with loss of B55a suffered poor treatment outcome and sur-
vival.41 Others linked B55a to childhood teratoma,42 prostate
cancer,43 colorectal cancer,44 lung cancer,45 and leukemia.46 In
this study we characterized B55a as a regulator of Plk1 and the
DNA damage checkpoint, which finding may mechanistically
explain how B55a functions as an important tumor suppressor.
After all, it has been well established that dysregulation of Plk1
contributes to cancer progression and resistance, and the DNA
damage checkpoint pathway constitutes an important anti-cancer
barrier. A recent finding also showed that B55a negatively regu-
lates ATM,47 which is not in apparent agreement with the role of

B55a as a tumor suppressor. However, it is plausible that B55a
may play a rather complex role in the DDR by targeting multiple
DDR factors. In addition to tumor suppression, the DNA dam-
age pathway is also a determinant of the outcome of cancer ther-
apy using radiation and other DNA damaging agents. Therefore,
detailed investigations on the function and regulation of B55a in
the DDR process may reveal new insights into how cancer cells
escape from cellular surveillance and survive cancer therapy.

Materials and Methods

Immunoblotting, immunoprecipitation,
and immunodepletion

Immunoblotting, immunoprecipitation, and immunodeple-
tion were performed in Xenopus egg extracts as previously

Figure 4. B55a mediates the association between Plk1 with PP2A. (A) B55a depletion (upper panel) and supplementation (lower panel). Immunodeple-
tion of B55a was performed as described in Materials and Methods, the mock or B55a-depleted extract was analyzed by immunoblotting for B55a and
PP2A (upper panel). MBP-B55a was cloned, expressed, and purified as described in Materials and Methods. Extracts added with MBP-B55a or control
buffer were analyzed by immunoblotting for B55a and PP2A (lower panel). (B) As in Figure 3D, pull-down with Plk1 N-terminus was performed in
Xenopus egg extracts treated with dA-dT and B55a, as indicated. Input extract and pull-down products were analyzed by immunoblotting for PP2A and
GST. The control pull-down was performed using glutathione beads. (C) Immunoprecipation of Plk1 was performed from extracts supplemented with
dA-dT and B55a. Input extracts and IP products were analyzed by immunoblotting for PP2A and Plk1. (D) Plk1-N Pull down assay was performed in
extracts with mock or B55a depletion as in Figure 3D. Input extracts, control and Plk1-N pull down products were analyzed by immunoblotting for
PP2A, B55a, and GST. (E) MBP-B55a pull-down was performed in Xenopus egg extracts treated with dA-dT, caffeine (2.5 mM) and Ucn-01 (100 nM), as
indicated. Input extract and pull-down products were analyzed by immunoblotting for PP2A, Plk1, and MBP.
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described.30 For immu-
noblotting, samples were
harvested in Laemmli
sample buffer (Bio-Rad,
Hercules, CA), resolved
by SDS-PAGE, and
then electrotransferred
to PVDF membranes
(Millipore, Billerica,
MA). Membranes were
blocked with 5% nonfat
dry milk in 1£ TBST
(10 mM Tris-HCl, pH
7.5, 150 mM NaCl,
0.05% Tween 20) for 1
hr, incubated with pri-
mary antibodies for 2 hr,
with horseradish peroxi-
dase (HRP)-conjugated
secondary antibodies
(Sigma) for 1 hr, and
then detected using an
Enhanced Chemilumi-
nescence (ECL) substrate
kit (Pierce). For immu-
noprecipitation, anti-
mouse or anti-rabbit
magnetic beads (New
England Biolabs) were
conjugated to specific
primary antibodies, and
then mixed with egg
extracts. After 30 min
incubation, the beads
were removed with a
magnet and washed
3 times in a washing
buffer (50 mM HEPES,
pH 7.5, 150 mM NaCl,
1 mM DTT, and 0.5% Tween 20) before elution with 2£
Laemmli sample buffer and analysis by immunoblotting. For
imunodepletion, anti-mouse or -rabbit magnetic beads were con-
jugated to the specific antibodies, washed, and then added into
Xenopus egg extracts as described above. After incubation for
30 min, the beads were removed with a magnet and the remain-
ing extracts collected for experiments.

Reagents
Commercial antibodies used in this study include: Cdc27

antibody purchased from BD Transduction Laboratories (San
Jose, CA); PP1 and PP2A antibodies purchased from Bethyl
Labs (Montgomery, TX); His-tag and B55a antibodies from
Genetex (Irvine, CA); phospho-Plk1, phospho-Cdc25, and phos-
pho-Chk1 antibodies from Cell Signaling Technology (Beverly,
MA); MBP antibody from New England Biolabs (Ipswich, MA);
and GST antibody from Sigma (St. Louis, MO). Rabbit

polyclonal antibodies to Xenopus B55a was generated against the
N-terminal sequence of Pnuts. Xenopus Plk1 antibody was pro-
vided by Dr. James Maller (University of Colorado, Denver).
Purified Xenopus Plk1, as utilized in our previous study,30 was
obtained from Drs. Frank Eckerdt (Northwestern University)
and Junjun Liu (California State Polytechnic University).48,49

Phosphatase and kinase assays
The phosphatase assay was performed in Xenopus egg extracts

as described in a previous study.25 Briefly, the substrate, GST-
Plx1-T210, was phosphorylated by activated Aurora A in kinase
buffer (20 mM HEPES pH 7.5, 2 mM DTT, 10 mM MgCl2,
0.1 mM EGTA, 100 mM cold ATP, and 2 mCi [g-32P]ATP) by
Incubating for 20 min @ 30�C. The phosphorylated substrate
was added to the extract with or without additives as noted and
incubated at room temp for the desired amount of time. At each
time point a portion of the reaction was removed and mixed

Figure 5. B55a mediates DNA damage-induced dephosphorylation of Plk1 Thr-210. (A) In vitro phosphatase assay was
performed using purified, active His-Plk1 as substrate. Recombinant B55a incubated in, and then re-isolated from inter-
phase Xenopus egg extracts with dA-dT was added to the reaction. The reaction was analyzed at the indicated time
points by immunoblotting using phospho-Plk1 Thr-210, His-tag, MBP-tag and PP2A antibodies. (B) MBP-B55a beads
were prepared as in panel A, and incubated with 1:5 diluted CSF extract. The reaction was analyzed at the indicated
time points by immunoblotting for phospho-Plk1 Thr-210, Plk1, phospho-histone H3 Ser-10, H3, MBP-tag and PP2A.
(C) Immunodepletion and supplementation of B55a was performed in interphase Xenopus egg extracts as in
Figure 4A. These extracts were analyzed by immunoblotting for B55a and PP2A. (D) Purified, active His-Plk1 was added
into extracts prepared as in panel C. The extract samples were analyzed by immunoblotting using phospho-Plk1 Thr-
210 and His-tag antibodies. The band intensity was measured using NIH Image-J software and the phospho-Plk1/His-
Plk1 ratio is shown.
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with 30% trichloroacetic acid at a ratio of 1:5 to precipitate the
proteins. The precipitant was removed by centrifugation at high
speed for 10 min and the supernatant containing the free [g-32P]
ATP was transferred to tube containing scintillation liquid and
the radioactivity was read by a Beckman LS 6500 multi-purpose
scintillation counter. To represent the total radioactivity in each
reaction, the same volume removed at each time-point was trans-
ferred directly to the scintillation liquid. The phosphatase activity
was calculated as a percentage by dividing the dpm of [g-32P]
ATP released into the trichloroacetic acid by the dpm of the total
radioactivity in the reaction. For the Plk1 kinase assay, Plk1 and
Cdc25C (provided by Dr. Jim Maller) were incubated in in a
final volume of 30 ml of kinase buffer (20 mM HEPES pH 7.5,
2 mM DTT, 10 mM MgCl2, 0.1 mM EGTA, 100 mM cold
ATP, 2 mCi [g-32P] ATP), incubated for 20 min at 30�C. The
kinase reaction was stopped by boiling in 2£ Laemmli buffer.

Protein purification and pull-down
The Xenopus B55a gene was cloned from a Xenopus oocyte

cDNA library as previously described.50 The following targeting
sequences were used for amplification of B55a (ATGGAGG-
GAGCTAGTG; CTAATTGACTCGGTCC). The gene was
then inserted into the pMAL-parallel II plasmid with an N-ter-
minal MBP tag. Vectors that express the N or C-terminus of
Xneopus Plk1 were provided by Dr. James Maller (University of

Colorado, Denver). These proteins
were then expressed in BL21 bacterial
cells, and purified with glutathione or
amylose beads. For re-isolation of
MBP- or GST-tagged proteins from
Xenopus egg extracts, proteins bound to
either amylose or glutathione beads
were added to egg extract and incu-
bated at room temperature. The beads
were separated from the extract with
low speed centrifugation and washed
3 times, and then resolved by SDS-
PAGE and analyzed by
immunoblotting.

Xenopus egg extracts
Cytostatic factor (CSF) extracts were

freshly prepared as previously
described.30 Eggs were dejellied with
2% cysteine in 1£ XB (1 M KCl,
10 mM MgCl2, 100 mM HEPES pH
7.7, and 500 mM sucrose), washed
4 times with 1£ XB, and then once
with 1£ MEB (1 M KCl, 11 mM
MgCl2, 100 mM HEPES pH 7.7,
500 mM sucrose, and 5 mM EGTA,
pH 7.7). Eggs were packed in centri-
fuge tubes with low speed centrifuga-
tion then crushed by centrifugation at
10,000 g at 4�C for 10 min. The cyto-
plasmic layer was further separated by

centrifugation at 10,000 g for 15 min at 4�C. The checkpoint
recovery assay was performed as described in previous stud-
ies.29,30 Briefly, biotinylated dA-dT oligos were pre-bound to M-
280 streptavidin Dynabeads (Invitrogen) following the standard
protocol provided by the manufacturer, and the beads were then
added to the extracts to produce a final concentration of 20 ug/
ml dA-dT. After 30 min, the beads were removed with a magnet
to initiate checkpoint recovery.
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Figure 6. B55a regulates DNA damage checkpoint recovery through Plk1. (A) Checkpoint recovery was
performed in Xenopus egg extracts as described in Materials and Methods, with or without supplemen-
tation of B55a: Extract samples were analyzed at the indicated time points for Plk1 Thr-210, Chk1 Ser-
317, Cdc25 Ser-216, and Cdc27. (B) Checkpoint recovery was performed in Xenopus egg extracts with
supplementation of B55a and Plk1 as indicated: Extract samples were analyzed at the indicated time
points for Chk1 Ser-317 and Cdc27. (C) PP2A IP, or control beads IP, was performed in the control inter-
phase extract (ctr), or recovery extract at time 0 (0). The input extracts and the IP products were ana-
lyzed by immunoblotting for Plk1 and PP2A. (D) MBP-B55a pull-down was performed in the control
interphase extract (ctr), or recovery extract at the indicated time points. The pull-down levels of PP2A
and MBP are shown. The control pull-down was performed using amylose beads.
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