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Abstract

Rap1GAP is a GTPase-activating protein (GAP) that specifically stimulates the GTP hydrolysis of Rap1 GTPase. Although
Rap1GAP is recognized as a tumor suppressor gene and downregulated in various cancers, little is known regarding the
regulation of Rap1GAP ubiquitination and degradation under physiological conditions. Here, we demonstrated that
Rap1GAP is ubiquitinated and degraded through proteasome pathway in mitosis. Proteolysis of Rap1GAP requires the PLK1
kinase and b-TrCP ubiquitin ligase complex. We revealed that PLK1 interacts with Rap1GAP in vivo through recognition of
an SSP motif within Rap1GAP. PLK1 phosphorylates Ser525 in conserved 524DSGHVS529 degron of Rap1GAP and promotes
its interaction with b-TrCP. We also showed that Rap1GAP was a cell cycle regulator and that tight regulation of the
Rap1GAP degradation in mitosis is required for cell proliferation.
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Introduction

Rap1GAP is a member of a family of GTPase-activating

proteins (GAPs) that specifically stimulate the GTP hydrolysis of

Rap1 GTPases [1]. Rap1 is one of the Ras-like small GTPases that

are critical players in signaling pathways that control cell growth,

migration, and differentiation [1]. Rap1 shuttles between an

inactive GDP- and active GTP-bound form. Activation of Rap1

(Rap1-GTP) is mediated by guanine nucleotide exchange factors

(GEFs), including C3G, PDZ-GEF, Epac, and CalDAG. Inacti-

vation of Rap1 is mediated by GTPase activating proteins (GAPs),

including Rap1GAP and Rap1GAP2, SPA-1/SIPA1 and SI-

PA1L1/SPAR [2].

Rap1GAP is a tumor suppressor gene and downregulated in

various cancers such as squamous cell carcinoma, renal cell

carcinoma, melanoma, pancreatic cancer, and thyroid cancer [3–

7]. Restoring Rap1GAP expression to these cancer cells inhibited

cell proliferation, migration, and invasion, effects that were

correlated with the inhibition of Rap1 activity. Rap1GAP

expression and activity has been reported to be regulated at

transcriptional and post-translational level. Down-regulation of

Rap1GAP was frequently achieved by promoter hypermethylation

[5,8,9]. A recent study revealed a novel mechanism for sustained

activation of Rap1 via downregulation of microRNA-101 (miR-

101). Loss of expression of miR-101 upregulates EZH2, which

promotes di- or tri-methylation at lysine 27 of histone H3,

resulting in chromatin condensation as well as promoter

hypermethylation, thereby silencing Rap1GAP [9]. Furthermore,

Rap1GAP can be phosphorylated by various protein kinases, such

as PKA, GSK-3b and CDK1, in response to different signals [10–

12].

Protein ubiquitination has emerged as a fundamental mecha-

nism for regulating protein half-life and activity. The specificity of

the ubiquitination reaction is achieved by the E3 ubiquitin ligases

(E3), which mediate the transfer of ubiquitin from E2 ubiquitin-

conjugating enzymes (E2) to the substrates [13]. The ubiquitin and

proteasome system is a major regulatory mechanism for diverse

cellular pathways, such as endocytosis, apoptosis, DNA damage

response, and cell cycle regulation. Two E3 ubiquitin ligase

families are prominent in cell cycle regulation and mediate the

timely and precise ubiquitin-proteasome-dependent degradation

of key cell cycle regulators: the APC/C (anaphase promoting

complex or cyclosome) and the SCF (Skp1/Cul1/F-box protein)

complex [14]. The b-TrCP ubiquitin ligase complex is the best

characterized mammalian Cullin-based ubiquitin ligases, consist-

ing of the molecular scaffold Cul1, the adaptor Skp1, RING finger

protein Rbx1 and an F-box protein, b-TrCP. b-TrCP provides the

complex with its substrate targeting specificity-it directly interacts

with substrates, and acts as an adaptor protein to bridge substrates

to the ligase, thereby targeting them for destruction [15]. The
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majority of the b-TrCP substrates contain a DSGxxS/T degron,

and b-TrCP recognizes this degron when both Ser/Thr are

phosphorylated [15]. The b-TrCP ligase complex is a key enzyme

that acts with cell cycle-related kinases (CDKs, PLK1, Chk1 and

others) to control timely and precise proteolysis of cell cycle

proteins and to mediate the cell cycle transitions [16]. The cell

cycle regulators known to be degraded by b-TrCP ligase include

Emi1, Cdc25A, Wee1, Bora, FANCM [16], and the list is still

growing.

In this study, we report that during mitosis, Rap1GAP

undergoes ubiquitin-dependent degradation, which is regulated

by b-TrCP ubiquitin ligase and the Polo-like kinase 1 (PLK1).

Importantly, Rap1GAP degradation is required for cell prolifer-

ation.

Materials and Methods

Cell Culture and transfection
U2OS, 293T, and HeLa cells were obtained from the American

Type Culture Collection. U2OS, HeLa, and 293T cells were

maintained in DMEM with 10% FBS. Cells were transiently

transfected using Lipofectamine 2000 (Invitrogen, USA) according

to manufacturer’s instructions.

Expression constructs
Human Rap1GAP construct was kindly provided by Judy L.

Meinkoth (University of Pennsylvania), and subcloned into

pCMV-HA, pcDNA3.0-Flag, or pGEX-4T-2 vector. Flag-b-
TrCP1 and b-TrCP2 were kindly provided by Michele Pagano

(New York University). Myc-PLK1 WT and KD mutant were

kindly provided by Dr. Erich A. Nigg (University of Basel,

Switzerland), and subcloned into pGEX-4T-2 vector. Myc-b-
TrCP1, Myc-Skp2, Myc-Fbw5, Myc-Cdc20, and Myc-Cdh1 were

kindly provided by Dr. Yue Xiong (University of North Carolina

at Chapel Hill). Rap1GAP mutants were generated using the

KOD-Plus Mutagenesis Kit (Toyobo, Japan).

RNA Interference
The siRNA oligos were purchased from Genepharma (Shang-

hai, China). The siRNA oligos sequences for Rap1GAP are: RNAi

#1: 59-GCAAGGAGCAUUUCAAUUAdTdT-39; RNAi #2: 59-

GCUGAUCAAUGCUGAAUAUdTdT-39. The siRNA oligos

sequence for b-TrCP 1/2 is: 59-GUGGAAUUUGUGGAA-

CAUCdTdT-39; The siRNA oligos sequence for PLK1 is: 59-

CCUUGAUGAAGAAGAUCACdTdT-39; The siRNA oligos

sequence for GSK-3b is: 59-GCAAAUCAGAGAAAU-

GAACdTdT-39; The siRNA oligos sequence for control is: 59-

UUCUCCGAACGUGUCACGUdTdT-39.

Antibodies
The following antibodies were used: Rap1GAP (sc-130646;

Santa Cruz), Rap1GAP (sc-10331; Santa Cruz), p53 (sc-126;

Santa Cruz), Aurora B (sc-25426; Santa Cruz), PLK1 (sc-17783;

Santa Cruz), GSK-3b (sc-81462; Santa Cruz), Cyclin B (4135; Cell

Signaling), Wee1(sc-325; Santa Cruz), p-histone H3 (sc-8656-R;

santa Cruz), b-TrCP (373400; Invitrogen), Myc (9E10; Sigma),

FLAG (M2; Sigma), HA (MM5–101R; Convance), Actin (AC-74;

Sigma).

Cell synchronization
For synchronization of cells in G1/S phase, HeLa cells were

incubated with 2 mM thymidine for 16 hours twice with an

intervening 8 hours of incubation in fresh medium without

thymidine. For synchronization of cells in M phase, double

thymidine-treated HeLa cells were released into medium contain-

ing 150 ng/ml nocodazole. The cell cycle synchronization was

confirmed by flow cytometry after propidium iodide staining.

Immunoprecipitation
Cells were lysed with 1X cell lysis buffer (Cell Signaling, USA),

and the lysate was centrifuged. The supernatant was precleared

with protein A/G beads (Sigma, USA), and incubated with

indicated antibody overnight at 4uC. Thereafter protein A/G

beads were applied, also at 4uC. After 2 h of incubation, pellets

were washed 5 times with lysis buffer, resuspended in sample

buffer, and analyzed by SDS–PAGE.

Immunoblotting
Cell lysates or immunoprecipitates were subjected to SDS-

PAGE, and proteins were transferred to nitrocellulose membranes

(GE Healthcare, USA). The membrane was blocked in Tris-

buffered saline (TBS, pH 7.4) containing 5% non-fat milk and

0.1% Tween-20, washed twice in TBS containing 0.1% Tween-

20, and incubated with primary antibody for 2 hours and followed

by secondary antibody for 1 hour at room temperature. Afterward,

the proteins of interest were visualized using an enhanced

chemiluminescence system (Santa Cruz, USA).

In Vitro Kinase assay
Immunoprecipitated and GST-protein complexes were incu-

bated in a kinase buffer containing 50 mM Tris-HCl pH 7.5,

10 mM manganese chloride, and 100 mM [c-32P]ATP (500

c.p.m./pmol). After incubation for 30 min at 30uC, the reactions

were terminated by addition of SDS sample buffer, and the

proteins separated by SDS-PAGE and analyzed by autoradiogra-

phy.

Colony formation assay
HeLa cells were seeded at the same density in 6-well dishes

(16103 cells/dish). After 20 h, cells were transiently transfected

with Flag-Rap1GAP (WT or S525/529A mutant) or control

vector. Transfectants were selected using G418 (750 mg/ml) for 2

to 3 weeks and stained with crystal violet. The total number of

colonies in each well from three independent transfections was

counted.

Brdu incorporation assay
Proliferation was measured using a colorimetric 5-bromo-2-

deoxyuridine (BrdU) Cell Proliferation ELISA Kit (Roche, Japan).

Cells were incubated with BrdU labeling solution for additional

6 h at 37uC, then fixed and denatured by FixDenat solution. After

incubation with anti-BrdU-peroxidase working solution, substrate

solution was added until the color development was sufficient for

photometric detection. H2SO4 (1mM) was applied to stop the

reaction. Absorbance was measured at 450 nm using an automatic

ELISA reader.

Statistical analysis
The data are expressed as the mean 6 S.D. from three

independent experiments. Statistical analysis was performed using

a two-sided t-test. A value of p,0.05 was considered statistically

significant.
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Results

Rap1GAP is degraded during mitosis
We examined the Rap1GAP protein level through the cell cycle

and compared it to other key cell cycle regulators. HeLa cells were

arrested at the G1/S boundary by a double thymidine treatment

and then released into nocodazole-containing media. The cell

cycle profile of released cells was analyzed by FACS (Fig. 1A). The

mitotic time-points were determined by phosphorylated histone

H3 (p-histone H3) level. As shown in Fig. 1B, p-histone H3 was

not detectable at the G1-S boundary but gradually accumulated as

cells progressed into S and G2, peaking at 21 hours after release, a

time at which the majority of cells had entered mitosis (Fig. 1B).

PLK1 and Aurora B, two key mitotic kinase levels were low during

interphase but high during mitosis (Fig. 1B). In contrast, the

Rap1GAP protein level was consistent at the G1/S and S phase,

and then gradually showed motility shifts, peaking at 15 h after

release, and gradually decreased in mitosis (Fig. 1B). When cells

were released from mitotic arrest, the Rap1GAP level was restored

by the time the cells exited mitosis (Fig. 1C). Furthermore, a

Figure 1. Rap1GAP is degraded during mitosis. (A and B) HeLa cells were synchronized by double thymidine block followed by release into
nocodazole-containing media and harvested at the indicated times. Cell cycle profile was assayed by FACS with propidium iodine staining (A). Protein
levels were analyzed by immunoblotting (B). (C) Nocodazole-arrested HeLa cells were released into fresh medium, and the Rap1GAP status was
monitored at indicated times. (D) HeLa cells were arrested using nocodazole at the indicated times, and 20 mM MG132 was added during the last 4 h
of the nocodazole treatment before the cells were harvested. (E) HeLa cells or U2OS cells were treated with 20 mM MG132 and harvested at the
indicated times. Protein levels were examined by immunoblotting. (F) HeLa cells that were synchronized by double thymidine block followed by
release into nocodazole-containing media, and harvested at 22 h. The cell lysates were incubated with or without l-phosphatase (l-PPase). The
phosphorylation state of Rap1GAP was analyzed by immunoblotting.
doi:10.1371/journal.pone.0110296.g001
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Figure 2. Rap1GAP is ubiquitinated and degraded in a b-TrCP dependent manner. (A) 293T cells were co-transfected with Flag-Rap1GAP
and the indicated Myc-tagged E3 ligases constructs (b-TrCP1, SKP2, Cdc20, Cdh1 and Fbw5). At 24 h after transfection, cells were harvested and lysed.
Cell lysates were subjected to immunoprecipitation with anti-Myc antibody. The immunoprecipitates were immunoblotted with anti-Flag and anti-
Myc antibodies, respectively. (B) 293T cells were co-transfected with HA-Rap1GAP and Flag- b-TrCP1/2 constructs. Cell lysates were prepared and
subjected to immunoprecipitation with anti-HA or anti-Flag antibodies, respectively. (C) Endogenous Rap1GAP interacts with endogenous b-TrCP in
HeLa cells. At the 4 h before harvesting, cells were treated with the proteasome inhibitor, MG132. HeLa cell lysates were incubated with protein A/G
sepharose conjugated with either control IgG or Rap1GAP antibody. The immunoprecipitates were immunoblotted with Rap1GAP or b-TrCP
antibodies, respectively. (D) Alignment of amino acids corresponding to the DSGxxS sequence with Rap1GAP1 orthologs and other b-TrCP substrates.
(E) 293T cells were co-transfected with Flag-b-TrCP1/2 and wild type HA-Rap1GAP or SA mutant (S525A, S529A and S525/529A) constructs. At 24 h
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after transfection, cells were harvested and lysed. Cell lysates were subjected to immunoprecipitation with anti-HA antibody. The immunoprecipitates
were immunoblotted with anti-Flag and anti-HA antibodies, respectively. (F) Flag-Rap1GAP (WT or S525/529A), HA-ubiquitin, and b-TrCP1 (WT or DF
Box mutant) constructs were co-transfected into 293T cells. Rap1GAP proteins were immunoprecipitated by anti-Flag antibody. The
polyubiquitinated forms of Rap1GAP were immunoblotted with anti-HA antibody. (G) Control siRNA or b-TrCP-specific siRNA were transfected in
HeLa cells that were synchronized by double thymidine block followed by release into nocodazole-containing media for the indicated times. Cell
lysates were subjected immunoblotting with the indicated antibodies. (H) Flag-Rap1GAP wild type or S525/529A mutant was transfected into HeLa
cells that were synchronized by double thymidine block followed by release into nocodazole-containing media for the indicated times. Cell lysates
were subjected to immunoblotting with the indicated antibodies.
doi:10.1371/journal.pone.0110296.g002

Figure 3. PLK1 interacts with Rap1GAP and phosphorylates it at Ser525. (A) 293T cells were co-transfected with Flag-Rap1GAP and Myc-
PLK1 constructs. Cell lysates were prepared and subjected to immunoprecipitation with Flag or Myc antibodies, respectively. The immunoprecipitates
were immunoblotted with anti-Flag and anti-Myc antibodies, respectively. (B) Endogenous Rap1GAP interacts with endogenous PLK1 in HeLa Cells.
HeLa cells were synchronized by double thymidine block followed by release into nocodazole-containing media for 10 h. HeLa cells lysates were
incubated with protein A/G sepharose conjugated with either control IgG or Rap1GAP antibody. The immunoprecipitates were immunoblotted with
Rap1GAP or PLK1 antibodies, respectively. (C) Rap1GAP contains two PLK1 Polo box domain recognition motifs (S-S-P) located in the C-terminal
sequence. (D) 293T cells were co-transfected with Myc-PLK1 and Flag-Rap1GAP (WT, S542A/P543A or S625A/P626A) (left panel), or HA-Rap1GAP (WT,
S484A or S525/529A) constructs (right panel). Cell lysates were prepared and subjected to immunoprecipitation with Myc antibody. The
immunoprecipitates were immunoblotted with anti-Flag and anti-HA antibodies, respectively. (E) Recombinant GST-Rap1GAP wild type or SA
mutants (S525A, S529A and S525/529A) were phosphorylated by purified recombinant PLK1 wild type or kinase dead mutant (KD). Visualization by
autoradiography (top panel) revealed Rap1GAP phosphorylation by PLK1. Coomasie brilliant blue staining (bottom panel) protein bands for Rap1GAP
and PLK1.
doi:10.1371/journal.pone.0110296.g003
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significant fraction of Rap1GAP was restored following exposure

of the arrested cells to the proteasome inhibitor MG132,

suggesting that the proteasome pathway is involved in Rap1GAP

degradation in mitosis (Fig. 1D). To determine whether Rap1GAP

was specifically degraded in mitosis, we treated the unsynchro-

nized HeLa cells (91% in interphase) with MG132. p53, a short-

lived tumor suppressor protein, was rapidly stabilized with MG132

treatment. In contrast, the Rap1GAP protein level remained

constant (Fig. 1E). Similar results were obtained in U2OS cells

(Fig. 1E). Finally, the Rap1GAP mobility shifts were observed

throughout the cell cycle, and these mobility shifts were abolished

with l-phosphatase treatment (Figure 1F). This loss suggests that

the post-translational modification of Rap1GAP resulted from

phosphorylation. Taken together, these data demonstrated that

Rap1GAP was phosphorylated and degraded by the proteasome

pathway during mitosis.

The b-TrCP component of the SCF E3 ligase mediates
degradation of RAP1GAP
The SCF complex plays a prominent role at the transition

between the stages of the cell cycle via its various regulatory

subunits, such as Skp2, Fbw5, and b-TrCP. APC/C, regulated by

Figure 4. PLK1 is essential for Rap1GAP degradation in mitosis. (A) Control siRNA or PLK1-specific siRNA was transfected in Hela cells that
were synchronized by double thymidine block followed by release into nocodazole-containing media for the indicated times. Cell lysates were
subjected immunoblotting with the indicated antibodies. (B) HeLa cells were synchronized by double thymidine block followed by release into
nocodazole-containing media for 15 h, then the cells were treated with the PLK1-specific inhibitor GW843682X (10 mM), GSK3b-specific inhibitor LiCl
(10 mM), or control (DMSO) for indicated times, Cell lysates were subjected to immunoblotting with the indicated antibodies. (C) Flag-tagged
Rap1GAP wild type or mutants (S484A, S625A/P626A) were transfected into HeLa cells that were synchronized by double thymidine block followed
by release into nocodazole-containing media for the indicated times. Cell lysates were subjected to immunoblotting with the indicated antibodies.
doi:10.1371/journal.pone.0110296.g004
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the Cdc20 or Cdh1 subunits, also has a crucial role during mitosis.

We hypothesized that one of these complexes might be responsible

for the mitotic degradation of Rap1GAP. To answer this question,

we first examined the ability of five E3 ligase subunits (b-TrCP1,
Skp2, Fbw5, Cdh1 and Cdc20) to interact with Rap1GAP. As

shown in Fig. 2A, b-TrCP1 was the only subunit that interacted

with Rap1GAP. In a reciprocal co-immunoprecipitation experi-

ment, we also demonstrated that b-TrCP2, a paralog that shares

identical biochemical properties and substrates with b-TrCP1, also

interacted with Rap1GAP (Fig. 2B). Next, we confirmed whether

b-TrCP interacts with Rap1GAP at an endogenous level. When

endogenous Rap1GAP in nocodazole-arrested HeLa cells was

immunoprecipitated by anti-Rap1GAP antibody, endogenous b-
TrCP was also detected in the immunoprecipitate by immuno-

blotting (Fig. 2C). Therefore, these results indicated b-TrCP
interacted with Rap1GAP in vivo.
The WD40 b-propeller structure of b-TrCP binds its substrates

through a diphosphorylated degradation motif (phosphodegron)

Figure 5. Rap1GAP degradation is required for cell proliferation. (A) HeLa cells were transiently transfected with two Rap1GAP-specific
siRNAs or control siRNA. At 48 h after transfection, cell lysates were subjected to immunoblotting with Rap1GAP antibody. (B) The cell cycle profile of
Rap1GAP-knocked down HeLa cells were assayed by FACS with propidium iodine staining. (C and D) The proliferative capacity of Rap1GAP-knocked
down or overexpressed HeLa (C) or U2OS (D) cells was measured by BrdU ELISA assay. HeLa cells or U2OS cells were transfected with Flag-Rap1GAP
WT, S525/529A mutant or control constructs, the cell proliferative capacity were measured by BrdU ELISA assay. Similar ELISA assay was performed
when Rap1GAP was knocked down. (E and F) HeLa (E) or U2OS (F) cells were transfected with Flag-Rap1GAP WT, S525/529A mutant or control
constructs respectively and selected with G418 for 3 weeks and outgrowth colonies were stained by crystal violet. Representative photographs of cell
colonies were shown. Total numbers of the colonies from three independent experiments were counted. *P,0.05; **, p,0.001.
doi:10.1371/journal.pone.0110296.g005
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with the consensus sequence DpSGXX(X)pS/T or similar

variants. Inspection of the Rap1GAP amino acid sequence

revealed a sequence resembling the motif of the b-TrCP binding

pattern. The motif surrounding Ser525 and Ser529 is highly

conserved in vertebrate orthologs of Rap1GAP (Fig. 2D). To

investigate whether Rap1GAP binds b-TrCP via this motif, we

generated three Rap1GAP mutants in which Ser525 or Ser529

was mutated respectively or in combination to Ala. After that, we

tested their binding to b-TrCP-1/2. While the Rap1GAP (S525A)

mutant immunoprecipitated less b-TrCP1/2 compared to wild-

type Rap1GAP, Rap1GAP (S529A) or (S525/529A) mutants lost

the ability to bind to b-TrCP1/2 (Fig. 2E), suggesting two Serine

residues are required for Rap1GAP to bind b-TrCP1/2. We

determined whether manipulation of b-TrCP levels would alter

Rap1GAP ubiquitination. Indeed, the in vivo ubiquitination assay

showed that overexpression of b-TrCP1, but not its enzyme-dead

form (DF), enhanced the ubiquitination of exogenously expressed

Rap1GAP. Furthermore, Rap1GAP (S525/529A) mutant ubiqui-

tination was remarkably reduced (Fig. 2F). We next investigated

whether b-TrCP is responsible for Rap1GAP degradation in

mitosis. As shown in Fig. 2G, knockdown of b-TrCP using a

siRNA abrogated the mitotic degradation of both Rap1GAP and

the known b-TrCP substrate Wee1. To investigate whether the

Rap1GAP phosphodegron is critical for mitotic degradation

in vivo, we expressed either the wild-type or mutant Rap1GAP

in HeLa cells. We found that the mutant protein did not undergo

degradation in mitosis, whereas wild-type Rap1GAP protein was

destabilized (Fig. 2H). Therefore, these results indicate Rap1GAP

interacts with b-TrCP in vivo, and the phosphodegron sequence

of Rap1GAP determines the b-TrCP binding and subsequent

ubiquitination and degradation of Rap1GAP in mitosis.

PLK1 interacts with Rap1GAP and phosphorylates it at
Ser525
SCF complex ligases bind and ubiquitinate proteins that are

phosphorylated at specific phosphodegron sequences. Targeting of

proteins for destruction by phosphorylation provides a mechanism

for linking cell cycle regulation to internal and external signaling

pathways via regulating protein kinase activities [16]. Because the

mitotic phosphorylation of Rap1GAP precedes its degradation, we

reasoned that mitotic kinase(s) might also destabilize Rap1GAP.

PLK1 is a critical kinase regulating mitotic progression and cell

cycle checkpoints. Importantly, it has been shown previously to

regulate several b-TrCP targets, such as Emi1, Wee1, and Claspin

during mitosis [16]. Therefore, we hypothesized that PLK1 might

regulate Rap1GAP degradation. To test this hypothesis, we first

examined whether PLK1 can interact with Rap1GAP in cells. We

co-expressed Flag-Rap1GAP and Myc-PLK1 in 293T cells and

immunoprecipitated PLK1 using anti-Myc antibody. As shown in

Fig. 3A, Rap1GAP was co-immunoprecipitated by PLK1. Similar

results were obtained in a reciprocal co-immunoprecipitation

experiment using anti-Flag antibody (Fig. 3A). Next, we wanted to

confirm whether PLK1 interacts with Rap1GAP at an endogenous

level. When endogenous Rap1GAP in nocodazole-arrested HeLa

cells was immunoprecipitated by anti-Rap1GAP antibody,

endogenous PLK1 was detected in the immunoprecipitate

(Fig. 3B). Previous studies suggested that the interactions between

PLK1 with its substrates are largely mediated by PLK1 Polo box

domain (PBD) recognition of Ser–pSer/pThr–Pro (S–pS/pT–P)

motifs within the substrates [17]. Inspection of the amino acid

sequence of Rap1GAP revealed that human Rap1GAP contains

two such S-S/T-P motifs located in the C-terminal sequence

(Fig. 3C). To determine which motif represents the PLK1 docking

site on Rap1GAP, we generated two Rap1GAP mutants, in which

Ser542/Pro543 or Ser625/Pro626 was mutated to Ala (S542A/

P543A and S625A/P626A, respectively) and tested their binding

to PLK1. While the Rap1GAP (S542A/P543A) mutant immuno-

precipitate PLK1 similar to wild-type Rap1GAP, the Rap1GAP

(S625A/P626A) mutant lost the ability to bind to PLK1 (Fig. 3D,

left panel), This observation suggests the second S-S/T-P motif is

responsible for PLK1 binding.

It has been reported that Rap1GAP is a substrate of the CDK1

kinase in mitosis [18]. Rap1GAP Ser484 is the site phosphorylated

by CDK1 in vitro. However, the phosphorylation status of this site

does not affect the stimulation of the GTPase activity of Rap1 by

Rap1GAP, and its function remains unknown [18]. Previous

studies have revealed that CDK1 is the ‘‘priming’’ kinase that

initially phosphorylates several PLK1 substrates, such as BubR1,

CEP55, and Cdc25C, and generates the docking sites for the PBD.

We investigated whether the CDK1 phosphorylation site in

Rap1GAP was involved in PLK1 binding. Rap1GAP mutant

(Ser484A) was generated and tested its binding to PLK1.

However, we found that the S484A mutant immunoprecipitated

PLK1 at a level similar to that immunoprecipitated by wild-type

Rap1GAP (Fig. 3D, right panel), suggesting that CDK1 phos-

phorylation is not required for Rap1GAP binding to PLK1.

Furthermore, another Rap1GAP mutant (S525/529A) that lost

the ability to bind to b-TrCP, immunoprecipitated PLK1 at a level

similar to that immunoprecipitated by wild-type Rap1GAP

(Fig. 3D, right panel), suggesting that Rap1GAP interacted with

b-TrCP and PLK1 through different sequence motifs. Finally, an

in vitro phosphorylation assay showed that PLK1 directly

phosphorylated the DSGHVS degron, as the Rap1GAP (S525/

5299A) mutant lost the ability to be phosphorylated by recombi-

nant PLK1. While the Rap1GAP (S525A) mutant was not

phosphorylated by PLK1, Rap1GAP (S529A) mutant retained a

level of phosphorylation similar to that of wild-type Rap1GAP

(Fig. 3E). Taken together, these data suggest that Ser525 was the

major site phosphorylated by PLK1.

PLK1 is required for Rap1GAP degradation during mitosis
Next, we investigated whether PLK1 was required for

Rap1GAP degradation during mitosis. We synchronized HeLa

cells by double thymidine block, knocked down PLK1 using

siRNAs, and monitored the level of Rap1GAP at indicated time

points. As shown in Fig. 4A, siRNA specific to PLK1 abrogated

the degradation of its known substrate Wee1. The mitotic

degradation of Rap1GAP was also significantly inhibited, suggest-

ing that PLK1 is the key kinase triggering mitotic degradation of

Rap1GAP. Previous studies reported that Rap1GAP protein level

was dynamically regulated in thyroid-stimulating hormone (TSH)-

treated thyroid cells. Upon TSH withdrawal, Rap1GAP under-

goes a net increase in GSK-3b-dependent phosphorylation

followed by proteasome-mediate degradation [11]. To investigate

whether GSK-3b was involved in the mitotic degradation of

Rap1GAP, we knocked down GSK-3b in synchronized HeLa cells

like PLK1. However, GSK-3b knockdown did not affect the

mitotic degradation of Rap1GAP (Fig. 4A). To rule out potentially

indirect effects of siRNA treatment, we used small molecule

inhibitors of PLK1 and GSK-3b. Treatment with the PLK1

inhibitor GW843682X, but not the GSK-3b inhibitor LiCl,

abrogated the mitotic degradation of Rap1GAP (Fig. 4B). These

results were consistent with siRNA knockdown treatment. To

demonstrate whether the second SSP motif of Rap1GAP is critical

for mitotic degradation, wild-type Rap1GAP or two mutants

(S484A, S625A/P626A) was expressed in HeLa cells, respectively.

We found that the Rap1GAP mutant (S625A/P626A) did not

undergo degradation and was more stable in mitosis, whereas
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wild-type Rap1GAP or Rap1GAP mutant (S484A) proteins was

destabilized (Fig. 4C). Together, these results further support a

model in which PLK1, but not CDK1 or GSK-3b-mediated

phosphorylation of RAP1GAP is a prerequisite for mitotic

degradation.

Rap1GAP degradation is required for cell proliferation
We analyzed the physiological function of Rap1GAP degrada-

tion. The endogenous Rap1GAP was efficiently knocked down by

two specific siRNAs (Fig. 5A). The effect of Rap1GAP depletion

on cell cycle distribution in HeLa cells was examined. We found

that the fraction of cells in G1 was lower when Rap1GAP

expression was depleted (siRNA-1 or siRNA-2) than that observed

in control siRNA knocked-down cells (Fig. 5B). Similar results

were seen in U20S cells (data not shown). This finding suggests

that the absence of Rap1GAP may affect cell cycle transitions.

Next, BrdU incorporation assay results showed that knockdown of

Rap1GAP expression enhanced DNA synthesis activities in HeLa

and U2OS cells (Fig. 5C and 5D). In a complementary

experiment, the same amount of Flag-Rap1GAP WT or the

degron mutant Rap1GAP (S525/529A) construct and a control

vector were transiently overexpressed in HeLa or U2OS cells,

respectively. BrdU incorporation assay showed that transfection of

Rap1GAP WT or (S525/529A) mutant reduced cell proliferation

when compared with cells expressing the control vector, degron

mutant Rap1GAP (S525/529A) elicited a more dramatic pheno-

type (Fig. 5C and 5D). Finally, we investigated the potential role of

Rap1GAP in cell growth using a colony formation assay. HeLa

cells were transfected with Rap1GAP WT or (S525/529A) mutant

and stable clones were counted. Notably, both transgenes

manipulation lead to a significant reduction in colony number,

but the degron-mutant Rap1GAP (S525/529A) elicited a more

dramatic phenotype (Fig. 5E). Similar results were obtained in

U20S cells (Fig. 5F). In summary, we concluded that Rap1GAP

degradation is required for cell proliferation.

Discussion

In the present study, Rap1GAP was identified as a cell-cycle

regulator and subjected to PLK1 and b-TrCP-dependent degra-
dation in mitosis. We found that in mitosis, PLK1 phosphorylated

Rap1GAP on its conserved DSGHVS degron, which promoted its

interaction with SCF-TrCP, and also facilitated its degradation.

Ser525 was the major site phosphorylated by PLK1, but the

mitotic kinase responsible for Ser259 phosphorylation is unknown

now and await further studies. Since Rap1GAP (S529A) mutant

lost the ability to bind to b-TrCP1/2, we hypothesize that other

kinase(s) responsible for Ser529 phosphorylation are also for

important for Rap1GAP degradation in mitosis. Our findings

show that Rap1GAP can be added to the list of cell cycle

regulators, such as Claspin, Wee1, Emi1, FANCM, and Bora

proteins, whose ubiquitin-dependent degradation is mediated by

SCF–b-TrCP and controlled by PLK1. Although we have defined

the degron that is critical for SCF-b-TRCP-mediated degradation

of Rap1GAP, it is possible that Rap1GAP degradation also can be

regulated by other mechanisms, possibly in response to other

signals and involving different determinants in the Rap1GAP

protein. For example, others have reported that Rap1GAP protein

levels are dynamically regulated in thyroid-stimulating hormone

(TSH)-dependent thyroid cells. Upon TSH withdrawal, Rap1GAP

undergoes a net increase in GSK3b-dependent phosphorylation
followed by proteasome-mediated degradation [11]. However, our

study showed GSK3b is not essential for Rap1GAP degradation in

mitosis. Another study showed that the Gao/i-coupled cannabi-

noid receptor (CB1), by regulating the ubiquitination and

proteasomal degradation of Rap1GAP, activates Rap1 to induce

neurite outgrowth in Neuro-2A cells [19], although the exact

mechanisms of CB1-induced Rap1GAP ubiquitination and

degradation remain unknown. In addition to Rap1GAP, another

member of the RapGAP family, SPAR, is also regulated by

ubiquitin-proteasome pathway. b-TrCP can target SPAR for

degradation in neurons. However, SPAR degradation by b-TrCP
depended on the activity-inducible protein kinase Polo-like kinase

2 (Plk2) [20].

Rap1GAP protein can be regulated at multiple post-transla-

tional levels. Protein kinase A (PKA) phosphorylates Rap1GAP at

Ser441 and Ser499 in response to activation of D1 dopamine

receptors, which leads to its inhibition and subsequent activation

of Rap1 [10]. Phosphorylation of Rap1GAP is likely to play an

important role in regulating medium spiny neuron function

through the ability of the dopamine/cAMP/PKA signaling

pathway to regulate Rap1 activity [10]. Other kinases, such as

CDK1, have also been reported to phosphorylate Rap1GAP at

Ser484 during mitosis, but this phosphorylation does not affect the

Rap1GAP stimulation of the GTPase activity of Rap1 by

Rap1GAP [18]. Our results showed Ser484 phosphorylation was

not essential for Rap1GAP degradation in mitosis. One possibility

is that Ser484 phosphorylation might play a role in regulating the

interaction of Rap1GAP with other proteins, but elucidation of the

significance of CDK1-mediated Rap1GAP phosphorylation must

await further studies. Furthermore, in unpublished work we have

found that Rap1GAP phosphorylation might be reversed by

dephosphorylation. The serine/threonine phosphatases, PPM1A

and PPM1B, were two of the most abundant proteins co-purified

from Rap1GAP complex by tandem affinity purification (TAP)-

mass spectrometry. It is known that b-TrCP-dependent degrada-
tion of the transcriptional factor Snail was triggered by GSK3b-
mediated phosphorylation, and the small C-terminal domain

phosphatase (SCP) is a specific phosphatase for Snail. By

antagonizing GSK3b-mediated phosphorylation, SCP can stabi-

lize Snail [21]. It will be interesting to test whether PPM1A or

PPM1B-mediated Rap1GAP dephosphorylation antagonizes

PLK1-mediated Rap1GAP phosphorylation. Future studies are

needed to further explore the complex regulation of Rap1GAP

proteins and whether dysregulation of Rap1GAP plays a role in

tumorigenesis.
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