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ABSTRACT. A synthetic K vitamin analogue, 2-(2-mercaptothenol)-3-methyl-1,4-naphthoquinone or Cpd

5, was previously found to be a potent inhibitor of cell growth [Nishikawa et al., (199Bjol. Chem

270, 28304-28310]. The mechanisms of cell growth were hypothesized to include the inactivation of
cellular protein tyrosine phosphatases, especially the Cdc25 family [Tamura et al. 20®r Res60,
1317-1325]. In this study, we synthesized PD 49, a new biotin containing Cpd 5 derivative, to search for
evidence of direct interaction of these arylating analogues with Cdc25A, Cdc25B, and Cdc25C phosphatases.
PD 49 was shown to directly bind to GST-Cdc25A, GST-Cdc25B, their catalytic fragments, and GST-
Cdc25C. The binding could be competed with excess glutathione or Cpd 5, and a cysteine-to-serine mutation
of the catalytic cysteine abolished binding. This was consistent with an involvement in binding of cysteine
in the catalytic domain. This interaction between PD 49 and Cdc25 also occurred in lysates of treated
cells. PD 49 also bound to protein phosphatases other than Cdc25. We found that the new analogue also
inhibited Hep3B human hepatoma cell growth. This growth inhibition involved ERK1/2 phosphorylation
and was inhibited by a MEK antagonist. The results demonstrate a direct interaction and binding between
this growth-inhibiting K vitamin derivative with both purified as well as with cellular Cdc25A, Cdc25B,

and Cdc25C.

Protein phosphorylation and dephosphorylation are es-there is limited amino acid sequence identity beyond the
sential mechanisms for intracellular control of protein active site region3). The two important motifs for binding
function and signaling. Protein kinases are involved in substrates in DSPs are defined by the VH1-like phosphatases
phosphorylation, whereas dephosphorylation is catalyzed by(pTEpY) and the Cdc25-like phosphatases (pTpY). DSPs
protein phosphatase$)( Two types of mammalian protein  display a marked preference for cyclin-dependent kinases
phosphatases have been identified: S/T specific (proteinand MAP kinases, and they are being recognized as a family
serine/threonine) and Y specific (protein tyrosine, PTP). of important regulators of cell cycle control and mitogenic
DSPs, which dephosphorylate both tyrosine and threonine/signal transduction3—6).
serine on the same protein, are a subclass of RJ.IDEPs Important members of the DSP family that control cell
share the PTP active site sequence motif HGRX)where cycle progression include the Cdc25 family. Three homo-
H is a highly conserved histidine, C is the catalytic cysteine, logues of Cdc25 exist in mammalian cells: Cdc25A,
the five X residues form a loop in which all the amide Cdc25B, and Cdc25C7¢9), and several splice variants of
nitrogens hydrogen bond to the phosphate of the substrateCdc25 proteins have been reporté@,(L1). Cdc25s activate
and R is a highly conserved arginine that hydrogen bonds several cell cycle-dependent kinases (Cdks) by dephospho-
to the phosphorylated amino acid of the substrate. DSPs andylating an inhibitory phosphotyrosinel?). Cdc25A is
PTPs also have a similar mechanism of reaction, althoughimportant for entry into S-phaséag), although it appears to

also have some role in mitotic progressidd)( Both Cdc25B

T This work was supported in part by National Institutes of Health and Cdc25C are regulators of .GZ_M tran?’ltlon' Cdc25A and
grants from CA82723 (B.I.C.), CA 52995 and CA7803%(U.). Cdc25B also have oncogenic properties and are over-
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Ficure 1: Chemical structure and synthesis of compounds. The
structures of PD 48, PD 49, PD 26, Cpd 5 are shown in panel A.

The scheme of synthesis of PD 49 from vitamig iK shown in
panel B.

is the target for specific modification by various sulfhydryl-
alkylating reagents26, 27). This catalytic cysteine could
also be a target of arylation by Cpd 5, which inhibits the
activities of Cdc25A, Cdc25B, and Cdc2528], consistent
with arylation of their catalytic cysteine. Furthermore,

treatment of cells with Cpd 5 caused increased tyrosine
phosphorylation of the Cdc25 substrates Cdk1, Cdk2, and

Cdk4 @8, 29). However, we have not yet shown a direct
interaction of Cpd 5 or any other arylating K vitamin

analogue with specific phosphatases such as Cdc25, althoug
recently a quinone analogue was shown to bind to a serine

residue in the catalytic domain of Cdc25A0.

To approach this, we synthesized a biotin-labeled arylating

K vitamin analogue (PD 49) for this study to directly examine
binding of the K vitamin to Cdc25, which could be used for
immunoprecipitation of itself and proteins bound to it.
Characterization of the interaction of these arylating K
vitamin analogues with Cdc25 and other DSPs will be
invaluable for the future design of new inhibitors.

MATERIALS AND METHODS

Chemical Synthesis of Cpd 5, PD 48, and PD@Bemical
synthesis of Cpd 5 has been described bef@fg. (PD 48
and PD 49 were synthesized from vitamig & outlined in
the scheme in Figure 1. PD 48 is a mixture Nf([6-bromo-
7-methyl-5,8-dioxo-5,8-dihydro-naphthalen-1-yl)-aceta-
mide] and N-(7-bromo-6-methyl-5,8-dioxo-5,8-dihydro-

Biochemistry, Vol. 42, No. 35, 20030491

Technology, Gaithersberg, MD) in a humidified atmosphere
of 5% CQ, and 95% air at 37C. The medium contained
10% fetal bovine serum. Cells were plated at 20 cells/
well in 24-well dishes (Corning, Inc., Science Products Div.,
Corning, NY) for cell growth inhibition assays. After
incubation in serum-free MEM for 24 h, the medium was
replaced with a growth medium with or without the K
vitamin analogue, for the indicated periods of time. The
medium, with or without analogue, was replaced every day
with fresh medium. The medium was removed, and the cells
were immediately washed with ice-cold phosphate-buffered
saline (PBS) to terminate the reaction. Cells were then
harvested and stored -aB0 °C until used. Cell number was
measured by a DNA fluorometric assay with Hoechst 33258
as previously described!?).

To examine the effects of ERK1/2 inhibitor U0169
(Calbiochem, La Jolla, CA) or glutathione (GSH), we
preincubated cells fol h with the inhibitor or antioxidant
before adding Cpd 5.

Cell cycle analysis was done following the methods
described by us befor@§).

Western Blots and Immunoprecipitatiaestern blot was
done following our standard protocd®Z). Immunoprecipi-
tation of PD 49 bound proteins were performed as follows:
We incubated 5QuL of 1% (w/v) protein A-Sepharose
(Sigma, St. Louis, MO) with &g of anti-biotin antibody
(Sigma, St. Louis, MO) overnight at 4C. The excess
antibody was removed by centrifugation of the antibody
bound protein A-Sepharose three times with PBS. The
resulting anti-biotin protein A-Sepharose was then incubated
overnight at £C with 50uM of PD 49. The excess unbound
PD 49 was washed away as above. The PD 49-anti-biotin

ntibody-protein A-Sepharose complex was then incubated

ith the target proteins overnight af@. The bound protein
was centrifuged at 40@0and resuspended in SDS gel sample
buffer. Proteins were separated on 10% SIPAGE and
transferred to a nylon membrane and the specific phos-
phatases were probed using the corresponding antibody.
Cdc25A, Cdc25B, Cdc25C, PTP1C, PTP1D, and MKP1
antibodies were all from Santa Cruz Biotechnologies Inc.
(Santa Cruz, CA). GST-tagged Cdc25 proteins were from
Upstate Biotechnologies Inc. (Lake Placid, NY).

Enzyme Assay of Cdc25A, VHR, and PTPIRBe GST-
fusion protein phosphatases Cdc25A, VHR, as well as the
soluble human recombinant PTP1B were purified, and their
phosphatase activity was determined as described b&gye (

Construction and Purification of Catalytic Fragments of
Cdc25A, Cdc25B, and its Inacté (C446S) FormCdc25A
catalytic fragment was purified from a plasmid construct
described in ref30. Cdc25B catalytic fragment was con-
structed by fusion of an amino terminal His tag to a 275-

naphthalen-1-yl)-acetamide] and was synthesized from aamino acid carboxyl terminal fragment of the protein. The

mixture of 5 and 8-amino-2-bromo-3-methyl-[1,4]naphtho-
quinone by reaction with acetyl chloride in tetrahydrofuran.
PD 49 is a mixture of{i-(6-bromo-7-methyl-5,8-dioxo-5,8-
dihydro-naphthalen-1-yl)-biotinamide] and-(7-bromo-6-
methyl-5,8-dioxo-5,8-dihydro-naphthalen-1-yl)-biotina-
mide] and was synthesized from a mixture of 5- and 8-amino-
2-bromo-3-methyl-[1,4]naphthoquinone by the reaction with
biotin acid chloride and pyridine in tetrahydrofuran.

Cell Culture and Growth Inhibition Assaydep3B cells
were cultured in minimum essential medium (MEM) (Life

C-terminal part of Cdc25B2 beginning with GIn275, nucle-
otides 10451842, (Acc. no. NM 021872) was PCR ampli-
fied and subcloned into prokaryotic expression vector
pET28a (Novagen, Madison, WI) using Ndel and Xhol
recognition sites. This allowed high expression level of the
last 265 amino acids of Cdc25B2, N-terminally tagged by
His(6) and thrombin cleavage site. Cys446 was mutated by
using QuikChange protocol (Stratagene, San Diego, CA) and
the following primers: forward SCACTCTGAATTCT-
CATCTGAGCGTGG-3and reverse’'sSCCACGCTCAGAT-
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GAGAATTCAGAGTG-3. Nucleotide sequence of each
construct was verified by dye termination sequencing of
overlapping segments. We used the same protocol for
expression of both recombinant proteins. Bacterial culture
was harvested after-31 h IPTG induction, at Ok = 0.8.
His(6)-tagged recombinant proteins were further purified by
affinity binding using Talon metal affinity resin (Clontech,
Palo Alto, CA) and the protocol suggested by the manufac-
turer with the following modifications. The resuspension and
binding buffers (calculated fa2 L of bacterial culture and
400uL of beads) for all of the steps until thrombin cleavage
contained 1 mM tris(2-carboxyethyl) phosphine (TCEP),
(Sigma, St Louis, MO). After final washing of the sample
in 50 mM sodium phosphate, 300 mM NaCl, 1 mM TCEP,
10% glycerol (pH 7.0), the buffer was changed to 50 mM
Tris, 300 mM NacCl, 10% glycerol, 2.5 mM CaQjpH 7.0).

A total of 1 mL of the buffer containing 10 U thrombin
(Sigma) was added to the beadsi4 mLtube, and thrombin
cleavage was performed at room temperature for 2 h. At the
end the beads were centrifuged, and the supernatant wa
aspirated and stored on ice. Gel filtration using Superdex
200 GL column (Pharmacia) and injection volumes of 500
uL was the final purification step. Elution fractions of 500
uL were collected using 50 mM sodium phosphate, 300 mM
NaCl, 10% glycerol, and 5 mM TCEP as elution buffer. The
amount of the purified recombinant protein was determined
by Bradford assay, the purity was verified by Coomassie
staining followed by at least 24 h of distaining, and the

phosphatase activity was measured by the standard for the

laboratory assay.

Phospho-MBP Dephosphorylation Assayrosine phos-
phorylated myelin basic protein (MBP) was prepared from
a kit (NEB, Waltham, MA) using Abelson tyrosine kinase
to tyrosine phosphorylate MBP in vitro. Phospho-MBP was
incubated for 60 min at 25C with Hep3B lysate in the
presence or absence of 4M PD 49. MBP was then
immunoprecipitated by an anti-MBP antibody (1),
resolved on a Western blot, and probed with phosphotyrosine
antibody (Santa Cruz Biotechnologies Inc., Santa Cruz, CA).

Competition of PD 49 and Cpd 5 Binding to Cdc25Bcat.
A total of 180 ng of Cdc25Bcat was incubated in a0
reaction volume for 18 h at 4C, with 0.1 mM PD 49 and
Cpd 5 at a concentration of 0, 0.01, 0.1, 1, or 10 mM to
give ratios of Cpd 5/PD 49 of 0, 0.1, 1, 10, and 100,
respectively. PD 49 was immunoprecipitated with anti-biotin
antibody and Cdc25Bcat bound to PD 49 in the immuno-
precipitate was determined on a Western blot probed with
anti-Cdc25B antibody. The amount of Cdc25Bcat on the
Western blot was determined by scanning the band density.

RESULTS
Structures of Cpd 48 and Cpd 49 and Schema of their
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Ficure 2: Growth inhibition of Hep3B cells by Cpd 5. PD 48, PD
49, and PD 26. Hep3B cells in log phase of growth were treated

with various doses of the compounds and the surviving cell numbers
were determined after 3 days of culture. The cell numbers were

&xpressed as “%” of an untreated control and the bars represent

standard deviation (SD).
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Ficure 3: Cell cycle inhibition of Hep3B cells by Cpd 5, PD 48,
PD 49, and PD 26. Hep3B cells growing exponentially were treated
with 10 uM of the compounds for 24 h. Cells were fixed in
methanol. Cell DNA was labeled with propidium iodide and the
number of cells in different phases of the cell cycle was determined
by FACS.

4N

Cpd 5, PD 48, PD 49, or PD 26, and cell humbers were
determined. All three analogues were found to inhibit cell
growth in a concentration-dependent manner. Thg &

the arylating analogues Cpd 5, PD 48, and PD 49 were 5,
10, and 20uM, respectively, whereas the nonarylating

analogue PD 26 was inactive (Figure 2).

G,-M Phase Cell Cycle ArresCpd 5 was earlier found
to arrest Hep3B cells at the,@®/ phase of the cell cycle

SynthesisWe prepared a labeled K vitamin (PD 49), using (28). We analyzed the effect of the new analogues PD 48
a biotin tag that could be readily detected with anti-biotin and PD 49 on cell cycle progression. Cells growing
antibody. The structures of Cpds 49 and 48 (from which it exponentially in serum containing culture medium were
was derived), and a scheme for their chemical synthesis fromtreated with 1M PD 48, PD 49, Cpd 5, or Cpd 26 for 24
vitamin Ks, are shown in Figure 1. Cpd 5, our prototype h. As seen in Figure 3, all of the analogues except PD 26,
arylating analogue, and PD 26 (a nonarylating analog) are arrested cells at the 9V phase of the cell cycle. The A

also shown for comparison to the new compounds.

Growth Inhibition of Hep3B CellsHep3B cells in log
phase growth were cultured with various concentrations of

inhibition was similar to that seen with another structurally
unrelated inhibitor of Cdc25 family of phosphatases,
SC-00d9 (29).
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FiGURE 4: Specificity of binding and inhibition of phosphatases #  -Cde25C or Cde25C

by PD 49. (A) Phosphatase activities of purified Cdc25A, VHR,

and PTP1B were determined in absence or in the presence officure5: PD 49 binding to purified GST-Cdc25A, GST-Cdc25B,
different concentrations of PD 49 and were expressed as a “%” their catalytic fragments, GST-Cdc25C, and to Cdc25A, Cdc25B,
inhibition compared to control. (B) Binding of phosphatases and Cdc25C in PD 49-treated Hep3B cell lysate. (A) Purified GST-
(PTP1C, PTP1D, and MKP1) to PD 49 was detected by immuno- Cdc25A, GST-Cdc25B, or GST-Cdc25C was incubated with
precipitation (anti-biotin antibody) of PD49 bound protein from increasing concentrations of PD 49 in solution and the bound protein
Hep3B cell lysate, and probing for a specific phosphatase on awas immunoprecipitated with anti-biotin anibodies. The immuno-
Western blot of the immunoprecipitated proteins with the corre- precipitated protein was visualized on a Western blot with anti-
sponding phosphatase antibody. Cdc25A, Cdc25B, or anti-Cdc25C anibody. (B) Purified GST-
Cdc25A, GST-Cdc25B, GST-Cdc25C, Cdc25A catalytic fragment
PD 49 and Cpd 5 Are Selegt Inhibitors of Cdc25PD or Cdc25B catalytic fragment was incubated with PD 49 450
. . in solution in the absence or presence of excess GSH, and the bound
49 arrested cells in &M phase of the cell cycle. Since we otein was detected on Western blots as described in panel A. (C)
had previously shown that the structurally similar Cpd 5 had Hep3B cells in culture were treated with PD 49 (4Bl for 2 h)
phosphatase inhibitory activity, we examined the inhibitory and Cdc25A, Cdc25B, or Cdc25C bound to PD 49 was immuno-

activities of PD 49 against the purified PTPs, Cdc25A, VHR, Precipiated by anti-biotin antibodies and detected on Western blot
and PTP1B. The apparent IC50 of PD 49 for recombinant PY @nti-Cdc25A, B, or C antibody.

Cdc25A was found to be about , whereas the IC50 . : . :
for VHR \g/nd P':'JPlB were 3pl|</l gfél n\?:)re than 10@&M Construction of Cdc25B Catalytic Fragment with Mutation
respectively (Figure 4A). PD 49 was also found to bind to of Catalytic Cysteine to Serine and Its Binding to PD 49.

the phosphatases MKP1 and PTP1D but not to PTP1C inTo investigate the involvement of the catalytic cysteine, we
Hep3B cell lysates (Figure 4BPD 49 was thus found to be mutated the catalytic cysteine to serine of Cdc25B by site-

a selective PTP inhibitor. Cpd 5 was previously found to directed mutagenesis. The mutant protein was enzymatically

have similar specificity for Cdc252@), whereas identical inacti\_/e (data not sh_own). It was purified and then used_ to
concentrations of the related analogue Cpd 26 did not inhibit examine PD 49 binding. In contrast to the wild-type protein,
either of the phosphatase28]. we found very poor PD 49 binding to the mutant protein
Association of PD 49 with Purified Cdc25s and their (F19Ure 6A).' ) o
Catalytic FragmentsWe used the biotin tagged PD 49 to  PD 49 Binding to other Proteins in Hep3B Cell Lysate.
investigate binding of the K vitamin analogues to purified We incubated proteins from Hep3B cell lysates with PD 49
GST-Cdc25A, GST-Cdc25B, and GST-Cdc25C. PD 49 was in the presence or absence of excess arylator Cpd 5 or the
incubated with the GST-Cdc25 isoforms in cell-free condi- nonarylator PD 26. The results showed many proteins
tions and PD 49 was immunoprecipitated with an anti-biotin Specifically bound to PD 49 from the lysate (Figure 6B).
antibody. The immunoprecipitated proteins were separatedThe binding of a few of these proteins to PD 49 was
by electrophoresis, and the gels were probed with antibodiesabolished when incubated in the presence of excess nonary-
to Cdc25A, Cdc25B, or Cdc25@lI three Cdc25 isoforms  1ator and was presumed to be binding through the naphtho-
were found to immunoprecipitate with PD 49 (Figure 5A), quinone part of PD 49.
suggesting a direct interaction between them. This interaction Competition for PD 49 Binding to Cdc25B Catalytic
could be antagonized by the presence of excess GSH (Figurd-ragment by Cpd 5We explored whether PD 49 and Cpd
5B), suggesting the involvement of the catalytic cysteine of 5 might bind to the same cysteines in the Cdc25B catalytic
Cdc25 in the interaction. The purified Cdc25A and Cdc25B fragment (Cdc25Bcat). PD 49 was incubated with Cdc25Bcat
catalytic fragments also bound to PD 49 (Figure 5B), further in the presence of increasing concentrations of Cpd 5. The
supporting the idea that the cysteines at the catalytic site PD 49-Cdc25Bcat complex was immunoprecipitated with
interact with PD 49. an anti-biotin antibody and visualized on Western blot, using
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Ficure 6: PD 49 binding to Cdc25B catalytic cysteine to serine
mutant protein, and to Hep3B cell lysate proteins. (A) Purified
Cdc25Bcat (w) and its mutant (cysteine to serine) derivative (m)
were incubated with 5¢M PD 49 and the PD 49-bound proteins

were immunoprecipitated with anti-biotin antibody. The immuno-
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Ficure 8: Inhibition of PTP activities in Hep3B lysates by PD
49. Phospho-MBP (lane a) was incubated with Hep3B lysate (lane
b), lysate depleted of Cdc25A and Cdc25B (lane c), ox¥DPD

49 treated (60 min at 258C) lysate (lane d). Phospho-MBP and
MBP were detected on Western blot with anti phosphotyrosine and
anti-MBP antibodies.

PD 49 Inhibited Cellular PTP Actity. We previously
showed that tyrosine phosphorylated myelin basic protein
can be used as a Cdc25A substrate in vi88).(We used
this assay to extend our observations on the inhibitory
properties of PD 49 against purified Cdc25A to the PTPs in
Hep3B cell lysates. Hep3B cell lysates were incubated in
the presence (Figure 8, lane d) or absence (Figure 8, lane b)
of PD 49, and its PTP activity for dephosphorylating tyrosine
phosphorylated myelin basic protein (phospho-MBP) (Figure
8, lane a) was measured. PD 49 (at /) was found to
partially inhibit this PTP activity (Figure 8, lane d).
Moreover, when the Hep3B cell lysates were cleared of
Cdc25A and Cdc25B proteins by immunoprecipitation, the

precipitate (P) and supernatants (S) were resolved on a Westernysate PTP activity was partially lost (Figure 8, lane c),

blot and was probed using anti-Cdc25B antibody. (B) Hep3B cell
lysate proteins were incubated with PD 49 (@), both in the
presence and absence of an excess (1 mM) of the competing arylato
Cpd 5 or the nonarylator PD 26. The PD 49-bound proteins were
resolved on a Western blot with anti-biotin antibody. Incubation
of lysate proteins with either PD 26 or Cpd 5 alone was done for
nonspecific binding.

rPI)49 1 1 1 1 1 ‘

[cpas 0 011 10 100 |
L ES

Ficure 7: Competition of binding to Cdc25B catalytic fragment
between Cpd 5 and PD 49. Cdc25B catalytic fragment (Cdc25Bcat,
180 ng) was incubated with increasing ratio of Cpd 5/PD 49 for
overnight at 4°C. PD 49 was used at a concentration of 0.1 mM
and Cpd 5 concentrations were varied from 0 to 10 mM. The
enzyme bound to PD 49 was immunoprecipitated with anti-biotin
antibody.

- Cde 25B-cat

anti-Cdc25B antibody. Cpd 5 was found to reduce the
binding of PD 49 to Cdc25Bcat. We varied the concentration
of PD 5, while keeping the concentration of PD 49 at 0.1
mM. By interpolation of the data, we determined that 0.02
mM Cpd 5 was sufficient to cause a 50% reduction of
biotinylation (Figure 7).

Association of PD 49 with Cellular Cdc25A, Cdc25B, and
Cdc25C We next examined whether the interaction between
PD 49 and Cdc25s seen in vitro also occurred in intact
Hep3B cells. Cells were incubated in culture with PD 49,
then lysed, and PD 49 was immunoprecipitated from the cell
lysates using anti-biotin antibody. The immunoprecipitates
were subjected to electrophoresis on a SIp8lyacrylamide
gel and the proteins were transferred to membranes, which

suggesting the presence of these and other phosphatases in
the Hep3B lysates.

ERK1/2 Phosphorylation Induced by PD 49 Wasdliaed
in Growth Inhibition. We have previously found that Cpd
5-induced growth inhibition of different cell types was
accompanied by phosphorylation of ERK1/2, and this ERK
activation was due to PTP inhibitio81, 32). We therefore
examined whether PD 49 had a similar effect on ERK1/2.
Hep3B cells were treated with growth inhibitory concentra-
tions of PD 49 and ERK1/2 phosphorylation status was
probed with a dual phospho-ERK1/2 specific antibody and
was found to be dually phosphorylated by the action of PD
49. We found treatment with PD 49, GSH or, U0126 did
not alter total ERK1/2 levels (Figure 9A).

Growth inhibition of various cell lines by Cpd 5 strongly
correlated with its ability to induce ERK phosphorylation
and inhibit phosphatase activit1, 33). We explored this
relationship using PD 49 and found that when PD 49-induced
ERKZ1/2 phosphorylation was antagonized by GSH or by the
MEKZ1/2 inhibitor U0169, growth inhibition was concomi-
tantly antagonized (Figure 9B). Thus, PD 49-induced ERK1/2
phosphorylation was likely involved in the mechanism of
its growth inhibitory effect and GSH might form a sulfhydryl
adduct with PD 49 to neutralize its action.

DISCUSSION

We previously synthesized and characterized Cpd 5, an
arylating thioalkyl K vitamin analogue, which has potent
growth inhibitory activity and also induces cellular protein
tyrosine phosphorylation2(l, 22, 31). This suggested that
Cpd 5 likely inhibited cellular protein tyrosine phosphatases.

were probed with an anti-Cdc25A, Cdc25B or Cdc25C The antiproliferative and antiphosphatase activities were
antibody. All three Cdc25 isoforms were found to co- found to be antagonized by exogenous GSH, suggesting a
immunoprecipitate with PD 49 (Figure 5C), thus showing a mechanism of sulfhydryl arylation of the phosphatases. Dowd
likely interaction within the cells, and under our experimental hypothesized 45) that Cpd 5 inhibited phosphatases by
conditions immunoprecipitation was quantitative (data not binding to their active site cysteine residue in an addition
shown). elimination reaction. Subsequently, Cpd 5 was found to
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region. Four other cysteine residues are in the catalytic
fragment beside the cysteine at the catalytic site, which could
undergo sulfhydryl arylation with PD 49. However, not all
five cysteines might be available for binding, because of the
secondary structure of the region and disulfide bonds between
the cysteines. The crystal structure of the Cdc25A catalytic
fragment 85, 36) suggests the catalytic cysteine is free to
interact with the phosphotyrosine of the phosphatase substrate
protein. Hence, we speculate that this cysteine is a likely
candidate to also interact with PD 49. We therefore mutated
this cysteine to serine by site-directed mutagenesis and found
the mutated Cdc25B catalytic fragment bound very poorly
to PD 49, thus demonstrating its importance in binding to
PD 49 We also found evidence of interaction of PD 49 with
Cdc25 in Hep3B cells. When PD 49 was immunoprecipitated
from lysates of Hep3B cells that had been treated with PD
49 in culture, Cdc25 was also co-immunoprecipitated. This
binding was also competed by GSH, similar to our findings
in a cell-free system. In the cell lysates, however, the binding
of Cdc25 and PD 49 could also possibly be indirect.

PD 49 not only inhibited Cdc25 activity in vitro, but also
partially inhibited PTP activity of Hep3B cell lysates,
suggesting the presence of other, PD 49-resistant phos-
phatases in the lysate. Cell lysates, cleared of Cdc25A and
Cdc25B proteins, partially lost phosphatase activity. This also
suggested the presence of phosphatases other than Cdc25A
and Cdc25B with myelin basic protein phosphatase activity.
We also found that the phosphatases PTP1B and VHR were
much less sensitive to inactivation by PD 49 than Cdc25A
(Figure 4A) and PD 49 bound to the phosphatases MKP1
and PTP1D but not to PTP1C in Hep3B cell lysates (Figure
4B). These results suggested that there was some specificity
of PD 49 binding to various phosphatases and other PD 49-
resistant phosphatases were present in the Hep3B cell lysates.
We found that PD 49 bound to many proteins in Hep3B cell
Isates (Figure 6B). These proteins might be various other
S o -~ . . cellular protein phosphatases or other nonphosphatse proteins.
inhibit the activities of purified protein tyrosine phosphatases, Cpd 5 was found to compete with PD 49 for binding to
especially the Cdc25 clas@§, 34). Several substrates of  cqc25Bcat. The result suggested that Cpd 5 was capable of
Cdc25 were also found to be phosphorylated by the actioninterfering with the process through which PD 49 induced
of Cpd 5 on cultured cells2B, 29), suggesting inactivation  pjgtinylation of Cdc25Bcat. The most straightforward inter-
of Cdc25 by Cpd 5. pretations of this observation would assume that Cpd 5 and

However, we lacked evidence for a direct binding and pp 49 interacted with Cdc25Bcat at the same site and by
interaction between Cpd 5 and Cdc25. Therefore, PD 49, athe same mechanism. The similar structure and chemical
biotin labeled derivative of Cpd 5, was synthesized. The properties of the two ligands encouraged this expectation.
biotin tag was used to immunoprecipitate proteins that bind we varied the initial concentration of Cpd 5 while keeping
to and interact with PD 49. We found that GST-Cdc25A, initial concentration of PD 49 at 0.1 mM. By interpolation
GST-Cdc25B, or GST-Cdc25C could be immunoprecipitated of the data, we determined that 0.02 mM Cpd 5 is sufficient
after incubation with PD 49, suggesting a direct binding to cause a 50% diminution of biotinylation. At these
between the two molecules. concentrations the two inhibitors were both well below the

In addition to binding to full-length human Cdc25, PD concentrations required for saturation. This allowed the
49 also bound to a purified carboxyl terminal catalytic tentative conclusion that/(k. + k_1)/k; (Wherek is the
fragment, which contains amino acids 336 to 523 of Cdc25A rate of reaction between the bound inhibitor and the protein
or 306 to 580 of Cdc25B. These Cdc25 fragments contain andk; andk_; are the forward and reverse rate of binding
the signature catalytic sequence HCEFSSER, which also hasf inhibitor to protein) for Cpd 5 is about five times greater
the catalytic cysteine. This result further localized the site that the corresponding activity of PD 49. This is consistent

A.

PD 49 + GSH

None
| PD49+U0126

-pERK1/2

[ ]] . PD 49

-ERK1/2

120

100

80

60

40

Cell number (% control)

20

None
PD 49
PD 49 + GSH
PD 49 + U0126

Ficure 9: Involvement of ERK1/2 phosphorylation in growth
inhibition. Hep3B cells were treated with 4tM PD 49 for 2 h
either in the presence or absence of 1 mM GSH or#0U0169

and the Western blotted cell lysate proteins were probed with an
anti-dual-phospho-ERK1/2 antibody or a ERK2 antibody, which
was used as a loading control (A). The mean cell numhbe&)
after 3 days of the above treatments were determined (B).

of interaction of Cdc25 with PD49 to a carboxyl terminal
region of the phosphatase surrounding the catalytic site.
Binding of PD 49 to full-length Cdc25 or its catalytic

with our more direct measurement of the activity of these
inhibitors.
PD 49 induced ERK1/2 phosphorylation. This was similar

fragment was blocked by the presence of excess GSH. Thisto the effect of Cpd 539). We showed previously that

also supported the idea of a likely sulfhydryl reaction
between PD 49 and a cysteine in the catalytic fragment

Cdc25A regulates endogenous ERK1/2 phosphorylation
status in cultured cells3@). Thus, binding of PD 49 to
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Cdc25A likely caused its inactivation and consequent phos- REFERENCES

phorylation of ERK1/2. This ERK1/2 phosphorylation cor-
related with growth inhibition. When ERK1/2 phosphory-
lation was inhibited by MEK1/2 inhibitor U0169 in PD 49
treated cells, the growth inhibitory effect of PD 49 was
almost completely antagonized (Figure 9). Conversely, when
the growth inhibition by PD 49 was antagonized by GSH,
ERKZ1/2 phosphorylation was also antagonized (Figure 9).
ERK1/2 is activated in response to proliferative factors, such
as EGF, as well as in response to differentiation factors, such
as nerve growth factor (NGF39). Although ERK is thought

to play a key role in the proliferative process, it has been
suggested that persistent activation of ERK might also
mediate cell cycle arrest and differentiation. For instance,
in rat PC12 cells, both EGF and NGF trigger the activation
of ERK, but only NGF is able to induce PC12 cell
differentiation. The important difference between these two
growth factors is that NGF induces sustained ERK phos-
phorylation and nuclear translocation, whereas EGF only
induces transient ERK phosphorylation and no significant
nuclear translocatior8g, 40, 41). However, the mechanisms
by which persistent ERK phosphorylation induces cell growth
inhibition or differentiation have not been completely
elucidated.

The biotin labeled K vitamin analogue PD 49 thus
provided evidence for binding to Cdc25 phosphatases both
in cell free conditions and within Hep3B cells. This binding
localized to a carboxyl terminal region of Cdc25 surrounding
the catalytic site, although we cannot exclude binding to other
sites in the amino terminal domain. The mechanism of
binding was probably through sulfhydryl arylation of the
cysteine residues in this region, supporting for Dowd
hypothesis for K vitamin analogues. The binding was
probably mediated by the catalytic cysteine, since the
Cdc25B catalytic fragment with the catalytic cysteine to
serine mutation, abolished PD 49 hinding. Although we have
found evidence for binding of PD 49 to Cdc25 with purified
reactants, the co-immunoprecipitation of the two from
PD 49 treated Hep3B cell lysates might have an alterna-
tive interpretation. In intact cells, PD 49 could bind to
Cdc25 indirectly through another molecule. In this
model, PD 49 would bind directly to an unknown protein or
proteins in the cells, which in turn could interact with
Cdc25A.

Our previous studies on molecular modeling of binding
of these K-vitamin derivatives to Cdc25B catalytic domain
suggested that the ligand carbonyl oxygens interact with both
R482 and R544 near the catalytic cysteine C433).(
Minimal substitutions at positions 2 and 3 of tipara
quinones, revealed the importance of these positions. A bis-
thiohydroxylethyl moiety produced the most favorable
interaction. Our proposed model of interaction at the
neighboring site in the Cdc25 catalytic domain could be
validated by mutating the R482 and R544 residues of
Cdc25B. Once validated, the model would be useful in the
design of new and better Cdc25 inhibitors.
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