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The 3’-terminal region of starfish Asterina pectinifera cdc25 cDNA encoding the C-termi-
nal catalytic domain was overexpressed in Escherichia coli. The C-terminal domain con-
sisted of 226 amino acid residues containing the signature motif HCxxxxxR, a motif
highly conserved among protein tyrosine and dual-specificity phosphatases, and showed
phosphatase activity toward p-nitrophenyl phosphate. The enzyme activity was strongly
inhibited by SH inhibitors. Mutational studies indicated that the cysteine and arginine
residues in the conserved motif are essential for activity, but the histidine residue is not.
These results suggest that the enzyme catalyzes the reaction through a two-step mecha-
nism involving a phosphocysteine intermediate like in the cases of other protein
tyrosine and dual-specificity phosphatases. The C-terminal domain of Cdc25 activated
the histone H1 kinase activity of the purified, inactive form of Cdc2-cyclin B complex
(preMPF) from extracts of immature starfish ococytes. Synthetic diphosphorylated di- to
nonadecapeptides mimicking amino acid sequences around the dephosphorylation site
of Cdc2 still retained substrate activity. Phosphotyrosine and phosphothreonine under-
went dephosphorylation in this order. This is the reverse order to that reported for the
in vivo and in vitro dephosphorylation of preMPF. Monophosphopeptides having the
same sequence served as much poorer substrates. As judged from the results with syn-
thetic phosphopeptides, the presence of two phosphorylated residues was important for

specific recognition of substrates by the Cdc25 phosphatase.

Key words: Asterina pectinifera, Cdc25, dual specificity phosphatase, protein tyrosine

phosphatase, starfish.

The molecular mechanism of the onset of mitosis has been
one of the major research subjects in modern cell biology.
Maturation-promoting factor (MPF), first purified from
Xenopus oocytes (1), has been established to be the target of
the mitotic regulatory cascade (2). This key factor induces a
cell to enter mitosis by phosphorylating a variety of regula-
tory and structural proteins. MPF is a heterodimeric en-
zyme that consists of the Cdc2 protein kinase, a catalytic
subunit, and cyclin B, a regulatory subunit (3, 4). Although
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the level of Cdc2 remains almost constant throughout the
cell division cycle, cyclin B is synthesized during the inter-
phase and periodically degraded at the end of each mitosis
cycle (5).

The activity of the Cdc2-cyclin B complex in the late G2
phase is still low, as judged on assaying in vitro with his-
tone H1 as a substrate. Activation of the complex is needed
for the initiation of mitosis. Genetic studies with the fission
yeast Schizosaccharomyces pombe indicated that Cdc25
protein controls the timing of mitosis by activating Cdc2 (6,
7). Inactivation of Cdc25 results in cell cycle arrest at late
G2 where Cdc2 protein phosphorylated of Tyrl5 accumu-
lates in the arrested cells (8). The function of Cdc25 is not
required in the yeast strains with the Y15F Cdc2 mutants
(8). These findings suggested that Cdc25 functions in the
pathway leading to dephosphorylation of Cdc2 at Tyrl5 in
yeast. In animals, the Cdc2-cyclin B complex is kept inac-
tive until needed by phosphorylation at both Thrl4 and
Tyrl5 (9) and activated by the dual-specificity phosphatase
Cdc25, which dephosphorylates both Thr14 and Tyr15 (10,
11). Experimental evidence for direct dephosphorylation of
Cdc2 by intrinsic phosphatase activity of Cdc25 has been
obtained by expressing the catalytically active C-terminal
domains of Drosophila (12, 13), S. pombe (14), and human
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(11) Cdc25. Three human Cdc25 isoforms, designated as A,
B, and C, are presumed to have different specificities for
Cdks (I5). Cdc25B appears to be essential in the G2ZM
transition in human cells (16). Activating phosphorylation
of human Cdc25C by the Cdc2-cyclin B complex was sug-
gested to be involved in the self-amplification of MPF at
mitosis (17). Cdc25A is presumed to promote the G1/S tran-
sition by acting on the Cdk2-cyclin A/E complex (18). The
crystal structures of the catalytic domains of human
Cdc25A (19) and Cdc25B (20) were recently reported.

Hormonal regulation of starfish oocyte maturation has
been intensively investigated (21), because it provides a
good model system for biochemical studies on the mecha-
nism of signal transduction as well as cell cycle progres-
sion. To investigate the mechanistic features and substrate
specificity of the Cdc25 phosphatase, we cloned and se-
quenced a half-length ede25 ¢cDNA (downstream 915 nucle-
otides of the open reading frame) from the starfish Asterina
pectinifera (GenBank, AF466828). The catalytic properties
of the enzyme were studied by expressing the C-terminal
domains of the wild type and mutant Cdc25 in a soluble
form in Escherichia coli. Kishimoto and coworkers reported
that they isolated an Asterina pectinifera cdc25 cDNA (22),
although the complete nucleotide and amino acid se-
gquences have only appeared in the database very recently
(DDBJ, AB076395). A part of the amino acid sequence (resi-
dues 444-553 of the catalytic domain) has been reported by
Ashcroft et al. (23).

MATERIALS AND METHODS

Materials—Oligonucleotide primers were synthesized by
Life Technologies. N-a-Fmoc-O-benzyl-L-phosphothreonine
and N-a-Fmoc-O-benzyl-L-phosphotyrosine were purchased
from Novabiochem. Other Fmoc-L-amino acids used for
peptide synthesis were obtained from Shimadzu. Restric-
tion enzymes were purchased from New England Biolabs
and T4 DNA ligase from Gibco BRL. Rabbit anti-Cdc2 anti-
serum was raised against starfish Cdc2 purified from over-
expressing E. coli JM109 cells. All other materials were ob-
tdined from commercial sources.

Synthesis of Phosphopeptides—Phosphopeptides were
synthesized by use of a Shimadzu PSSM-8 automated pep-
tide synthesizer according to the method of Wakamiya et al.
(24). All the peptides were purified by reversed-phase
HPLC, and their molecular masses were confirmed by
mass spectrometry on a time-of-flight mass spectrometer
(Shimadzu/Kratos Kompact MALDI IT) with matrix-assist-
ed laser desorption ionization.

Bacterial Strains, Plasmids, and DNA Manipulations—
E. coli JM109 was used as a host for plasmid pCR2.1 and

TABLE I. Oligonucleotide primers used in this study
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expression plasmid pUSI2ENd (25). Standard recombinant
DNA techniques described by Sambrook et al. (26) were
used. Restriction endonucleases and the enzymes for con-
struction of plasmids were used according to the manufac-
turer’s instructions.

PCR--DNA segments were amplified by PCR with rTaq
(Toyobo) DNA polymerase using a template and the appro-
priate primer pairs listed in Table I. PCR products were
cloned into vector pCR2.1 using a TA Cloning kit (Invitro-
gen).

Construction of an QOvary ¢DNA Library—A starfish
ovary cDNA library in the pGAD10 vector was constructed
using a two-hybrid ¢DNA library construction kit (Clone-
tech), as described previously (27).

DNA Sequencing—Template plasmid DNA was prepared
by an alkaline lysis method and sequenced with an ALF
DNA sequencer (Pharmacia) using a Thermo Sequenase
fluorescent-labeled primer cycle sequencing kit with 7-
deaza-dGTP (Amersham Pharmacia Biotech). The oligonu-
cleotide primers used for DNA sequencing were (Cy5)M13
Universal and (Cy5)M13 Reverse primers (Amersham
Pharmacia Biotech).

Heterologous Expression of the C-Terminal Catalytic
Domain of Cdc25 in E. coli—To introduce restriction sites
into the 5- and 3-terminal regions of cdc25 cDNA, PCR
was performed using plasmid DNA from the pGADI10
cDNA library as a template with primers SC255f and
SC256r (Table I). The 0.70-kb segment amplified was
cloned into pCR2.1 to obtain pCR2.1(cdc25c¢t). The expres-
sion plasmid, pUSI2ENd(cdc25¢ct), for the C-terminal do-
main (“Cdc25ct”) was constructed by ligating a 0.69-kb
Ndel-EcoRI fragment from pCR2.1(cdc25ct) with the
Ndel-EcoRI region of expression vector pUSI2ENd (25).
For expression of His-tagged Cdc25ct, a 0.72-kb Ndel-
BamHI fragment from pCR2.1(cdc25ct) was ligated with
the Ndel-BamHI region of pET19b to construct pET19b-
(cde25ct). Recombinant E. coli JM109 and E. coli [BL21-
(DE3)] strains transformed with pUSI2ENd(cdc25ct) and
pET19b(cdc25¢t), respectively, were grown and harvested
as described previously (27).

Site-directed Mutagenesis—Site-directed mutagenesis
was performed with a QuickChange Site Directed Muta-
genesis kit (Stratagene), according to the manufacturer’s
instructions. Plasmid pCR2.1(cdc25ct) was used as a tem-
plate. The mutagenic primers designed were SC25HAf and
SC25HAr for H492A, SC25CSf and SC25CSr for C493S,
and SC25RAf and SC25RAr for R499A (Table I). The DNA
sequences of all the mutants were confirmed by nucleotide
sequencing. For expression of His, -tagged mutant Cdc25ct,
0.72-kb Ndel-BamHI fragments from pCR2.1(cdc25ct-
H4924), pCR2.1(cdc25ct-C493S), and pCR2.1(cdc25¢t-

Name Sequence

Location® or comments

SC255f

5 CGGGATCCCATATGCAGACAAATAAGTCTCCAAGG

1-24 containing BamHI-Ndel sites

SC256r 5CGGAATTCTCAGCTGACGGAGGTTTTAC 662—681 containing EcoRI sites
SC25HAf 5 CGGGTCATCATCTTCGCCTGCGAGTTCTCGTCC 376408
SC25HAr 5GGACGAGAACTCGCAGGCGAAGATGATGACCCG 376408
SC25CSf 5'CATCATCTTCCACTCCGAGTTCTCGTCCAAGC 381412
SC25CSr 5 GCTTGGACGAGAACTCGGAGTGGAAGATGATG 381412
SC25RAf 5GAGTTCTCGTCCAAGGCGGGGCCGGACCTG 397426
SC25RAr 5CAGGTCCGGCCCCGCCTTGGACGAGAACTC 397426

*Numbers from the start site for expression of starfish Cdc25ct.

J. Biochem.
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R499A) were ligated with the Ndel-BamHI region of
pET19b- to -construct pET19b(cdc25ct-H492A); pET19b-
(cdc25ct-C493S), and pET19b{cdc25ct-R499A), respec-
tively. E. coli [BL21(DE3)] was transformed with a mutant
expression plasmid, as described above for wild-type
Cdc25ct.

Purification of Recombinant Starfish Cdc25ct—His, -
tagged wild-type and mutant Cdc25ct were purified to
homogeneity by metal-chelate affinity chromatography
(28). All the procedures were carried out at 0—4°C. About 3
g of overexpressing E. coli cells from 440 ml of culture were
suspended in 30 ml of 0.05 M potassium phosphate buffer
(pH 7.4¥2 mM phenylmethanesulfonyl fluoride/5 mM mer-
captoethanol and then disrupted by sonication. After cen-
trifugation at 100,000 xg for 60 min, KCl and imidazole
were added to the supernatant (crude extract) to final con-
centrations of 0.5 M and 10 mM, respectively. The extract
was then applied to a Ni-NTA agarose (Qiagen) column
{bed volume, 1 ml) that had been preliminarily equilibrated
with the same buffer. The effluent was passed through the
column again. The column was washed successively with
10 bed volumes of 50 mM potassium phosphate buffer/10
mM imidazole/5 mM mercaptoethanol/l mM PMSF (pH
7.4), and with 10 bed volumes of the same buffer containing
60 mM imidazole, and then eluted by increasing the con-
centration of imidazole to 250 mM. Protein-containing frac-
tions were pooled and dialyzed against 50 mM potassium
phosphate buffer/10 mM mercaptoethanol/20% glycerol (pH
7.4).

SDS-PAGE—SDS-PAGE was performed on a 10.5%
acrylamide gel as described by Laemmli (29), followed by
staining with Coomassie Brilliant Blue R-250.

Analysis of the N-Terminal Amino Acid Sequence—Puri-
fied Cdc25ct was hydrolyzed with recombinant enteroki-
nase (Novagen) to remove the His,, tag. The hydrolysate
was subjected to SDS-PAGE and then electro-blotted onto a
PVDF membrane (Perkin-Elmer). After staining with Coo-
massie Brilliant Blue R-250, the major polypeptide band
corresponding to M| of 28,000 was excised and analyzed as
to the N-terminal amino acid sequence with a Perkin
Elmer model 492 protein sequencer.

Protein Assay—Protein concentrations were determined
by the method of Lowry et al. (30) with crystalline bovine
serum albumin as a standard. The concentration of purified
Cdc25ct was determined by measuring the absorbance at
280 nm. The molar absorption coefficient at 280 nm calcu-
lated by the method of Gill and von Hippel (31) was 27,010
M-lcem™.

Phosphatase Assay with Synthetic Substrates—The phos-

362  MUINKSPRARPLSRSHSMODSTEYHARTAMAI MPNVDYTKLTGD LKKPYTLPLCKGKHD 421

422  IQSITPETLOQITRSEVSEVKEHYTLDCRYPYEYNGGHIRGACNL YTKELVSQFFLENPM 481
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phatase activity of Cdc25ct was routinely assayed using p-

--nitrophenyl phosphate as a-substrate. The standard assay

mixture contained 25 mM HEPES buffer (pH 7.4), 5 mM
mercaptoethanol, and 10 mM disodium p-nitrophenyl phos-
phate, in a total volume of 1.0 ml. The increase in the
absorbance at 410 nm upon incubation at 30°C was mea-
sured. One unit of phosphatase activity was defined as the
amount of enzyme activity that catalyzed the formation of
1 pmol of p-nitrophenol/min under the assay conditions.

Synthetic phosphopeptides were also used as substrates
for investigating the substrate specificity of Cdc25¢t. This
assay was carried out essentially as described by Baykov et
al. (32), except that a 60-pl reaction mixture was used. The
assay mixture contained an appropriate amount of phos-
phopeptide instead of p-nitrophenyl phosphate as the sub-
strate. After incubation at 30°C for the indicated time
periods, the reaction was terminated by adding 0.8 mM
malachite green hydrochloride (Sigma) in 1.2 N H,80,. The
amount of orthophosphate (P) released was determined by
measuring the absorbance at 630 nm (32).

Activation of PreMPF by Cdc25ct—Protein phosphatase
activity was estimated from the ability to activate prePMF
(inactive form of the Cdc2-cyclin B complex in immature
oocytes). PreMPF was purified from extracts of immature
oocytes of Asterina pectinifera by affinity chromatography
using Sucl-Sepharose beads (33). PreMPF was incubated
at 30°C for 45 min with Cde25ct in the presence of 5 mM
mercaptoethanol and 20 mM HEPES buffer (pH 7.4Y5 mM
MgCL/5 mM ethylene glycol bis(B-aminoethyl ether)-
N, NN’ N"tetraacetate, in a total volume of 20 pl. Histone
H1 kinase activity was then determined—that is, 5 pl of
the mixture was incubated at 30°C for 30 min with 2.5 ug
of histone H1 and 10 pM ATP (specific activity, 20,000 dpm/
pmol) in 25 pl of the same buffer The mixture was then
subjected to SDS-PAGE on a 12% gel, and the radioactivity
in the histone H1 band was determined with a BAS1000
bioimaging analyzer.

RESULTS AND DISCUSSION

Heterologous Expression of the Recombinant Cdc25 C-
Terminal Domain in E. coli Cells—The A. pectinifera cdc25
c¢DNA that we cloned contained a downstream 915-bp cod-
ing region encoding a C-terminal region of Cdc25 consisting
of 304 amino acid residues and a 244-bp 3’-untranslated
region (GenBank, AF466828). It has been established that
the catalytic site of Cdc25 phosphatase is located in its C-
terminal region (11-14). To obtain a functional phosphatase
domain of starfish Cde25, a DNA segment (nucleotides

Fig. 1. The amino acid sequence of starfish
Cdc25ct. Amino acid residues are numbered be-
ginning with the first Met residue, which corre-
sponds to Met362 of Cdc25 (DDBJ, AB076395).
The amino acid residues constituting the signa-
ture motif HCxxxxxR, a motif highly conserved
among protein tyrosine phosphatases and dual-
specificity phosphatases (37), are indicated by ar-
rows above the sequence. The solid, broken, and

482  EPRDGRVIIFHCEFSSKRGPDLLRFIRNKDREANCDRYPDLYYPELYTLLGGYKAFYEND 541
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dotted lines above the sequence show the se-
quences characteristic of the start of the Cdc25
catalytic domamn (35), CH2A and CH2B motifs
587 (19), respectively.
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235-915 of the cloned cdc25 ¢cDNA) encoding a C-terminal
region was placed under control of the fec promoter in
expression vector pUSI2ENd (25). The ATG site used as
the translational start site corresponds to Met362 of star-
fish Cde25 (DDBJ, AB076395). This C-terminal domain,
designated as “Cdc25ct,” is a polypeptide of 226 amino acid
residues with a predicted molecular weight of 26,477 (Fig.
1). The predicted amino acid sequence of the domain con-
tains the partial amino acid sequence (residues 444-553)
reported by Ashcroft et al. (23), and is essentially identical
with the corresponding region of the sequence that ap-
pears in the database (DDBJ, AB076395). It showed high
similarity with Cdc25 of other animals as well (23) and con-
tained the “cdc25 box” (I/V)FHCExSxxR (15), a motif highly
conserved among Cde25 proteins from animals to yeast, as
well as CH2A (residues 444-466) and CH2B (residues 524—
553) motifs (19). No consensus sequence, (S/T)PxZ (X, polar
amino acid; Z, generally basic amino acid), for potential
Cdc2 substrates (34) was found in the sequence.

E. coli JM 109 was transformed with expression plasmid
pUSI2ENd(cdc25¢ct). When the recombinant E. coli cells
were induced with IPTG, a thick protein band correspond-
ing to M, 27,000 was observed upon SDS-PAGE of the
homogenates (data not shown). This M, value was in good

Origin —

66K —

45K —
36K —

29K — - His10-Cdc25ct

24K —

20K

i

BPB -

Fig. 2. Purification of His tagged Cdc25ct by metal-chelate
affinity chromatography on an Ni-NTA agarose column. Frac-
tions at each purification step were subjected to SDS-PAGE, fol-
lowed by protein staining, as described in the text. Molecular weight
markers, SDS-7 (Sigma). BPB, bromophenol blue. Lanes: 1, crude
extract; 2, flow-through from the Ni-NTA agarose column; 3, wash
with the buffer containing 10 mM imidazole; 4, wash with the buffer
containing 60 mM imidazole; 5, eluate from the column with the
buffer containing 250 mM imidazole.
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agreement with the predicted molecular weight of Cdc25¢t.
Although a major part of the peptide existed in the precipi-
tant fraction, a significant amount of the protein was pre-
sent in the supernatant fraction as well. The supernatant
fraction showed distinct phosphatase activity toward p-
nitrophenyl phosphate. When the His, -tagged Cdc25ct was
expressed in E. coli [BL21(DE3)], similar distribution in
both the supernatant and precipitant fractions was ob-
served. After purification of His,tagged Cdc25ct on a Ni-
NTA column, it was subjected to limited proteolysis with
enterokinase, followed by Edman sequencing. The N-termi-
nal amino acid sequence obtained for the major band mate-
rial coincided with that predicted for Cdc25¢ct (Fig. 1).

Phosphatase Activity of the C-terminal Domain of Star-
fish Cdc25—Starfish Cdc25¢t overexpressed in E. coli was
purified to homogeneity on an Ni-NTA column (Fig. 2). As
shown in Fig. 3A, the purified Cdc25ct showed phosphatase
activity toward p-nitrophenyl phosphate, like those of other
animals (11-14). The K and k_, values for this substrate
were 1.5 mM and 0.13 g7, respectively. The reaction pro-
ceeded linearly with incubation time. The presence of a
sulfhydryl compound, such as mercaptoethanol and dithio-
threitol, had a protective effect against inactivation of the
enzyme during dialysis. Glycerol also stabilized the phos-
phatase activity during storage.

Inhibition by SH Inhibitors—When Cdc25ct was treated
with either N-ethylmaleimide, iodoacetamide or p-chlo-
romercuribenzoate, phosphatase activity was completely
lost (data not shown). This indicated that SH group(s) of
the enzyme are essential for the catalytic activity of Cdc25,
in accordance with the results obtained with Drosophila
(12) and S. pombe (14) Cdc25cts.

Site-Directed Mutagenesis—To determine catalytically
important residues, Cdc25¢t mutants in which one of the
conserved amino acid residues was mutated by site-direct-
ed mutagenesis were expressed, purified, and assayed for
phosphatase activity. As shown in Table II, phosphatase

TABLE II. Phosphatase activity of Cdc25ct mutants®

Specific activity
Mutant
H (nmol/min/mg of protein) (%)
Wild type 176 (100)
C493S 14 0.81
R499A 3.0 1.7
H492A 22 13

*Phosphatase activity was measured with 16 pg of each mutant
Cdc26c¢t using p-nitrophenyl phosphate as a substrate. The experi-
mental details are given in the text.

A B Fig. 3. Effects of varying substrate con-
centrations on the rate of dephosphory-

=6 50 lation. Insets, Lineweaver-Burk plots. The
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activity was completely abolished by mutation of Cys493 to
Ser, indicating—again that the SH group is-—abselutely
required for the catalytic activity. The R499A mutant was
also essentially inactive, but the H492A mutant retained
partial activity. Thus, it is evident that Arg499 is essential
for the activity, whereas His492 is important but not abso-
lutely necessary.

Mechanism of Action of Cdc25 Phosphatase—According
to the recently reported X-ray structure of the C-terminal
domain of human Cdc25B, the guanidinium group of
Argd79 (Arg499 in starfish Cde25) and main-chain amide
NH groups forming a phosphate-binding loop interact with
a sulfate anion through hydrogen bonding and a salt bridge
(20). This loop would not only fix the phosphate group in-
line to the catalytic Cys473 residue (Cys493 in starfish
Cdc25), but also activate it by stabilizing the oxyanion.
Furthermore, the SH group of catalytic Cys473 would be
activated to thiolate anion by nearby functional groups on
the loop. In human Cdc25B, Glu478 on the loop was pro-
posed to function as a general acid (20) and to help the phe-
nolic oxygen in the substrate to leave. However, it seems
unlikely that Lys498 in starfish Cdc25 corresponding to
Glu478 in human Cdc25B serves as a general acid. Instead,
Glu494 may function as a general acid in starfish Cdc25,
since Glu431 in human Cdc25A was also proposed to be a
general acid for human Cdc25A (19). The above-mentioned

N/ N/ ]
N N c=—=0
H M
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results of inhibition and mutation experiments, together
with the high similarity-in-the-consensus active:site se:
quence, suggest strongly that the starfish Cdc25-catalyzed
phosphatase reaction proceeds through a two-step mecha-
nism, as shown in Fig. 4. That is, the thiolate anion of
Cys493 makes an in-line nucleophilic attack on the phos-
phorus atom of phosphomonoester from the backside, form-
ing a phospho-Cys intermediate. The resulting phospho-
enzyme undergoes hydrolysis, leading to the formation of
orthophosphate and regeneration of the thiolate anion of
catalytic Cys493. Such a mechanism seems to be common
to protein tyrosine phosphatases (36, 37), and dual-specific-
ity phosphatases (38) having the signature motif HCxxxxx-
R (39).

Activation of preMPF—When purified Cdc25ct was incu-
bated with starfish preMPF that had been affinity-purified
from extracts of immature oocytes with Sucl-beads, histone
H1 kinase activity increased markedly depending upon the
amount of Cdc25ct (data not shown). This activation of
preMPF was accompanied by an increase in electrophoretic
mobility (data not shown). The upper band was assigned to
the inactive form of Cdc2 kinase, and the lower band to the
active from of Cdc2 kinase (40). It has been established
that active MPF contains the Thr14- and Tyr15-dephospho-
rylated, Thrl160-phosphorylated form of Cdc2 kinase,
whereas all the three residues are phosphorylated in

Fig. 4. Possible mechanism of
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om—s"Yo-Lo—(Swmmn) —~ op-sf o

( \ / \ / I action of Cdc25. The crystal
N N c—0 structure of human Cdc25B sug-
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Cys473, the guanidinium group
of Argd479, the COOH and the
/ : >NH groups of Glu478, and the
5% >NH group of Serd477 are in-
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preMPF (41). Thus, it was concluded that starfish Cdc25ct
served as a dual-specificity phosphatase toward preMPF
like those of other animals (17-14). Activation of preMPF
did not occur with catalytically inactive Cdc25ct mutants
(C493S and R499A), whereas preMPF was activated by the
H492A mutant (Fig. 5). Essentially the same results have
been reported for Drosophila and S. pombe Cdc25cts (13).
Substrate Recognition by Cdc25—Although Cdc25 phos-
phatases are known to be highly specific for Cdks (11-13,
42), their mechanism of substrate recognition remains to be
elucidated. It is of general interest to study, with synthetic
phosphopeptides, how Cdc25 phosphatases recognize sub-
strates. Based on the X-ray structure of the Cdk2-cyclin A
complex (43), we designed a series of synthetic phosphopep-
tides as substrates. The peptide YSKIEKIGEGT(p)Y(p)-
GVVYKGR mimics the amino acid sequence near the de-
phosphorylation site (residues 4-22) that is conserved in
both Cdk2 and Cdc2. It includes residues comprising parts
of the B-strands and the loop moiety of Cdk2, phospho-
Thrl4 and phospho-Tyrl5 of which are dephosphorylated
by Cdc25 (11-13, 42). The results of kinetic analysis shown
in Fig. 3B indicate that this diphosphopeptide underwent
dephosphorylation by Cde25ct with K, and k_, values of
0.24 mM and 0.12 s7, respectively. As judged from the &_/

A B
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K, values, the diphosphorylated substrate was an about 6-
times better one than p-nitrophenyl phosphate. This is due
to the higher affinity for the diphosphopeptide substrate,
since p-nitrophenyl phosphate should be a better substrate
due to its chemical nature (lower nucleophilicity of p-nitro-
phenolate than phenolate or alkoxide).

As shown in Fig. 6A, phospho-Tyr-containing and phos-
pho-Thr—containing monophosphopeptides with the same
sequence were much poorer substrates than the diphospho-
peptide, the substrate activity decreasing in this order
Judging from these results with synthetic phosphopeptides,
the presence of two phosphorylated residues is important
for substrate recognition by Cde25, and the intrinsic chemi-
cal natures of phosphoamino acid residues are also a deter-
minant of substrate activity When the products
dephosphorylated by Cdc25 from this diphosphopeptide
were analyzed by high-performance liquid chromatography,
a phospho-Thr-containing monophosphopeptide was tran-
siently and almost exclusively formed as an intermediate
and then further converted very slowly to the correspond-
ing dephosphopeptide (Fig. 7). This finding indicated that
phospho-Tyr and phospho-Thr were dephosphorylated in
this order. This is the reverse order to that reported for the
in vitro dephosphorylation of preMPF by GST-Cdc25A or

Fig. 5. Activation of PreMPF by Cdc25ct
mutants. PreMPF was incubated with 1.1 pg
of either the wild-type or a mutant Cdc256ct,
and then histone H1 kinase activity was de-
termined, as described 1n the text. A: Autora-
diography. B: Quantitation of the radioac-
tivity in the histone H1 band.
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(p)Y(p)G-NH, (closed squares); EGT(p)Y(p)G-NH; (open triangles); GT(p)Y(p)G-NH, (closed triangles); T(p)Y(p)-NH, (crosses). C. YSKI-
EKIGEGT(p)Y(p)GVVYKGR (open circles); GEGT(p)Y(p)G-NH, (closed circles); GEGY(p)T(p)G-NH, (open squares); GEGS(p)Y(p)G-NH,
(closed squares); GEGT(p)T(p)G-NH, (open triangles); GAGT(p)Y(p)G-NH, (closed triangles); GEGT(p)GY(p)G-NH, (crosses). -NH, indicates
that the C-terminals of the peptides are amidated.
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Starfish Cdc25 Phosphatase

GST-Cdc25C, and in vivo dephosphorylation during the
prophase/metaphase transition in starfish ococytes—(44).
This dlscrepancy suggests that the diphosphopeptide sub-
strate is not bound in the same orientation as that of the
enzyme-bound loop moiety of Cdc2 to be dephosphorylated.
This constitutes clear evidence for the importance of the
protein-protein interaction between Cdc25 and Cdc2—that
is, phospho-Thr in the dephosphorylation site of Cdc2 may
be forced to bind to the catalytic residues of Cde25 upon the
formation of a transient complex between the two proteins.
After the hydrolysis of phospho-Thr, phospho-Tyr of Cdc2
would then bind to the catalytic site and undergo hydroly-
sis without dissociation of the complex. In contrast, Fig. 7
suggests that the diphosphorylated peptide substrate first

5 min

Fig. 7. Analysis of the dephosphorylation products derived
from a diphosphopeptide substrate by high-performance lig-
uid chromatography. About 1.5 milliunits of Cdc25ct was incu-
bated with 121 pM YSKIEKIGEGT(p)Y(p)GVVYKGR at 30°C for
0.5, 1, and 3 h, in a volume of 60 wl. To the reaction mixture was
added ethanol to a final concentration of 80%. After the denatured
protein had been removed by centrifugation at 14,000 rpm for 10
min, the supernatant solution was evaporated to dryness under re-
duced pressure. The residue was taken up into 100 .l of water and
then analyzed by chromatography of a sample on a reversed-phase
column (8.0 mm i.d. x 25 cm) of Cosmosil 5C,,-AR (Nacalai Tesque,
Kyoto) with 20% acetonitrile containing 0.1% triftuoroacetic acid at
a flow rate of 1 ml/min. The peptides were detected as to the absorp-
tion at 280 nm. A: Mixtures of YSKIEKIGEGT(p)Y(p)GVVYKGR
(1), YSKIEKIGEGTY(p)GVVYKGR (2), YSKIEKIGEGT(p)YGVVY-
KGR (3), and YSKIEKIGEGTYGVVYKGR (4).B: 0.5 h.C: 1 h. D: 3
h. Assignments of the numbered peaks were confirmed by co-chro-
matography (data not shown). X was a peak due to unknown com-
pound(s) included in the purified preparation of Cdc25ct.
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undergoes hydrolysis into & monophosphorylated interme-
diate-and then dissociates from-the enzyme: In-yeast, Tyrl5
phosphorylation/dephosphorylation directly regulates Cdc2
function, and phospho-Thr as well as phospho-Tyr de-
creases as cells enter mitosis (8). The protein—protein inter-
action between Cdc25 and Cdc2 would be important for the
recognition of protein substrates in yeast as well.

Shorter diphosphopeptides were synthesized and as-
sayed for substrate activity (Fig. 6B). The diphosphorylated
tridecapeptide, which has a Rossmann fold-like sequence
constituting a part of the ATP-binding site, exhibited the
highest substrate activity. However, it should be noted that
even diphosphorylated dipeptide T(p)Y(p) was as active as
penta-, hexa- and nonapeptides, and rather more active
than tetra- and nonadecapeptides, indicating that the Ross-
mann fold-like sequence is not essential. Thus, it was con-
cluded again that the presence of two phosphorylated re-
sidues is important for substrate recognition by Cdc25. The
specificity for the two phosphorylated residues was also
investigated (Fig. 6C). GEGY(p)T(p)G was more active than
GEGT(p)Y(p)G. The diphosphorylated hexapeptide contain-
ing phospho-Ser in place of phospho-Thr was as active as
the phospho-Thr-containing counterpart. The hexapeptide
containing two phospho-Thr also served as a substrate. The
diphosphorylated heptapeptide in which phospho-Thr and
phospho-Tyr were separated by a Gly residue also served
as a substrate. Furthermore, substrate activity signifi-
cantly decreased on substitution of Glu by Ala, suggesting
that the negative charge of the conserved Glu residue in
the dephosphorylation site is also effective for potentiating
the substrate recognition by Cdc25.

From the data shown in Fig. 6, it is not likely that the
local amino acid sequence near the dephosphorylation site
is very important. But, of course, matching of the three-
dimensional structure of a substrate protein with that of
Cdc25 phosphatase should be a primarily important deter-
minant for the Cdc25-catalyzed dephosphorylation. Ishida
et al. (45) also reported that the primary structure around
the dephosphorylation site is less important for Ca*/calm-
odulin-dependent protein kinase phosphatase, and con-
cluded that the substrate specificity of the enzyme is de-
termined by the higher-order structure of the substrate
protein rather than the primary structure around its
dephosphorylation site. Thus, it may be generally con-
cluded that steric allowance and electrostaticchydrogen
bonding interactions with phosphate group(s) of proteins
are essential for substrate reoognition by protein phos-
phatases, whereas the local amino acid sequence near the
dephosphorylation site is less important.

4
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