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Abstract

The reaction mechanism of protein tyrosine phosphatases (PTPases) and dual-specificity protein phosphatases
is thought to involve a catalytic aspartic acid residue. This residue was recently identified by site-directed muta-
genesis in Yersinia PTPase, VHR protein phosphatase, and bovine low molecular weight protein phosphatase.
Herein we identify aspartic acid 383 as a potential candidate for the catalytic acid in human Cdc25A protein phos-
phatase, using sequence alignment, structural information, and site-directed mutagenesis. The D383N mutant en-
zyme exhibits a 150-fold reduction in k,, with K,, only slightly changed. Analysis of sequence homologies
between several members of the Cdc25 family and deletion mutagenesis substantiate the concept of a two-domain
structure for Cdc25, with a regulatory N-terminal and a catalytic C-terminal domain. Based on the alignment of
catalytic residues and secondary structure elements, we present a three-dimensional model for the core region of
Cdc25. By comparing this three-dimensional model to the crystal structures of PTP1b, Yersinia PTPase, and bo-
vine low molecular weight PTPase, which share only very limited amino acid sequence similarities, we identify
a general architecture of the protein phosphatase core region, encompassing the active site loop motif HCXXXXXR

and the catalytic aspartic acid residue.
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Protein tyrosine phosphatases (PTPases) and dual-specificity
protein phosphatases are growing families of enzymes involved
in the regulation of a variety of cellular events (for reviews see
Fischer et al., 1991; Stone & Dixon, 1994). Their role in fun-
damental processes such as signal transduction and cell-cycle
regulation is the subject of a variety of studies aimed at under-
standing the substrate specificity and regulation of these enzymes.

Protein phosphatases share the common active site motif
(HYCXXXXXR, which includes a nucleophilic cysteinyl residue
and defines the binding site for the tyrosyl phosphate substrate
(Guan & Dixon, 1990; Pot & Dixon, 1992; Streuli et al., 1990).
The pK,, of this cysteine is very low (<5) compared to that of
the free amino acid (approximately 8.5) (Zhang et al., 1994c).
The cysteine thiolate is thought to attack the electrophilic phos-

Reprint requests to: Jens W. Eckstein, Mitotix, Inc., One Kendall
Square, Cambridge, Massachusetts 02139.

Abbreviations: PTPase, protein tyrosine phosphatase; LMW-PPase,
low molecular weight protein phosphatase; mFP, 3-O-methylfluorescein
phosphate; pNPP, p-nitrophenyl phosphate; D339N, aspartic acid 339
replaced by asparagine; D383N, aspartic acid 383 replaced by aspara-
gine; C4308S, cysteine 431 replaced by serine; CTA, catalytic domain of
human Cdc25A; CTC, catalytic domain of human Cdc25C; Cdk, cyclin-
dependent kinase; GST, glutathione S-transferase.

phorus of the phosphotyrosyl residue in the substrate, causing
the phosphoester bond to break. The unphosphorylated sub-
strate is then expelled upon protonation (Denu et al., 1995). A
covalent thiophosphate ester intermediate between the catalytic
nucleophilic cysteine in Yersinia PTPase and a **P-labeled phos-
phate has been identified (Cho et al., 1992; Guan & Dixon, 1990).
Hydrolysis subsequently releases the free phosphate.

Study of the chemical mechanism has implicated a catalytic
acid, which is thought to affect the protonation of the dephos-
phorylated substrate and thus to make it a better leaving group.
Dixon and co-workers identified this catalytic acid in Yersinia
PTPase and VHR by site-directed mutagenesis (Zhang et al.,
1994c¢; Denu et al., 1995). Recently, the crystal structures of the
two PTPases PTP1b and Yersinia PTPase were reported (Bar-
ford et al., 1994; Stuckey et al., 1994), Saper and his group crys-
tallized two forms of Yersinia PTPase, one unliganded, the other
bearing sulfate in the phosphate binding site. They propose that
ligand binding triggers a conformational change that traps the
oxyanion and swings Asp 356, the catalytic residue identified by
site-directed mutagenesis, by 8 A into the active site (Schubert
et al., 1995).

Cdc25, a dual-specificity protein phosphatase, plays an im-
portant role in cell cycle regulation (Russell & Nurse, 1986; Mil-



Enzyme Km (V’M k('lll (minil)u pKuI
GST-Cdc25A wt 36 0.14 5.65°
GST-Cdc25C wt 36 0.08 =
D339N 31 0.13 5.6°
D383N 84 <0.001 ND¢
CTA 46 0.4 =
CTC 45 0.16 —
C4308 = = =
GST = = —

% Enzyme concentrations 50 nM (up to 18 uM D383N) in SO mM Tris,
pH 8, 50 mM NaCl, | mM EDTA, and 1 mM DTT, using mFP as arti-
ficial substrate, room temperature, reaction time 1 h, except for D383N
(up to 10 h).

b Fitted to y = ¢/[(1 + HY/K,,) (1 + K,o/H")].

¢ND, not determined; phosphatase activity was too low for accurate
measurements.

4 No phosphatase activity detectable.

lar & Russell, 1992). The human Cdc25C protein phosphatase
dephosphorylates two inhibitory sites on the cyclin-dependent
kinase (Cdk) subunit Cdc2: Thr 14 and Tyr 15; dephosphory-
lation of these residues activates Cdc2/cyclin BI kinase (Dun-
phy & Kumagai, 1991; Gautier et al., 1991; Millar et al., 1991).
This process is believed to trigger cells to enter mitosis (Russell
& Nurse, 1986; Hoffmann et al., 1993). The replacement of the
catalytic cysteine in the highly conserved HCEFSSER active site
motif with a serine residue leads to complete inactivation of
Cdc25, as is the case with other protein phosphatases (Flint
et al., 1993; Davis et al., 1994; Zhou et al., 1994; Table 1). In
humans, two more members of the Cdc25 family are known,
Cdc25A and Cdc25B (Sadhu et al., 1990; Galaktionov & Beach,
1991; Nagata et al., 1991; Jinno et al., 1994). Their in vitro phos-
phatase activities are generally comparable to that of Cdc25C
(Sadhu et al., 1990; Galaktionov & Beach, 1991). In vivo, how-
ever, they probably act on different Cdk complexes earlier in
the cell cycle; specifically, Cdk2/cyclin E and Cdk2/cyclin A
(Hoffmann et al., 1994). Human Cdc25A and Cdc25B recently
have been implicated in oncogenesis, and they represent poten-
tial therapeutic targets for anticancer drugs (Galaktionov et al.,
1995b).

Figure 1 shows block diagrams of the three human Cdc25 ho-
mologues. Amino acid alignments show very little similarity in
the N-terminus (<30%); this is also the case for Cdc25 proteins
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from different species. Several N-terminal deletions of Cdc25
from different species have been reported. Nagata and others
found that the C-terminal 152 residues in human Cdc25B were
still capable of complementing Cdc25" Schizosaccharomyces
pombe mutants (Nagata et al., 1991). Horiguchi and co-workers
reported that the C-terminal 211 residues of human Cdc25B re-
tained activity in an assay using p-nitrophenyl phosphate
(pNPP) (Horiguchi et al., 1994). Lee and colleagues identified
residues 258-435 as a catalytically active fragment in the 473
amino acid human Cdc25C (Lee et al., 1992). Injection of pro-
tein or of an expression vector coding for the 141 amino acid
C-terminal domain of the 480 amino acid Drosophila Cdc25 in-
duced maturation in Xenopus oocytes; similar results were ob-
served by Gautier et al. (1991) and Kumagai and Dunphy (1991).
Nargi and Woodford-Thomas (1994) demonstrated that residues
185-465 of mouse Cdc25M1 were sufficient for pNPP activity
as well as for the stimulation of Cdc2 kinase activity. As for
C-terminal deletions, Gautier et al. (1991) and colleagues showed
that deletions AC79, AC111, and AC204 were all completely in-
active, suggesting that the C-terminus is essential for catalysis.

In this paper, we identify a likely candidate for the catalytic
aspartic acid in the C-terminal catalytic domain of the Cdc25
family. Using alignments of the active site loops and the cata-
lytic aspartic acids from a variety of protein phosphatases, as
well as homology modeling techniques, we have created a three-
dimensional model of the active site region of Cdc25 based on
the PTP1b and Yersinia PTPase crystal structures (Kinemage 1).
Based on a comprehensive comparison of sequences and struc-
tures of a variety of tyrosine- and dual-specificity protein phos-
phatases, we propose a general architecture for the phosphate
binding loop and the loop containing the catalytic aspartic acid
residue.

Results and discussion

The C-terminus of Cdc25 contains all
residues important for catalysis

In order to directly compare kinetic parameters of N-terminal
deletions with those of full-length enzymes, we expressed gluta-
thione S-transferase (GST) fusion proteins of N-terminal dele-
tions of Cdc25A (AN317, CTA) and Cdc25C (AN258, CTC),
leaving 31 and 33 residues, respectively, preceding the highly
conserved LIGD motif. Both mutants were active in phosphatase
assays using 3-O-methylfluorescein phosphate (mFP) as artificial
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Fig. 1. Block diagram for the three human Cdc25 homologs. The catalytic domain is indicated as a red box starting with the
LIGD motif. Lengths of the proteins are given by amino acid residue numbers. Conserved phosphorylation sites are shown as
green boxes in the N-termini; their consensus sequences are shown above. Residues that are phosphorylated are shown in red.
The positions of the two aspartic acid residues described in this paper are indicated by arrows.
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substrate (Table 1) and were also capable of stimulating Cdc2/
cyclin B or Cdk2/cyclin A kinase activities in kinase assays (data
not shown). K, values for mFP were found to be essentially the
same in CTA and CTC as in the full-length proteins; their cat-
alytic activity is increased 2.8- and 2-fold, respectively.

These results convincingly show that the residues essential for
phosphatase activity are confined to the C-terminus of Cdc25,
comprising approximately one third of the total protein. They
underscore the two-domain architecture of Cdc25. The N-term-
inus has been proposed to serve as a regulatory domain tuning
the phosphatase activity of Cdc25. It is known that the N-term-
inus is phosphorylated in vivo and that phosphorylation en-
hances Cdc25 phosphatase activity both in vitro and in vivo
(Izumi et al., 1992; Kumagai & Dunphy, 1992; Hoffmann et al.,
1994; Strausfeld et al., 1994; Galaktionov et al., 1995a). Figure 1
shows three conserved phosphorylation sites in the N-terminus
of the three human Cdc25 homologues that have been identi-
fied in vivo for Cdc25C (Strausfeld et al., 1994).

Alignment and motifs of PTPases

In Figure 2, protein phosphatases are grouped according to their
active site signatures and sequences around invariant aspartic
acid residues. Five different families can be distinguished — the
protein tyrosine phosphatases; the low molecular weight protein
phosphatases (LMW-PPases; Mondesert et al., 1994; Zhang
et al., 1994b); the Cdc25 family; C1100, MKP-1, and Pac-1 gene
products of growth-factor-inducible genes that appear to regu-
late MAP kinases (Keyse & Emslie, 1992; Rohan et al., 1993);
and, finally, the heterogeneous group of small dual-specificity
protein phosphatases.

The PTPases share a W(P/L/K)D motif approximately 30-
50 amino acids upstream of the active site. From the crystal
structures of PTP1b and Yersinia PTPase and from site-directed
mutagenesis of the conserved aspartic acid residue (WPD) in
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Yersinia PTPase, it was proposed that this residue acts as a cat-
alytic acid/base (Stuckey et al., 1994; Zhang et al., 1994c).

The low molecular weight protein phosphatases are structur-
ally different from the PTPases in that the active site is located
in the N-terminus rather than the C-terminus. Interestingly, a
DP(W/Y) motif is conserved in the extreme C-terminus of that
family. Site-directed mutagenesis of the conserved aspartic acid
residue in bovine heart LMW-PTPase leads to drastically re-
duced catalytic activity, suggesting that this residue acts as the
catalytic acid/base (Zhang et al., 1994b).

In the Cdc25 family, a highly conserved DCR motif is located
47 residues upstream of the active site—a spacing very similar
to that of WPD in Yersinia PTPase (46 amino acids). A second
highly conserved aspartic acid is located in the LIGD signature
about 150 residues upstream of the active site.

It was noted previously that a DCR motif is also present in
a newly found group of protein phosphatases, including human
C1100, MKP-1, and Pac-1 (Keyse & Ginsburg, 1993). However,
in that family, a second conserved EDN motif is found at ap-
proximately the same sequence position as the WPD and DCR
motif in the PTPase and Cdc25 families, respectively.

The last family comprises small dual-specificity protein phos-
phatases, such as VHR or Cdil, that do not share either of the
other motifs above (Ishibashi et al., 1992; Gyuris et al., 1993;
Zhou et al., 1994). However, they all have an aspartic acid res-
idue about 30 amino acids upstream of their active sites (Fig. 2),
and D92 indeed has been identified as the catalytic acid/base in
VHR protein phosphatase (Denu et al., 1995).

An essential aspartic acid residue in Cdc25

On the basis of the alignments described in Figure 2 and the fact
that the Cdc25 catalytic domain is located in the C-terminus, we
decided to construct the D339N (LIGD motif) and D383N
(DCR motif) mutants of human Cdc25A. Both mutants were

Fig. 2. Grouping of PTPases on the basis of the sequences
around potential catalytic aspartic acids and the active sites
in different PTPases. Active sites are highlighted in green.
Amino acids are numbered from initiating methionine. Two
aspartic acids are highlighted in the cases of C1100 and Pac-1—
the N-terminal LLDCR motif is similar to the DCR motif in
Cdc25, whereas the PVEDN motif has the same relative spac-
ing as the catalytic acids in the PTPases. The motifs for
PTPases and LMW-PTPases are composed from the following
sequences: PTPase* — Yersinia PTPase (Michiels & Cornelis,
1988), yeast PTP1 and PTP2 (Guan et al., 1991), human T-cell
PTP1 (Cool et al., 1989), rat PTP1 (Guan et al., 1990), human
PTPIC (Shen et al., 1991), rat LAR (Streuli et al., 1988), and
human PTP1b (Tonks et al., 1988); LMW-PTPase# —bovine
LMW-PTPase, human LMW-PTPase, Saccharomyces cere-
visae LMW-PTPase (Mondesert et al., 1994; Su et al., 1994;
Zhang et al., 1994a).
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Fig. 3. pH profiles of GST-Cdc25A wild-type (red circles) and the
D339N mutant protein (blue squares). Buffers used in the experiments
are described in the Materials and methods section. Each data point rep-
resents the average of three measurements. Data points were fitted to
y=c/[(1 + H/K,) (1 + K,»/H™")]; the resulting pK,,, values are shown
in Table 1.

expressed as GST fusion proteins in Escherichia coli. As sum-
marized in Table 1, the D339N mutant exhibited wild-type K,
and k., values with mFP.

Phosphatase activity was reduced at least 150-fold, and the
K,, was found to be somewhat higher in the D383N mutant
than in the wild-type enzyme (Table 1). In a control experiment,
neither the GST-Cdc25A C430S mutant, in which the active site
cysteine was replaced by a serine residue, nor GST alone showed
any detectable phosphatase activity with mFP as substrate (Ta-
ble 1). The pH profiles of GST-Cdc25A wt and the D339N mu-
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tant were both bell-shaped and essentially identical, exhibiting
an apparent pK,, of 5.6 (Fig. 3). This value is in agreement
with pK,,s reported for Yersinia PTPase and VHR (Zhang et al.,
1994c¢; Denu et al., 1995) and falls in the range of ionizations
for the side chains of aspartic acid, glutamic acid, and histidine.
Unfortunately, owing to the extremely low phosphatase activ-
ity of the D383N mutant, we have not been able to determine
apparent pK, values for it. D383N was also inactive in stimu-
lating Cdc2 kinase activity, whereas D339N retained about 65%
of the wild-type activity (data not shown). These results suggest
that aspartic acid 383 serves the same function as the catalytic
aspartic acid in the WPD motif in PTP1b or Yersinia PTPase
and in the NDT motif in VHR, respectively.

Secondary structure prediction and homology
modeling of Cdc25 core

To determine whether there is a common structural motif that
is defined by the active site and the motifs including the potential
catalytic aspartic acid, we performed secondary structure predic-
tions for PTP1b, Yersinia PTPase, VHR, and Cdc25. A region
of approximately 50-70 amino acid residues around the catalytic
aspartic acids and the active sites showed a strong correlation
in secondary structure elements for the four proteins. The re-
sults of the secondary structure predictions are summarized in
Figure 4A. In all cases, the catalytic aspartic acid motif is situ-
ated in a loop between a 3-sheet and a long a-helix. The a-helix
is followed by a loop region that includes inserts in the cases of
Yersinia PTPase and Cdc25. The active site loop is situated be-
tween a short 3-sheet and an «-helix. The secondary structure
elements found in the crystal structures of Yersinia PTPase and
PTP1b are indicated by the small letters in Figure 4A.
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Fig. 4. Sequence alignment and secondary structure prediction of catalytic cores of representative PTPases, dual-specificity pro-
tein phosphatases, and Cdc25. (A) Secondary structure prediction for PTP1b (residues 168-226), VHR (residues 82-125), Yer-
sinia PTPase (residues 345-415), and Cdc25A (residues 377-442) obtained using the PHD algorithm. B, predicted 3-sheet; H,
predicted a-helix; b, 3-sheet found in crystal structure; h, a-helix found in crystal structure. The proposed catalytic aspartic
acid residues (D, yellow) and the active site cysteines (C, pink) are printed in bold. The consensus between predicted secondary
structure and secondary structure elements found in crystal structures is highlighted in blue (3-sheet) and in red («-helix). (B)
Secondary structure elements found in the crystal structure of bovine LMW-PTPase (residues 123-157 and 1-23). (C) Second-
ary structure prediction for Cdil PTPase (residues 100-151). The question mark indicates the proposed catalytic aspartic acid

residue.
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Fig. 5. Ribbon diagram of the Cdc25 structural model. Active site loop
residues HCEFSSER are labeled; the proposed catalytic acid D383 is
shown in balls and sticks. The distance between the sulphur atom of the
active site cysteine and Ca of the catalytic acid D is =12 A.

The minimal common structural elements (highlighted in
Fig. 4) were used for homology modeling of a Cdc25 core re-
gion. The resulting structure is shown in Figure 5 (Kinemage 1).
The crystal structures of corresponding regions of PTP1b and
Yersinia PTPase were superimposed onto the model (Fig. 6).
The three structures render a minimal core and share the same
basic geometry. The active site loops are very similar in all three
structures, with the nucleophilic cysteinyl residue in the center
of the loop. None of the side chains of the residues between the
cysteine and the arginine point into the phosphate binding site.
The position of the histidine residue preceding the cysteine seems
to allow hydrogen bonding to the backbone carbonyl of the cys-
teine. This hydrogen bond has also been observed in the crys-
tal structures of Yersinia PTPase and PTP1b. Yersinia PTPase
mutant proteins in which the highly conserved histidine was re-
placed by asparagine or alanine retained about 1.2 and 0.03%,
respectively, of wild-type catalytic activity. Furthermore, the
pK, of the active site cysteine was significantly altered in both
cases (Zhang & Dixon, 1993). These data suggest that the hy-
drogen bond between the active site histidine and cysteine resi-
dues participates in the stabilization of the active site thiolate.

In all three structures, the loops containing the catalytic aspar-
tic acids are situated about 10 A away from the active site cys-
teines. The most prominent feature of the three structures beside
the active site loop is the long a-helix following the loop contain-

Fig. 6. Superposition of the core regions of PTP1b (residues 168-226;
pink), Yersinia PTPase (residues 345-415; blue), and the Cdc25 model
(residues 377-442; yellow). Regions in the Cdc25 model outside second-
ary structure correlations are shown in gray.

ing the catalytic aspartic acid. The loop region following this helix
allows for insertions without changing the position of the active
site loop relative to the aspartic acid (Fig. 6). In the crystal struc-
tures of PTP1b (E115) and Yersinia PTPase (E290), glutamate res-
idues orient the active site arginines through hydrogen bonding.
In our Cdc25 model, a highly conserved glutamate residue (HCEX
XXXR) located in the active site loop is in hydrogen bonding dis-
tance of the active-site arginine (Fig. 6). Although the homology
model does not allow conclusions regarding side-chain interactions
owing to the fact that residues outside the core regions were left
out, one may speculate that this active site glutamate residue plays
a role similar to that of E290 in Yersinia PTPase and E115 in
PTP1b. Site-directed mutagenesis experiments are under way to
test this hypothesis.

Structure comparison of PTPases and LMW-PPases

The three-dimensional structures of two LMW-PPases have
been solved to date (Logan et al., 1994; Su et al., 1994; Zhang
et al., 1994a). In Figure 7, we superimposed the crystal struc-
ture of bovine heart LMW-PPase (Brookhaven Protein Data
Bank entry 1PNT) on the core regions from the crystal struc-
tures of PTP1b and Yersinia PTPase. Even though the positions
in the amino acid sequence of the LMW-PPase active site and
the DP(W/Y) motif containing the catalytic acid are very dif-
ferent than in the other protein phosphatases, the basic geom-
etry of the active site and of the loop containing the aspartic acid
is essentially the same. The minimal core structure is assembled
from the two ends of the protein, leading to the superposition
of the aspartic acids in the DP(W/Y) motif and the WPD mo-
tif in PTP1b and Yersinia PTPase, respectively. The secondary
structure elements are also comparable (Fig. 4B), in that the as-
partic acid loop and the active site motif are both located be-
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Fig. 7. Superposition of the core regions of PTP1b (residues 168-226;
pink), Yersinia PTPase (residues 345-415; blue), and bovine LMW-
PTPase (green). The core region of LMW-PTPase is assembled from
the N-terminus (residues 6-34, active site) and the C-terminus (residues
124-157). Note that the direction of the sequence around the long he-
lix and the catalytic acid loop (residues 124-157) is reversed. For better
visualization of the active site loop, a phosphate group was modeled into
the active site of Yersinia PTPase by superimposing tungstate in the crys-
tal structure with a phosphate group.

tween a B-sheet and an «-helix. The common three-dimensional
geometry of the active site of these phosphatases is very intrigu-
ing in light of the low amino acid sequence similarity. It will be
interesting to see if future protein phosphatase structures share
the same architecture.

Prediction of the catalytic aspartic acid residue
in other protein phosphatases

The common three-dimensional model described above might
be helpful in the identification of the catalytic aspartic acid res-
idue in other protein phosphatases. Figure 4C shows the second-
ary structure prediction for Cdil, a protein phosphatase that
associates with Cdk2 (Gyuris et al., 1993). From this alignment,
one would predict that D110 serves as the catalytic aspartic acid
residue in Cdil.

Conclusion

We have identified D383 as the potential catalytic acid in the
C-terminus of Cdc25 protein phosphatase. Our studies are con-
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sistent with a two-domain architecture of Cdc25 consisting of
a distinct catalytic C-terminal domain and a regulatory N-term-
inal domain. Using sequence alignments and secondary struc-
ture prediction, we were able to build a homology model of a
70 amino acid segment of Cdc25 around the active site and
D383, illustrating the remarkable structural similarity of pro-
tein phosphatases. The architecture of this core region accom-
modates significant sequence variability and/or insertions and
deletions. In the case of the low molecular weight protein phos-
phatases, even permutations are possible in this core region with-
out changing the basic architecture. Stone and Dixon proposed
in their recent review that, “in light of the overall lack of se-
quence identity, the structural and mechanistic similarities be-
tween PTPases may well represent an example of convergent
evolution” (Stone & Dixon, 1994).

An important unresolved question is the substrate specificity
of protein phosphatases. Although the architecture of the ac-
tive site and the basic chemical mechanism of protein phospha-
tases are intriguingly similar, these enzymes exhibit very different
substrate specificities. Whereas PTP1b accepts peptidic tyrosyl
phosphate substrates, VHR is able to dephosphorylate both thre-
onyl and tyrosyl phosphates in peptides. Both of these enzymes
were tested with artificial, customized peptides, primarily because
of the lack of knowledge regarding their physiological substrates.
Cdc25, on the other hand, hardly accepts any substrate other than
its physiological ones, the Cdk/cyclin complexes. One can imag-
ine that the ability to distinguish between phosphotyrosine and
phosphothreonine residues can be achieved by variation in the
depth of the phosphate binding pocket and in the residues lining
this pocket. The mechanism for the recognition of the more com-
plex, native substrates, on the other hand, might involve residues
outside the active site, including, perhaps, the N-terminal exten-
sions present in Cdc25.

Materials and methods

Cloning of mutants and site-directed mutagenesis

The Cdc25A aspartic acid to asparagine mutants at positions 339
and 383 were cloned by PCR site-directed mutagenesis. A mutant
fragment bearing the D339N substitution was generated by PCR
using the primers (5'-CATCATGGGACCTTATAGGAAACTTC
TCCAAGGG-3') and (5'-GTAGTACCCTGGAGAGAGTCTTC
TTTTGAGCGTC-3'). Following PpuMI digestion, the mutant
fragment was swapped for the PpuMI internal fragment (bp 1005-
1312) of the wild-type pGEXcdc25A clone. A mutant fragment
bearing the D383N substitution was generated using primers (5'-
CATCATCCATGGAACTGGGCCCGAGCCCCGC-3) and (5'-
GTAGTAGTATACCCATAGCTGTCAACTACTATTG-3'). This
fragment replaced the wild-type Ncol-Ndel fragment (bp 1-1164)
from pGEXcdc25A. The Cdc25A C430S mutant construct was
made by generating two overlapping fragments (N-terminal and
C-terminal) bearing the mutation in separate primary PCR reac-
tions and combining them in a second reaction using the distal
primers. The N-terminal fragment was produced using (5-CATCA
TCCATGGAACTGGGCCCGAGCCCCGC-3") and (5-AGAAG
AAAACTCGGAGTGAAACACAAC-3'). The C-terminal frag-
ment was made using (5-GTTGTGTTTCACTCCGAGTTTTCT
TCT-3") and (5'-GCCAAGCTTAGAGCTTCTTCAGACG-3').
The primary PCR products were then combined as the template
in the secondary PCR reaction using primers (5'-CATCATCCATG
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GAACTGGGCCCGAGCCCCGC-3) and (5'-GCCAAGCTTAG
AGCTTCTTCAGACG-3") to yield a full-length product that was
cloned into pGEX as an Ncol/ HindIII fragment. CTA is a trun-
cated, double-tagged construct of the C-terminal portion of
Cdc25A from bp 966 to 1586. It was constructed by PCR am-
plification using the primers (5'-CATCATGAATTCTGGCATC
TTCCCCCAAAGGAACC-3) and (5'-CATCATAAGCTTCA
ATGATGATGATGATGATGGAGCTTCTTCAGACGACTG
TACATCTCCC-3"). The resulting PCR fragment contains six
His that were added at the C-terminus as an affinity tag. The
fragment was cloned into a pGEX vector, replacing the existing
EcoR1/Hindlll fragment. CTC was constructed by Xbal and
HindllI digestion of pGEX and the C-terminus of cdc25C from
bp 651 to 1646 followed by PCR using the primers (5'-GATC
AGGTGGTGGTGGCGGCCGTTTGGTACCTCGAG-3') and
(5’-GATCCTCGAGGTACCAAACGGCCGCCACCACCA
CT-3"). Six His were added at the C-terminus as an affinity tag
by PCR amplification of bp 1121-1646 using primers (5'-CATC
ATAGATCTGAAGTATGTCAACCC-3') and (§-CATCATAA
GCTTAATGATGATGATGATGATGGGCGGCTGGGCTCA
TGTCCTTCACC-3 ). The His-tag fragment was cloned into
CTC by replacing the existing Bg/11/HindIIl fragment with the
His-tag fragment. Both constructs have thrombin cleavage sites
just upstream of the Cdc25 C-terminus coding sequences, add-
ing 12 and 16 extra amino acid residues to the N-terminus of
CTA and CTC, respectively. All mutations were confirmed by
sequencing.

Enzyme purifications

GST fusion proteins were purified as described previously
(Galaktionov & Beach, 1991).

Phosphatase assays

Cdc2S phosphatase activity was measured using the fluorogenic
mFP (USB, Cat.# 19060) as artificial substrate in 50 mM Tris,
pH 8, 50 mM NacCl, | mM EDTA, and 1 mM DTT. Cdc25 stock
solutions were preincubated in 10 mM DTT for 15 min on ice
and then diluted accordingly into assay buffer to a final concen-
tration of 1 mM DTT. Fluorescence was monitored on a Bio-
search Cytofluor II fluorescence reader at room temperature
over a time period ranging from 1 to 10 h.

Kinase assays

Stimulation of Cdk activity by Cdc25 was measured as described
(Pines & Hunter, 1989; Pagano et al., 1992) using Cdc2/cyclin B
or Cdk2/cyclin A immunoprecipitates from hydroxyurea-blocked
HelL a cells.

PpH profiles

The following buffers were used: pH 4-5.6, 100 mM acetate;
pH 5.8-6.5, 50 mM succinate; pH 6.6-7.3, 50 mM 3,3-dimethyl-
glutarate; pH 7.5-8.4, 100 mM glycinamide; pH 9-10.5, 100 mM
glycine-NaOH. Buffers were adjusted to the same conductiv-
ity of 25 mS/cm with S M NaCl; 1 mM EDTA and 1 mM DTT
were present in all buffers. Experimental data were analyzed
using the KinetAsyst software package.
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Sequence alignments

Sequences were aligned manually or using the Clustal algorithm
in the DNAStar/MegAlign software package.

Structure predictions

The PHD algorithm (Rost & Sander, 1993) was used for the pre-
diction of the secondary structure elements

Homology model of Cdc25

Three-dimensional coordinates of the protein backbone render-
ing the residues shown in Figure 4A from the structure of Yer-
sinia PTPase were used for homology modeling of human
Cdc25. Human Cdc25A, B, and C share a high degree of simi-
larity in this region (>65%). Modeling was performed with the
Protein Workbench software package in Quanta from MSI. The
amino acid sequences of human Cdc25C and Yersinia PTPase
were first aligned manually to match the active site residues and
the catalytic aspartic acids. The coordinates of the backbone
nonhydrogen atoms of Yersinia PTPase that matched the sec-
ondary structure prediction for Cdc25 were then copied onto
Cdc25; side-chain coordinates were ignored at that point. Missing
coordinates were generated using the regularization algorithm
in Quanta. The resulting Cdc235 structure was energy minimized
using 200 steps of the steepest descent algorithm, followed by
5000 steps of the adopted-base Newton Raphson (ABNR) algo-
rithm. All atoms, including polar hydrogens, and all side chains
were allowed to move freely. In the next step the structure was
heated up to 1,000 K using 3,000 steps or a total time of 3 ps.
After heating, the system was allowed to equilibrate for 5 ps
(5,000 steps). Formal charges were turned off in all dynamic sim-
ulations. Finally, the system was subjected to simulated anneal-
ing from 1,000 K to 300 K and then energy minimized with
formal charges turned on.
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