
Kinetic and Structural Studies of Specific Protein-Protein Interactions in Substrate
Catalysis by Cdc25B Phosphatase†

Jungsan Sohn,‡ Gregory Buhrman,§ and Johannes Rudolph*

Departments of Biochemistry and Chemistry, Duke UniVersity Medical Center, Durham, North Carolina 27710

ReceiVed June 23, 2006; ReVised Manuscript ReceiVed October 17, 2006

ABSTRACT: Using a combination of steady-state and single-turnover kinetics, we probe substrate association,
dissociation, and chemistry for the reaction of Cdc25B phosphatase with its Cdk2-pTpY/CycA protein
substrate. The rate constant for substrate association for the wild-type enzyme is 1.3× 106 M-1 s-1. The
rate constant for dissociation is slow compared to the rate constant for phosphate transfer to form the
phospho-enzyme intermediate (k2 ) 1.1 s-1), making Cdk2-pTpY/CycA a sticky substrate. Compared to
the wild type, all hotspot mutants of residues at the remote docking site that specifically affect catalysis
with the protein substrate (Arg488, Arg492, and Tyr497 on Cdc25B and Asp206 on Cdk2) have greatly
slowed rate constants of association (70- to 4500-fold), and some mutants have decreasedk2 values
compared to that of the wild type. Most dramatically, R492L, despite showing no significant changes in
a crystal structure at 2.0 Å resolution, has an∼100-fold decrease ink2 compared to that of wild-type
Cdc25B. The active site C473S mutant binds tightly to and dissociates slowly from Cdk2-pTpY/CycA
(Kd ) 10 nM,koff ) 0.01 s-1). In contrast, the C473D mutant, despite showing only localized perturbations
in the active site at 1.6 Å resolution, has a much weaker affinity and dissociates rapidly (Kd of 2 µM, koff

> 2 s-1) from the protein substrate. Overall, we demonstrate that the association of Cdc25B with its
Cdk2-pTpY/CycA substrate is governed to a significant extent by the interactions of the remote hotspot
residues, whereas dissociation is governed by interactions at the active site.

Protein-protein association is one of the most intriguing
and important biochemical events, especially when consid-
ered in the context of the living cell. How intracellular
proteins are able to specifically and rapidly associate and
dissociate to create the necessary regulatory pathways that
govern life processes is not well understood. This problem
appears to be particularly complex for protein-modifying
enzymes such as protein kinases and protein phosphatases.
There exist>500 protein kinases and>150 protein phos-
phatases in the human cell. These enzymes modify the
sidechains of only three amino acids (Ser, Thr, and Tyr).
Yet for well-ordered signal transduction pathways to exist
without cross-talk, these protein kinases and phosphatases
must exhibit specificity toward their correct physiological
substrates. Unlike the paradigm from proteases (e.g., trypsin
cleaving after Arg or Lys), the specificity for protein kinases
and phosphatases is mediated only in part by the primary
amino acid sequence adjacent to the site of phosphorylation.
Docking sites often located remote from the sites of
phosphorylation and dephosphorylation can play a major role
in substrate selectivity. Although protein docking sites
typically encompass extensive protein-protein interfaces,
only 5-10% of the residues at these interfaces, so-called

hotspot residues, contribute significantly to the energetics
of binding (1, 2). The mechanistic roles of hotspot residues
have been dissected for a few high affinity protein-protein
complexes, such as antibody-antigen complexes (3, 4),
RNases with their protein inhibitors (5), and TEM1â
lactamase with its protein inhibitor (6). For the more transient
and weaker protein-protein interactions that occur for
protein-modifying enzymes, such as protein kinases and
phosphatases, the mechanisms by which hotspot residues
contribute to substrate recognition and subsequent chemistry
at the distant active site is rarely studied and, thus, poorly
understood. How one such protein-modifying enzyme, the
Cdc25B phosphatase, recognizes its protein substrate, the
Cdk2-pTpY/CycA1 complex, via its active site and a remote
docking site is the subject of this publication. Because this
protein-protein interaction involves an enzymatic reaction,
we take advantage of the rich methodology of enzymology.

Cdc25 phosphatases are important regulators of the cyclin-
dependent kinases, the main gatekeepers of the eukaryotic
cell division cycle (7, 8). Specifically, the Cdc25s trigger
the final activation of these complexes by removing two
inhibitory phosphates near the active sites of the kinase
subunits (pThr14, pTyr15 in Cdk2 numbering). Of the three
human Cdc25s, Cdc25A controls both the G1/S and G2/M
transitions, whereas Cdc25B and Cdc25C are regulators of
G2/M. Given their significant involvement in cell cycle
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control, it is not surprising that the Cdc25s are closely linked
to oncogenesis (9) and the cellular response to DNA damage
(10). The overexpression of Cdc25A and/or Cdc25B, but not
Cdc25C, is observed in numerous cancers and is often
correlated with a poor clinical prognosis. Thus, Cdc25
phosphatases have been of interest as anticancer targets in
both academia and industry.

Cdc25 phosphatases belong to the family of dual-specific-
ity phosphatases, a subfamily of the protein tyrosine phos-
phatases (PTPs) (11). Although the Cdc25 phosphatases show
no significant overall sequence or structural homology to
the PTPs, they do contain the conserved catalytic motif
common to all PTPs. In this motif, C is the catalytic cysteine,
and the amide backbones of the five X residues form a
phosphate-binding loop along with the arginine R. The
structure of this active site loop is identical in all known
PTPs. Substrate selection by the PTPs is a particularly vexing
problem because most of these phosphatases are small
globular domains with no obvious recognition sites for
substrates. Although some of these phosphatases (e.g.,
PTP1b) have an active site pocket that accommodates at least
a pTyr residue, there exists no adjacent region that can be
readily identified as a peptide-binding site. Others, including
the Cdc25s in particular (12, 13), instead have an active site
that is solvent exposed, and protein substrate recognition
appears only possible via a broad protein-protein interaction.
In accord with this conjecture, Cdc25 phosphatases display
a 106-fold preference for protein substrate vs peptidic
substrates that mimic the target dephosphorylation site (14).
Also, Cdc25s utilize a remote docking site>20 Å from the
active site that is specifically involved in the recognition of
the protein substrate (15, 16).

The enzymatic reaction mechanism of the Cdc25 phos-
phatases, like those for most other protein-modifying en-
zymes, has been primarily characterized using artificial
substrates (17-20). Our prior studies using the protein
substrate Cdk2-pTpY/CycA have relied mostly on steady-
state kinetics. For example, the dramatic preference for
protein substrate versus peptidic substrates was determined
using the specificity constant (kcat/Km). We have also used
kcat/Km measurements to identify, characterize, and measure
interaction energies for three hotspot residues on Cdc25B
(Arg488, Arg492, and Tyr 497) and one hotspot residue on
Cdk2 (Asp206) that decrease catalysis by up to 600-fold
while not affecting the activity toward small molecule
substrates (15, 16). As commonly acknowledged (21), steady-
state kinetics alone do not reveal microscopic rate constants
and, thus, shed limited insight into detailed reaction mech-
anisms. We, therefore, use herein a combination of steady-
state and single-turnover kinetics to probe the kinetics of
substrate association, dissociation, and chemistry for the
reaction of Cdc25B phosphatase with its Cdk2-pTpY/CycA
protein substrate. We complement our kinetic analysis with
structural studies of two Cdc25B mutants, namely, the
hotspot mutant R492L and the active site mutant C473D.

MATERIALS AND METHODS

Protein Expression, Purification, and Crystallography.The
catalytic domain of Cdc25B, the hotspot mutants, and the
active site mutants C473S and C473D were expressed as
untagged proteins inE. coli as described (15, 18). The crystal

structures of Cdc25B(R492L) and Cdc25B(C473D) were
determined as previously described for the wild type (22)
and the C473S mutant (16), and the coordinates have been
deposited in the PDB (PDB codes 2IFD and 2IFV, respec-
tively). The Cdk2/CycA complex in which CycA is truncated
and encompasses residues 174-432 was prepared as previ-
ously described (23). The soluble domain of the dual-
specificity kinase Myt1 was expressed as a GST-tagged
protein inE. coli (24) and purified as described (14). The
bis-phosphorylated Cdk2-pTpY/CycA substrate was prepared
fresh daily by incubation of Cdk2/CycA with GST-Myt1
bound to glutathione-Sepharose beads and 2.5 mM [γ-32P]-
ATP (200-500Ci/mol) for 2.5 h at RT. Remaining ATP and
GST-Myt1 were removed by G-50 chromatography.

Steady-State Kinetics.All phosphatase reactions were
performed in a three-component (3C) buffer (50 mM Tris,
50 mM Bis-Tris, and 100 mM Na acetate at pH 6.0-6.5)
containing 2 mM dithiothreitol at 25°C. The activity of
Cdc25B with Cdk2-pTpY/CycA was assayed by monitoring
the release of inorganic phosphate from pThr14. Reactions
were initiated by the enzyme (or substrate for the competitive
binding assays) in the presence of 1 mg/mL BSA and 0.05%
Tween 20 and quenched and precipitated by adding 3-5
volumes of 30% trichloroacetic acid (TCA). After centrifu-
gation at 4°C at 14 000g for 20 min or 2000g for 2 h for
assays in 96-well plates to remove the unreacted substrate,
the supernatant was subjected to scintillation counting. For
kcat/Km measurements under initial velocity conditions, time
dependence (5 points minimum), substrate concentration
dependence (2-3 differing concentrations), and enzyme
concentration dependence (3-4 differing concentrations)
were tested to ensure adherence to Michaelis-Menten
conditions.

Transient Kinetics.All single-turnover assays were per-
formed using at minimum a 5-fold excess of the enzyme
Cdc25B over the substrate Cdk2-pTpY/CycA. Single-
turnover experiments at 5-120 s were performed using
manual quench time points. All manual quench single-
turnover reactions were stopped with 30% TCA, and the
formation of inorganic phosphate was quantitated as de-
scribed for thekcat/Km measurements. For single-turnover
experiments at 5-3000 ms, rapid quench flow (RQF-400,
Bio-Logic) was used. Reactions were initially quenched at
each time point with 2 M HCl. An equal volume of 30%
TCA was subsequently added to precipitate all of the
proteins, and the released phosphate was quantitated as
described for the steady-state measurements. At least two
different substrate concentrations and four different enzyme
concentrations were used to verify adherence to single-
turnover conditions.

C473S, C473D, and Cdk2/CycA Binding Kinetics.The
association of C473S to Cdk2-pTpY/CycA was monitored
by measuring the time-dependent depletion of substrate
available to react with wild-type Cdc25B. C473S (75-150
nM) was mixed with 20 nM protein substrate. At each time
point, aliquots were transferred into a reaction vessel
containing 1/15 volume of wild-type Cdc25B (3µM final).
After incubation for 5 s (timing by metronome) in order to
completely remove the phosphate from the unbound sub-
strate, the reaction was quenched by the addition of 3× the
volume of 30% TCA. Insignificant dissociation of C473S
from Cdk2-pTpY/CycA occurred during this 5 s incubation.
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The dissociation of C473S from Cdk2-pTpY/CycA was
monitored by measuring the time-dependent increase in the
substrate available to react with wild-type Cdc25B. Cdk2-
pTpY/CycA (50-80 nM) was preincubated with a slight
excess of C473S (200-300 nM) for 5 min to form a
complex. Excess wild-type Cdc25B (8-20 µM final) was
then added, and aliquots were taken at each time point and
quenched with 30% TCA. In a similar fashion, we attempted
to measure the dissociation of C473D from Cdk2-pTpY/
CycA. Preincubation of 30µM C473D (15× Ki) with 120
nM Cdk2-pTpY/CycA for 10 min was followed by the
addition of wild-type Cdc25B. Aliquots at each time point
(first point ) 5 s) were quenched with 30% TCA.

Biacore Experiments.The NTA chip was charged with
nickel and regenerated between each run according to the
manufacturer’s instructions (Biacore AB, Uppsala, Sweden).
His6-Cdk2/CycA (5-50 nM) was bound to an NTA chip in
running buffer (10 mM HEPES (pH 7.5), 150 mM NaCl,
50 µM EDTA, 0.005% surfactant P-20, and 4 mMâ-mer-
captoethanol) to yield∼700 reflectance units and a stable
baseline. Phosphatase was injected at varying concentrations
(0.1-4 µM) in the running buffer, and the observed rates
and signal intensities were independent of the flow rate (20-
50 µL/min). Injection of concentrations of Cdc25B>4 µM
yielded nonspecific binding to the chip, precluding a more
thorough analysis of the slowly associating mutant R492L.
Observed reflectance units were corrected by subtraction of
a small nonspecific signal (<5%) using a reference cell
consisting of an NTA chip without bound Cdk2/CycA.

Data Fitting. Equations cited in the results were fitted to
the data using weighted least-square fitting in Excel (Mi-
crosoft).

RESULTS

Association and Chemistry of Cdc25B.We have probed
the detailed reaction mechanism of Cdc25 phosphatase with
its native Cdk2-pTpY/CycA substrate. The Cdc25 phos-
phatases preferentially dephosphorylate pThr14 and complete
this reaction prior to engaging the second phosphate, pTyr15
(14). We limit our present study to the phosphorolysis of
this first phosphate monoester because it is the initial
substrate that the enzyme encounters. For data analysis and
interpretation, we use Scheme 1, which involves three steps.
The formation of the enzyme-substrate (E‚S) complex is
governed by the rates of association (kon) and dissociation
(koff). Phosphate transfer from pThr14 of Cdk2-pTpY/CycA
to Cys473 of Cdc25B to form the phospho-enzyme inter-
mediate (E∼P) with concomitant release of protein product
(Cdk2-TpY/CycA) is governed byk2 and is considered
irreversible on the basis of precedent in the field (11).
Hydrolysis of the acid-labile phospho-enzyme intermediate
is governed byk3. We do not observe a burst of phosphate
formation at high concentrations of enzyme and Cdk2-pTpY/
CycA substrate (data not shown), indicating that neither
hydrolysis of the phospho-enzyme nor release of protein

product is rate-limiting. Therefore, single-turnover kinetics
are an ideal tool for elucidating the microscopic rate constants
for the first half reaction of the catalytic cycle performed by
Cdc25B, namely, the formation of the E‚S complex followed
by the chemical step of phosphate transfer leading to the
phospho-enzyme intermediate. For all single-turnover reac-
tions under limiting conditions, a single first-order expo-
nential is used to fit the data for the appearance of phosphate
arising from either final product formation or the acid-labile
phospho-enzyme intermediate,

wherein [Pi] is the concentration of inorganic phosphate, [S]
is the total amount of substrate, andkobs is the observed rate
constant. Under limiting low concentrations of both enzyme
and substrate yet keeping [E] . [S], the association of
enzyme and substrate is rate limiting (kon [E] , k2) andkobs

is proportional to enzyme concentration yet independent of
the substrate concentration. At limiting high enzyme con-
centrations, the E‚S complex accumulates rapidly (kon [E]
. k2), andkobs becomes independent of enzyme concentra-
tion, reflecting the rate-limiting chemical step (kobs) k2).

To measure the rate of association of Cdc25B with its
protein substrate Cdk2-pTpY/CycA, we performed single-
turnover experiments at low concentrations of both enzyme
and substrate while minimally maintaining a 5-fold excess
of Cdc25B over Cdk2-pTpY/CycA. The rate of appearance
of inorganic phosphate for each reaction was well described
by a single-exponential equation (eq 1, Figure 1A). Thekobs

values were directly proportional to enzyme concentrations
yet independent of substrate concentrations (Figure 1, insert).
The rate constant for association (kon) can be obtained from
the linear plot ofkobsversus enzyme concentrations as defined
by

The second-order rate constant for association,kon) (1.3 (
0.3) × 106 M-1 s-1, is essentially equal to the specificity
constantkcat/Km ) 9 × 105 M-1 s-1 (14, 15), indicating that
under dilute conditions, substrate association is the rate-
determining step (Table 1). This observed rate constant for
substrate association is the first to be reported in the family
of protein phosphatases and is within the range of association
rate constants measured for other protein-protein complexes
(105-109 M-1 s-1) (25-27). The rate constant for the
dissociation of the substrate (koff) could not be determined
from this experiment because it is slow compared to the time
course of the reaction (Figure 1A, insert). In fact, the
apparently slow dissociation of substrate suggested that the
kinetic mechanism for Cdc25B may better be described by
two consecutive irreversible steps.

To probe this possibility, we used rapid quench to perform
single-turnover experiments at higher enzyme and substrate
concentrations, still minimally maintaining a 5-fold excess
of Cdc25B over Cdk2-pTpY/CycA. For enzymes with sticky
substrates like Cdc25B, there exists a characteristic lag in
phosphate formation at moderate enzyme concentrations (kon

[E] g k2) under single-turnover conditions (28, 29). If
catalysis proceeds through an irreversible pseudo-first-order
reaction (pseudo-irreversible binding, wherekoff is finite but

Scheme 1: Kinetic Model for the Catalytic Reaction
Performed by Cdc25B

[Pi] ) [S](1 - e-kobst) (1)

kobs) kon [E] + koff (2)
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very slow) followed by an irreversible first-order reaction
(chemistry), product formation can be described by the
following equation.

At the beginning of the reaction, phosphate formation is
limited by the association between enzyme and substrate
(lag), whereas for later time points, the observed rate of
phosphate formation is governed by the rate of chemistry.
In agreement with this prediction, we observed a clear lag
of phosphate formation at the early phase of the reaction at
moderate concentrations of Cdc25B (1-2 µM) (Figure 1B).
In contrast, at high concentrations of enzyme (∼20 µM), the
appearance of phosphate can be described by a single-
exponential equation (eq 1, Figure 1B), and thekobs values
are independent of both enzyme and substrate concentrations,
indicative of rate-limiting chemistry (kobs ) k2 ) 1.1 ( 0.1
s-1, Scheme 1). For the reaction at 2µM Cdc25B, eq 3 can
be well fitted to the data usingkon ) (1.3( 0.2)× 106 M-1

s-1 as the pseudo-irreversible rate constant for association
and k2 ) 0.9 ( 0.1 s-1 as the rate constant for phosphate
transfer, consistent with the values ofkon and k2 obtained
under the limiting lower and higher enzyme concentrations,
respectively.

To further validate the kinetic parameters from these
single-turnover experiments, we compared them to previously
determined steady-state parameters. First, in a kinetic scheme
wherekoff is small compared tok2, kon is equal tokcat/Km, as
noted above (Table 1). Thus,

which is in good agreement with our previously determined
kcat of 1.2 s-1 (30), the k2 of 1.1 s-1 determined here, and
the k3 of 0.8 s-1 reported previously (30). Finally, the
apparent Michaelis constant determined by steady-state
kinetics (440( 80 nM) (15), is in good agreement with the
one obtained mathematically (Km ) 423 nM) using the
following equation.

Substrate-Trapping Mutant C473S.As shown above, we
were not able to obtain a reliable value for the rate constant
for dissociation of the E‚S complex (koff), although it is
clearly less than the rate constant for phosphate transfer (k2).
This slow dissociation implies that the Michaelis constant
(Km) is not reflective of the true binding affinity of Cdc25B
toward the protein substrate. Therefore, to probe the binding
kinetics of Cdc25B to its protein substrate, we attempted to
estimate a true value forKd or koff using the substrate-trapping
mutant of Cdc25B. Like other members of the protein
tyrosine phosphatase family, a substrate-trapping mutant of
Cdc25B can be generated by substituting the active site
cysteine with a serine (C473S). It has been previously
demonstrated that the C473S mutant has a strong binding
affinity toward physiological protein substrates (15, 31).
Moreover, we have shown that the crystal structure of C473S
is essentially identical to wild-type Cdc25B with an overall
rmsd for all backbone atoms of 0.23 Å and for the active
site loop of 0.13 Å (16).

FIGURE 1: Single-turnover kinetics of the Cdc25B-catalyzed
dephosphorylation of Cdk2-pTpY/CycA. (A) Cdk2-pTpY/CycA (4
nM) was mixed with varying concentrations of Cdc25B (28 nM,
0; 42 nM, 2; 56 nM, O; 85 nM, 9) under manual quench
conditions. The single first-order exponential (eq 1) was fitted to
each data set, and thekobswere re-plotted vs enzyme concentration,
as shown in the inset, to derivekon ) (1.3 ( 0.3) × 106 M-1 s-1.
(B) Cdk2-pTpY/CycA (50 nM) was mixed with moderate (2µM,
4) and high (20µM, b) concentrations of Cdc25B under rapid
quench conditions. The data for 2µM enzyme were fitted with
two first-order exponential equations (eq 3) withkon ) 1.3 × 106

M-1 s-1 andk2 ) 0.9 s-1. The data for 20µM enzyme were fitted
with one first-order exponential (eq 1) withk2 ) 1.2 s-1. All data
shown are representative of four independent experiments performed
with different concentrations of the substrate and enzyme.

Table 1: Summary of Kinetic Parameters

parameters/
enzyme

kon

(× 103 M-1 s-1)
kcat/Km

a

(× 103 M-1 s-1)
k2

(s-1)

wild type 1300( 300 860( 180 1.1( 0.1
C473S 330( 80
R488L 7.1( 0.4 1.3( 0.3 g0.3
R488A 3.1( 0.3 1.0( 0.4 g0.3
R492A 60( 7 25( 2 ∼1.2
R492L 6.4( 0.5 4.2( 0.5 0.016( 0.004
R492K 0.3( 0.1 0.32( 0.05 ∼0.04
Y497A 6.5( 0.6 4.5( 0.7 0.14( 0.03
Y497T 7.0( 0.9 2.5( 0.6 n.d.
Y497F n.d. 100( 20 0.9( 0.2
D206A 1.4( 0.4 2( 0.2 0.12( 0.02

a The data forkcat/Km shown for comparison purposes were originally
published in refs 15, 16, and 35.

[Pi] ) [S][1 + 1
kon - k2

(k2e
-kont - kone

-k2t)] (3)

kcat )
k2k3

k2 + k3
≈ k2

2
, whenk2 ≈ k3 (4)

Km )
k2k3

kon(k2 + k3)
≈ k2

2kon
, whenk2 ≈ k3 (5)
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First, to accurately determine the true binding affinity of
C473S (Kd), we performed a competitive binding assay,
wherein varying concentrations of C473S are used to
sequester the Cdk2-pTpY/CycA substrate from wild-type
Cdc25B (Figure 2). In previous experiments, we found that
we were simply titrating the substrate. The observed IC50

values were equivalent to half the concentration of substrate
in the experiment, consistent with stoichiometric binding
between Cdk2-pTpY/CycA and C473S (15); data not
shown). We have raised the specific radioactivity of the
substrate 10-fold so as to measure the true affinity by
performing these measurements at lower concentrations of
Cdk2-pTpY/CycA (3-6 nM). Because the concentrations of
C473S were not 10-fold greater than the substrate concentra-
tion, the modified Morrison equation (32)

wherein [S] is the concentration of Cdk2-pTpY/CycA, was
used to fit the percent activity (100*Vi/V0) observed at each
concentration of C473S ([I]). The observed IC50 is 13 ( 2
nM and is independent of the concentration of the wild-type
enzyme used in the trap. To convert the IC50 value toKi, we
cannot apply the Cheng-Prusoff equation (33) because
C473S sequesters the substrate, not the enzyme. Instead, the
binding constant (Ki) of a competitive inhibitor for the
substrate can be extracted from the IC50 value throughKi )
IC50 - [S]/2 (34). The observed IC50 is essentially equal to
the true Ki () Kd ≈ 10 nM) under our experimental
conditions because the substrate concentration (e6 nM) is
less than the observed IC50.

To investigate whether C473S serves as a good kinetic
mimic of wild-type Cdc25B in forming the E‚S complex,

we next measured the rate of association of C473S with
Cdk2-pTpY/CycA (Figure 3A). In this experiment, C473S
and the protein substrate were mixed at concentrations above
the Kd derived from the competitive binding assay above.
Subsequent addition of a large molar excess of wild-type
Cdc25B was used to trap and dephosphorylate any unbound
Cdk2-pTpY/CycA as a function of time. This trapping
reaction was then quenched by the addition of acid. The
concentration of the wild-type enzyme and its incubation time
in the first quench were carefully chosen to ensure complete
dephosphorylation of pThr14 from the unbound substrate
while minimizing the dissociation of substrate from C473S
(also, see below). The first-order exponential of eq 1 was
modified and fitted to the time-dependent depletion of free
Cdk2-pTpY/CycA. The second-order rate constant for as-
sociation was obtained from the linear plot ofkobs values
versus C473S concentrations (Figure 3A, inset). As expected
from the essentially identical crystal structures of wild-type
Cdc25B (13, 22) and its C473S mutant (16), the rate constant
for the association of C473S (3.3× 105 M-1 s-1) is relatively

FIGURE 2: Competition binding assays. The affinity of C473S for
Cdk2-pTpY/CycA was determined by measuring its inhibition of
the reaction with wild-type Cdc25B. The IC50 of C473S (varying
2-80 nM) was determined using Cdk2-pTpY/CycA (3 nM) and
Cdc25B (0.5 nM) with fitting by eq 6. The affinity of Cdk2/CycA
for Cdc25B was determined by measuring its inhibition of the
reaction with Cdk2-pTpY/CycA. The IC50 of Cdk2/CycA (varying
0-15 µM) was determined by using Cdk2-pTpY/CycA (70 nM)
and Cdc25B (5 nM) with fitting by eq 8. The fitted IC50 values for
C473S (b) and the unphosphorylated product (Cdk2/CycA,2) are
13 ( 2 nM and 12( 3 µM, respectively. The data for inhibition
by C473D from (15) is shown for comparison (9). The data shown
are the mean values of at least three separate experiments.

100*
Vi

V0
) 1 -

([S] + [I] + IC50) - x([S] + [I] + IC50)
2 - 4[S][ I]

2[S]
(6)

FIGURE 3: Association and dissociation of C473S. (A) C473S (75-
150 nM) was mixed with Cdk2-pTpY/CycA (20 nM) and initially
quenched with wild-type Cdc25B (3µM) followed by a subsequent
quench with 30% TCA. The concentrations of C473S shown are
75 nM (0), 100 nM (b), 125 nM (4), and 150 nM (9). The data
shown are representative of two independent experiments performed
in duplicate, and moderate changes in the concentrations of the
wild type used in the initial quench (2-4 µM) do not affect the
results (data not shown). Thekobsvalues shown in the inset are the
mean values for each concentration of C473S (errore15%) and
yield a kon of 3 × 105 M-1 s-1. (B) C473S (210 nM) complexed
with Cdk2-pTpY/CycA (63 nM) was incubated with wild-type
Cdc25B (10µM, 4, 20 µM, O) for varying lengths of time. The
data shown are representative of four independent measurements
under similar reaction conditions. Thekoff determined using eq 7
is 0.010( 0.003 s-1.
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similar to the wild type value (1.3× 106 M-1 s-1) (Table
1).

Having validated the use of C473S as a kinetic mimic of
wild-type Cdc25B, we measured the rate of its dissociation
from the substrate so as to estimate the rate constant for
dissociation of the E‚S complex. After preforming the
C473S‚Cdk2-pTpY/CycA complex, the dissociation of C473S
can be detected by measuring the time-dependent accumula-
tion of the free substrate, as trapped by wild-type Cdc25B.
Because of the high affinity and rapid reassociation of
C473S, a very high concentration of the wild-type enzyme
(g10 µM) was needed. We expected to use eq 1 describing
the simple exponential accumulation of phosphate to fit our
data. Instead, we observed biphasic kinetics and needed to
use

to fit the data (Figure 3B). As expected, the observed rate
of the exponential component of phosphate formation was
independent of the absolute concentration of the preformed
complex and independent of the concentration of wild-type
Cdc25B in the quench (data not shown). In contrast, the
linear rates (â) were directly proportional to the amount of
wild-type Cdc25B used in the trap. The amplitude of the
fast exponential phase varied from 13 to 30% of total
substrate used, and the derived rate constant for dissociation
of C473S is 0.010( 0.003 s-1, yielding a half-life for
dissociation of the complex of∼70 s. Extended incubations
(>2 h) of the pre-bound substrate yielded complete dephos-
phorylation in the second slower phase, which we cannot
explain (data not shown). Because this second slower rate
is dependent on the concentration of wild-type Cdc25B, our
data for the fast step, albeit not accounting for all of the

substrate, should still reflect the correct rate constant for the
release of Cdk2-pTpY/CycA from the C473S mutant.

The kinetic data describing the association, dissociation,
and binding affinity of the C473S mutant to Cdk2-pTpY/
CycA that we obtained in these three experiments are in
agreement with one another. The calculatedKd of C473S
(∼30 nM) obtained by the ratio betweenkoff (Figure 3B)
andkon (Figure 3A) is remarkably close to theKd (∼10 nM)
determined in the competitive binding experiment (Figure
2). Comparing C473S to the wild type, the similarkon values
(3 × 105 M-1 s-1 vs 1.3× 106 M-1 s-1) suggest that C473S
is a reasonable mimic of the wild type not only structurally
but also kinetically during the formation of an E‚S complex.
Thus, if we assume a similarkoff (∼ 0.01 s-1) for the E‚S
complex, consistent with the apparent irreversibility of
substrate association (Figure 1), then we arrive at an
estimatedKd for the E‚S complex of∼10 nM.

Interactions at the Remote Docking Site Affect kon and/or
k2. To better understand the roles of the hotspot residues in
the remote docking site during the catalysis of the protein
substrate by Cdc25B phosphatase, we next investigated the
kinetics of various hotspot mutants. In particular, we were
interested in the most important residue in this cluster,
namely, Arg492 of Cdc25B (16, 35).

Mutations of Arg492. Although we have demonstrated that
activities with small molecule substrates that interact only
at the active site are mostly unaffected by the hotspot
mutations on Cdc25B (15), it is possible that more global
changes in structure have occurred that could complicate any
mechanistic interpretations. Thus, we began by determining
the crystal structure of R492L. The structure of R492L was
solved to 2.0 Å resolution, with anR/Rfree of 18.6/20.1 (Table
2). The R492L mutant crystallized in the same space group
(P212121) and under the same conditions as those for wild-

Table 2: Data Collection and Refinement Statistics for the Structure Determination of the C473D and R492L Mutants of Cdc25B

parameter C473D R492L
space group P212121 P212121

unit cell R ) 40.89 Å
â ) 71.19 Å
ø ) 73.87 Å
R ) â ) γ ) 90°

R ) 49.96 Å
â ) 71.32 Å
ø ) 75.06 Å
R ) â ) γ ) 90°

temperature of data collection 100 K 100 K
resolution 1.6 Å 2.0 Å
no. of reflections 34,010 18,160
redundancya 7.1 (5.9) 7.0 (5.2)
Rsym

a,b 8 (35) 10 (29)
completeness 96.0% 97.0%
averageI/σa 32.8 (4.3) 25 (5)
Rwork

c/Rfree
d 18.0%/19.6% 18.7%/21.0%

RMS bond length deviation
from ideal geometry

0.005 0.005

RMS bond angle deviation
from ideal geometry

1.3 1.3

Ramachandran statistics 97% in favored regions
100% in allowed regions

97% in favored regions
100% in allowed regions

no. of protein atoms 1429 1452
no. of water molecules 216 145
no. of sulfate molecules 1 1
no. of chloride ions 2 2
no. of protein residues with
alternate conformations

5 5

a The numbers in parenthesis describe the relevant value for the highest resolution shell.b Rsym ) Σ|I i - 〈I〉|/ΣI, whereI i is the intensity of the
ith term observed, and〈I〉 is the mean intensity of the reflections.c Rwork ) Σ||Fobs| - |Fcalc||/Σ|Fobs|, which was calculated using 90% of the
reflections against which the model was refined.d Rfree ) Σ||Fobs| - |Fcalc||/Σ|Fobs|, which was calculated using the test set consisting of 10% of the
total reflections, randomly selected from the original data set.

[Pi] ) [S](1 - e-kobst) + ât (7)
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type Cdc25B and the crystal structure confirms that no
significant changes in structure occurred as a result of this
mutation. The overall rmsd of wild-type Cdc25B versus
R492L for all backbone atoms is 0.26 Å. As expected from
the wild-type level of activity with small molecule substrates
for R492L, the active site loops are also superimposable,
with an rmsd for the CR and all atoms of residues 473-479
of 0.12 and 0.23 Å, respectively. In the crystal structure, a
sulfate ion that mimics the phosphate from a bound substrate
is seen in the active site, as also observed for the wild-type
protein and the C473S mutant. In the wild-type protein,
Arg492 is found coordinated to a sulfate ion by two hydrogen
bonds, possibly mimicking the interaction with Asp206 of
the protein substrate Cdk2-pTpY/CycA. The R492L mutant
does not contain this sulfate. The conformation adopted by
Leu492 is close to the most preferred rotamer with the angles
ø1 and ø2 of Leu492 rotated by 10° and 30°, respectively,
because of close packing with the nearby Arg488 (Figure
4). The Câ, Cγ, and Cδ2 atoms of the substituted Leu492
are in the same positions as the Câ, Cγ, and Cδ2 atoms of
wild-type Arg492. The interaction between Arg488 and
Leu492 prevents Arg488 from adopting a conformation
wherein its guanidino group could substitute for the loss of
the guanidino group of Arg492. The effects of this mutation
are, therefore, not global but solely encompass the loss of
the guanidino group of Arg492.

We next measured the association of R492L with the
protein substrate using single-turnover kinetics under low
concentrations of both enzyme and substrate yet keeping [E]
. [S], where the association of enzyme and substrate is rate
limiting (kon [E] , k2). Our initial expectation was that the
hotspot mutants would possess an essentially equivalent rate
of association for the E‚S complex yet dissociate more
rapidly. We were, therefore, surprised to find that R492L
displayed a 200-fold slower rate constant for association
(6400 ( 500 M-1 s-1) compared to that of wild-type
Cdc25B, comparable to its steady-statekcat/Km (4200 M-1

s-1) (Figure 5A, Table 1). As for the wild type, the rate of
dissociation appeared too close to zero to be determined in
this experiment. At high concentrations of R492L (>3 µM),
the observed rate of product formation could also be
described by a single exponential (eq 1) and was independent
of enzyme concentration to yield ak2 of 0.016( 0.004 s-1,
nearly 100-fold slower than that for wild-type Cdc25B
(Figure 5B, Table 1). To ensure that the slowed rate of
phosphate transfer did not reflect a change in substrate
selection (pThr14 vs pTyr15), we performed phospho-amino

acid analysis on the dephosphorylated product to demonstrate
the loss of pThr and the retention of pTyr (data not shown),
as seen previously for the wild type (14). The calculatedKm

of 1.3µM (eq 5) obtained from these significantly perturbed
values fork2 and kon is in reasonable agreement with the
experimentally determinedKm under steady-state conditions
(∼3 µM, data not shown). From these data, we expected
R492L, like wild-type Cdc25B (Figure 5B), to exhibit a
distinct lag in product formation at intermediate concentra-
tions of the substrate. Indeed, we observed such a lag, and
the rate constants derived from fitting eq 3 to these data (kon

) 1.6 × 104 M-1 s-1, k2 ) 0.016 s-1) are consistent with
our previous measurements under limiting conditions (Figure
5B).

Similar single-turnover experiments under limiting low
concentrations of enzyme with the more and less deleterious
R492K and R492A mutants, respectively, again showed
reasonable correlations betweenkon and kcat/Km (Table 1).
At higher concentrations of enzyme, lag phases could be
detected yielding estimatedk2 values of 0.04 and 1.2 s-1 for
R492K and R492A, respectively. Thus, different substitutions
for Arg492 yield different rate constants for association and
subsequent chemistry. In particular, despite being the most
dramatic perturbation in terms of residue type, the R492A

FIGURE 4: Hotspot region from the crystal structure of R492L (in
gray) overlaid with wild-type Cdc25B (in green).

FIGURE 5: Single-turnover kinetics of R492L. (A) Cdk2-pTpY/
CycA (40 nM) was mixed with varying concentrations of R492L
(0.2 µM, 9; 0.3 µM, 2; 0.7 µM, b; 0.9 µM, 0) under manual
quench conditions, and product formation was monitored. Equation
1 was fitted to each progress curve to yield observed rates that
were further analyzed as shown in the inset to yield a rate constant
for association of 6400( 500 M-1 s-1. (B) Cdk2-pTpY/CycA (70
nM) was mixed with moderate (1.5µM, 2) and high (15µM, b)
concentrations of R492L under manual quench conditions. The data
for 1.5 µM enzyme were fitted with two first-order exponential
equations (eq 3) withkon ) 1.6 × 104 M-1 s-1 andk2 ) 0.16 s-1.
The data for 15µM enzyme were fitted with one first-order
exponential (eq 1) withk2 ) 0.12 s-1. Data shown are representative
of at least four independent experiments.
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mutant did not show a change ink2 compared to that of wild-
type Cdc25B (Table 1).

We were interested in obtaining independent confirmation
for the dramatic reduction in rate constants for association
seen for our hotspot mutants in comparison to that of wild-
type Cdc25B. It is possible that we observe slower associa-
tion for the hotspot mutants only because we use catalysis
as a read-out of binding and thereby cannot detect nonpro-
ductive complex formation. Although a direct comparison
with E‚S formation is not possible using Biacore because of
the subsequent catalytic event, we use this technique to probe
the association between the enzyme and the dephosphorylated
protein product Cdk2/CycA. (Note that this binding event
does not reflect the dissociation of E‚P because true product
departure occurs from the phospho-enzyme intermediate, not
the unmodified enzyme.) Limitations of this approach include
the potential differences between surface chemistry (Biacore)
versus solution chemistry (enzyme assays) and a smaller
range of useable enzyme concentrations (Materials and
Methods). We observed association between wild-type
Cdc25B and its protein product Cdk2/CycA that could be
fitted with a single exponential (Figure 6, eq 1). By varying
the concentration of Cdc25B, we derived a second-order rate
constant for this rate of association of (5.6( 0.7) × 105

M-1 s-1, in reasonable agreement with the observed rate of
association between the enzyme and substrate (Figure 6,
inset). Under identical conditions, the R492L mutant associ-
ates at least 200-fold more slowly (Figure 6), consistent with
our single-turnover experiments (Table 1).

Single-TurnoVer Kinetics: Mutations of Arg488. Like
R492L, R488L associates with the protein substrate with a
significantly reduced second-order rate constant (7100 M-1

s-1) compared to that of wild-type Cdc25B (Figure 7A, Table
1). As for wild-type Cdc25B and R492L, the dissociation
of the E‚S complex did not occur rapidly because the
intercept in the replot was not distinguishable from zero
(Figure 7A, insert). Attempts to determine the rate of
chemistry for R488L by saturating the E‚S complex at higher

concentrations of enzyme were not feasible. We observed a
linear dependence ofkobs on increasing enzyme concentra-
tions up to 25µM (Figure 7A, insert), suggesting that the
rate of chemistry is not as perturbed for the R488L mutant
as that observed for the R492L mutant (Table 1). As expected
from steady-state measurements (35), R488A behaved in a
manner similar to that of R488L in the single-turnover
experiments (Table 1).

Single-TurnoVer Kinetics: Mutations of Tyr497.Like
R488L and R492L, Y497A showed a significantly slower
rate constant for association (6500 M-1 s-1) compared to
that of the wild type, as also reflected in the steady-state
kcat/Km value (Figure 7B, Table 1). Also, as for R488L, no
dramatic increase inkoff compared to that of the wild type
was detected from the linear plots ofkobs versus enzyme

FIGURE 6: Biacore binding experiment. The binding of Cdc25B to
the protein product was monitored by Biacore. For wild-type
Cdc25B, binding at concentrations of 230 nM ()), 460 nM (2),
925 nM (0), and 1900 nM (b) are shown along with curves fitted
to eq 1. The inset shows the concentration dependence ofkobs on
Cdc25 and was used to derive a rate constant for association of
(5.6 ( 0.7) × 105 M-1 s-1. For R492L, binding at 1900 nM is
shown as a dashed line near the bottom of the graph.

FIGURE 7: Single-turnover kinetics of other hotspot mutants. Cdk2-
pTpY/CycA (60-100 nM) was mixed with varying concentrations
of (A) R488L (5µM (9), 11µM (2), 16µM (b), and 21µM (0))
or (B) Y497A (1.3µM (9), 2.7 µM (2), 4 µM (b), and 6.7µM
(0). (C) The D206A mutant of the protein substrate was mixed
with wild-type Cdc25B at 4.6µM (9), 9.2 µM (2), 13 µM (b),
and 18µM (0). Equation 1 was fitted to each progress curve to
yield observed rates that were further analyzed as shown in the
insets to derive the rate constants for association listed in Table 1.
Data shown are representative of at least four independent experi-
ments.
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concentrations. Unlike R488L, sufficiently high concentra-
tions of Y497A (>100µM) under single-turnover conditions
showed saturation inkobs, and the derived rate constant for
chemistry (k2 ) 0.14 s-1) is almost 10-fold slower than that
for wild-type Cdc25B (Table 1). As expected from steady-
state measurements (35), Y497T showed the same rate
constant for association as Y497A (Table 1). Interestingly,
Y497F, which is more similar to the wild type inkcat/Km,
was also more similar ink2, as determined under saturating
concentrations of the enzyme (Table 1).

Single-TurnoVer Kinetics: Mutation of Asp206. We have
previously shown that Asp206 of Cdk2 is the corresponding
hotspot residue of the protein substrate that interacts with
Arg488 and more significantly with Arg492 (16, 35). The
measuredkcat/Km of wild-type Cdc25B using the D206A
mutant was∼600-fold slower compared to that of the wild-
type substrate, and double mutant cycle analysis revealed
interaction energies between Asp206 of Cdk2 and Arg488
and Arg492 of Cdc25B of 2.8 and 3.9 kcal/mol, respectively.
Moreover, we were able to restore significant activity by
swapping the hotspot residues between the enzyme and
substrate (i.e., R492D of Cdc25B with D206R of Cdk2). To
further investigate the role of Asp206, we performed single-
turnover experiments with the D206A mutant of the substrate
using wild-type Cdc25B. Given the well-established interac-
tion between Asp206 and the two arginines of the enzyme,
we were not surprised to find the rate constant for association
of D206A with wild-type Cdc25B to be significantly slowed
(∼1000-fold) compared to the wild-type protein substrate,
again in good agreement with the steady statekcat/Km (Figure
7C, Table 1). Under sufficiently high concentrations of
enzyme (>50 µM), the observed rate under single-turnover
conditions revealed ak2 for D206A that was about 10-fold
slower than that for the wild-type substrate (Figure 7C, Table
1). The measured kinetic parameters for D206A resemble
those seen for the hotspot mutants of Cdc25B, consistent
with the proposal that Asp206 of the protein substrate is
involved in the same step(s) of the reaction as the hotspot
residues of the enzyme.

Interactions at the ActiVe Site Affect koff. The absence of
an observed burst of formation of inorganic phosphate with
protein substrate suggests rapid hydrolysis of the phospho-
enzyme intermediate. Given the tight packing and exclusion
of water in the active site region that we observe in the
docked model of C473S bound to Cdk2-pTpY/CycA (16),

we would expect dissociation of the protein product prior to
phospho-enzyme hydrolysis, as shown in Scheme 1. To
further probe these kinetic events, we turned first to the
C473D mutant. In contrast to the so-called substrate-trapping
mutant C473S, the C473D mutant has∼150-fold lower
affinity toward the protein substrate (13 nM vs 2µM) (Figure
3).

We began by determining the crystal structure of the
C473D mutant to 1.6 Å resolution, with anR/Rfree of 18.0/
19.6 (Table 2). No significant changes in overall structure
occurred as a result of this mutation with an overall rmsd of
wild-type Cdc25B versus C473D for all backbone atoms of
0.29 Å. Significant differences are seen only in the active
site loop with an rmsd for all atoms of residues 473-479 of
1.03 Å. The active site loop, instead of adopting the unusual
geometry that is ideally suited for binding phosphate from
the substrate, is partially closed over the active site (Figure
8). In fact, in contrast to the wild type and C473S, both of
which have a tightly bound sulfate in the active site (22),
the C473D mutant does not have an active site ligand. This
change in conformation of the active site loop is due to both
steric repulsion and the formation of alternative hydrogen
bonds between backbone amides and oxygen atoms of the
Asp473 side chain. Specifically, the Oδ1 atom of Asp473
would interfere with the main chain amide group of Ser476,
if it were in the wild-type conformation. The resulting
rearrangement of residues 475-478 allows for a new
hydrogen bond between the amide group of Ser477 and the
Oδ1 atom of Asp473 (2.9 Å). Also, Ser477, which in the
wild-type structure uses its inward facing amide to form a
hydrogen bond with an oxygen atom of the bound sulfate,
in C473D adopts a conformation that would sterically
interfere with a bound sulfate. The distortion of the active
site loop in C473D extends to a comparison with the apo
structure (22). In the apo structure, the active site loop is
seen preformed to bind phosphate, with three water molecules
that make hydrogen bonds similar to three of the oxygen
molecules of the sulfate. Although two of these water
molecules are still present in the C473D mutant, the one that
hydrogen bonds to Ser477 is missing. Thus, it is clear that
the weaker affinity of the C473D mutant arises from the
distortion in the active site loop, where binding of phosphate
is not possible.

Kinetically, this 150-fold weaker binding of C473D
compared to C473S can arise from a fasterkoff, a slowerkon,

FIGURE 8: Crystal structure of C473D. (A) The active site of the C473D mutant is shown with electron density contoured at one sigma.
The hydrogen bond between Asp473Oδ1 and the amide of Ser477 is indicated by a dotted line. (B) Overlay of C473D (carbon atoms in
green), wild-type Cdc25B (carbon atoms in purple), and C473S (carbon atoms in yellow). The hydrogen bonds from the amide backbone
of Ser477 to the sulfate or Asp473 are indicated by dotted lines.
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or both simultaneously. To test which of these might be the
dominating difference, we first attempted to measure the rate
of dissociation of C473D from the Cdk2-pTpY/CycA
substrate using the protocol we had developed for the C473S
mutant. After presumably forming a complex with Cdk2-
pTpY/CycA in the presence of 30µM C473D (15× Ki),
excess wild-type Cdc25B was added to capture any substrate
released from the complex. We found complete conversion
to product in the shortest time point possible (∼4 s) (data
not shown). Thus, in stark contrast to the slow dissociation
of C473S with a half-life of∼70 s (Figure 5), the rate
constant for the dissociation for C473D under the same
reaction conditions was too fast to be measured, with a half-
life <2 s. Thus, thekoff for C473D is at least 35-fold greater
than that for C473S, accounting for the majority of the
difference in binding affinity. We conclude that the weaker
binding for C473D is due to a loss of productive interactions
in the active site region and is mediated by a fasterkoff,
consistent with the fast dissociation of the protein product
from the phospho-cysteine intermediate.

To further test the role of interactions at the active site,
we next investigated the affinity of the completely dephos-
phorylated protein product. A comparison of the crystal
structure of Cdk2-pTpY/CycA (Russo, Rudolph, and Pav-
letich, unpublished data) with Cdk2/CycA reveals no sig-
nificant changes, although the exact orientations of the
phosphates of pThr14 and pTyr15 could not be resolved.
Using Cdk2/CycA as an inhibitor of the Cdc25B reaction,
we determined an IC50 of 12 ( 3 µM (Figure 3) using the
folowing equation.

Thus, the affinity for Cdk2/CycA is 3 orders of magnitude
weaker than theKd we have estimated for Cdk2-pTpY/CycA
using the C473S mutant (∼15 nM). These results again
suggest that the absence of favorable interactions between
the active site of Cdc25B and its protein product is largely
responsible for this decrease in binding affinity. We were
unable to measure the rate constant for dissociation of the
unphosphorylated product from Cdc25B because it was not
possible to obtain sufficiently high concentrations of the
protein product to ensure the preformation of a complex.

DISCUSSION

Hotspots and the Rate of Protein Association. Productive
diffusion-controlled protein-protein association by Brownian
motion has been theoretically (36) and experimentally (37)
shown to occur at 106-109 M-1 s-1. The measured rate
constant for association of wild-type Cdc25B with its protein
substrate is in the expected range for proteins of this size.
One might, therefore, expect mutations of hotspot residues
to increase the apparent rate of dissociation, not decrease
the apparent rate of association, because site-directed mu-
tagenesis does not change the rate of free diffusion. In fact,
there exists much precedence for hotspot mutations that
produce faster dissociation rates (4, 38-42). Thus, we were
surprised to find that the hotspot mutations in both Cdc25B
and its protein substrate exerted such a large effect on the

rate of association. The unexpectedly large changes in the
rate constants of association we observe, although rare, are
not completely without precedence. For example, a∼250-
fold decrease in the association upon mutation of a single
hotspot residue (K15A) in the interaction between trypsin
and bovine pancreatic trypsin inhibitor has been observed
(43). A >100-fold decrease in the association upon mutating
hydrophobic residues (L17D and I31A) in the interaction
between the Fc portion of human immunoglobulin G1 and
a domain analogue of staphylococcal protein A has also been
observed (26). Additionally, multiple simultaneous mutations
in the TEM1 and BLIP protein complex have also led to
dramatic changes (>100-fold) in the apparent rates of
association (6).

The interaction between the Cdc25B and Cdk2-pTpY/
CycA proteins is for purposes of forming a transient E‚S
complex, in contrast to the tighter protein-protein interac-
tions previously characterized to such an extent. It may
indeed be more advantageous for an E‚S system to possess
a remote binding site facilitating association rather than
preventing dissociation. Increasing the stability through slow
dissociation of E‚S at a remote binding site that remains
unchanged during catalysis would be counterproductive
because this would also yield a tight-binding product
complex. Similar considerations have been applied to the
interpretation of hotspot mutants of Ras with its effectors
wherein readily reversible complex formation is also im-
portant for biological function (44).

A possible physical mechanism that can account for the
drastically reduced rate constants for association that we
observe for the hotspot mutants is electrostatic enhancement.
As pioneered by Schreiber and Fersht, the contribution of
somewhat nonspecific Coulombic interactions can be several
orders of magnitude (45, 46). The basic concept is that long-
range steering forces generated by patches of oppositely
charged residues on the surface of each protein assist the
association process by imposing directionality to the random
collision process (47). Given that some of our hotspot
residues are charged (Arg488, Arg492, and Asp206), one
can easily imagine that they play a pivotal role in creating
complementary electrostatic fields, thereby driving enzyme-
substrate association via such electrostatic steering forces.
This scenario is compatible with one-step association (Scheme
1) with which we have interpreted all our data. Unfortunately,
we have been unable to test the role of electrostatic
contributions directly because of the sensitivity of Cdc25B,
like many other cysteine phosphatases (48), to inhibition by
high ionic strength, even when using small molecule
substrates (data not shown). Alternatively, a two-step model
could account for the apparently slowed rate constants for
association, but at present, there is no evidence to support
such a model.

Remote docking sites such as the one we have character-
ized here for Cdc25B have been implicated in promoting
specificity and/or catalysis for numerous protein kinases and
phosphatases. Most well-known is the common docking (CD)
site used by the MAP kinases for the binding of protein
substrates, a site that is also used by the MAP kinase
phosphatases when MAP kinases serve as substrates (49).
As for Cdc25B, Arg and Asp residues are also the most
critical residues in the CD site, although detailed kinetic
studies have not yet elucidated the individual contributions

% Activity ) 100

(1 +
[Cdk2/CycA]

IC50
) (8)
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by residues in protein binding and subsequent catalysis. Our
present studies provide a foundation and point of comparison
for future investigations for the basis for transient protein-
protein interactions such as these.

Hotspot Mutants and the Rate of Chemistry.Although the
role of the remote hotspot residues in the formation of the
E‚S complex is intuitive, for a number of reasons, we were
surprised to find significantly decreased rates of chemistry
(k2) for the mutants of Tyr497, Arg492, and Asp206, in
particular the∼100-fold decrease for R492L (Table 1). First,
the activities of hotspot mutants with small molecule
substrates that probe both the formation and subsequent
hydrolysis of the phospho-enzyme intermediate were un-
changed (15, 16). Second, the structure of R492L shows only
minor perturbations in the region of the mutation and no
changes in the active site region (Figure 4). Third, the R492K
and R492A mutants showed smaller or no changes ink2,
respectively. Our current interpretation of these kinetic results
is best visualized using a reaction coordinate diagram (Figure
9). For mutants with unchanged rates of chemistry (e.g.,
R488L), the E‚S complex and the subsequent transition to
product exist at equally raised energy levels compared to
the raised transition state for E‚S formation. For such
mutants, the barriers between E‚S and the transition states
in either direction, as reflected inkoff and k2, remain
unchanged. In contrast, a slowerk2 for R492L can be
explained by an unusual stabilization of the E‚S complex.
This model predicts a slowed rate constant for dissociation
for the R492L mutant compared to that of the wild-type
enzyme. Although untested, this hypothesis is consistent with
the correlation betweenkon andkcat/ Km, which requires that
koff for R492L is significantly slower than the greatly reduced
k2 for R492L and thereby must be significantly slower than
the estimatedkoff for the wild-type enzyme. The molecular
interactions between R492L and Cdk2-pTpY/CycA that
facilitate such a stabilized E‚S complex are unknown. Also
it is unclear why and how such a nonproductive complex
forms with R492L but not with R492A. We note that
misalignment of just fractions of 1 Å at theactive site can
lead to greatly slowed reaction rates for nucleophilic attacks,

thus making a full analysis even with high-resolution crystal
structures difficult.

Catalytic Cycle with Protein Substrate.The kinetic mech-
anism for Cdc25B activity with the protein substrate was
developed on the basis of the general scheme developed for
PTPs reacting with small molecule substrates (Scheme 1)
(50). Given the large discrepancy in activity between small
molecule substrates and the protein substrate, it is theoreti-
cally possible that Cdc25B uses a completely different
catalytic strategy with the protein substrate. Additionally,
unlike activity with small molecule substrates, the interaction
between Cdc25B and its protein substrate consists of at least
two distal points of contact, namely, the active site and the
remote docking site (15, 16). However, we have found that
Cdc25B incorporates essentially the same overall catalytic
mechanism for both small molecules and native protein
substrates. Protein substrate recognition is rapid and is
governed in large part by interactions at the remote docking
site. Following the formation of the phospho-enzyme inter-
mediate, the protein product must dissociate to allow access
to water for the hydrolysis of this intermediate. The existence
of the remote docking site suggests a significant affinity
between the protein product and Cdc25B, regardless of the
phosphorylation status at the active site and potentially
challenges the hypothesis of prompt product dissociation.
However, we believe our comparative binding and kinetic
studies with the wild-type enzyme and its active site mutants
demonstrate that Cdc25B is exquisitely sensitive to the
phosphorylation status of the protein substrate. Thus, fol-
lowing the formation of the phospho-enzyme intermediate,
the loss of binding at the active site promotes the dissociation
of the protein product, re-opening the active site for an
incoming water molecule and the subsequent hydrolysis of
the phospho-enzyme intermediate.
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