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ABSTRACT: Cdc25B phosphatase, an important regulator of the cell cycle, forms an intramolecular disulfide
bond in response to oxidation leading to reversible inactivation of phosphatase activity. We have obtained
a crystallographic time course revealing the structural rearrangements that occur in the P-loop as the
enzyme goes from its apo state, through the sulfenic (Cys-SO-) intermediate, to the stable disulfide. We
have also obtained the structures of the irreversibly oxidized sulfinic (Cys-SO2

-) and sulfonic (Cys-
SO3

-) Cdc25B. The active site P-loop is found in three conformations. In the apoenzyme, the P-loop is
in the active conformation. In the sulfenic intermediate, the P-loop partially obstructs the active site cysteine,
poised to undergo the conformational changes that accompany disulfide bond formation. In the disulfide
form, the P-loop is closed over the active site cysteine, resulting in an enzyme that is unable to bind
substrate. The structural changes that occur in the sulfenic intermediate of Cdc25B are distinctly different
from those seen in protein tyrosine phosphatase 1B where a five-membered sulfenyl amide ring is generated
as the stable end product. This work elucidates the mechanism by which chemistry and structure are
coupled in the regulation of Cdc25B by reactive oxygen species.

The Cdc25 phosphatases (Cdc25A, Cdc25B, and Cdc25C
in humans) function as essential regulators of cell cycle
control during normal eukaryotic cell division and as
mediators of the checkpoint response in cells with DNA
damage (1). These dual-specificity phosphatases (DSPs)1

belong to a subclass of the protein tyrosine phosphatases
(PTPs) and dephosphorylate phospho-Thr14 and phospho-
Tyr15 on the Cdk-cyclin complexes (e.g., Cdk2-pTpY-
CycA). Dephosphorylation of the Cdk-cyclin complexes
leads to activation of these regulatory kinases, phosphor-
ylation of their numerous cellular targets, and cell cycle
progression (2). The important role of the Cdc25A and
Cdc25B homologues in cell cycle regulation is emphasized
in the many studies that show their enhanced expression in
a wide variety of cancers (3). Regulation of the Cdc25
phosphatases is therefore of critical importance in controlling
cell proliferation. The activity of the Cdc25 phosphatases is
controlled by factors such as intracellular localization,
phosphorylation by Cdk-cyclin complexes, degradation, and
oxidation by reactive oxygen species (ROS).

It has become increasingly apparent that ROS play a
critical role in controlling the activity of a number of PTPs
(4, 5), including the Cdc25s (6, 7), and in vivo experiments
have shown that they are essential in regulating mitogenic
processes (5, 8-10). The regulation of the PTPs by ROS is
mediated by the one shared feature of this class of enzymes,
the P-loop containing the active site sequence CX5R (Figure
1) (11, 12). The catalytic cysteine in the P-loop in these
enzymes sits in a unique dipole environment created by an
R-helix (H4 in Figure 1A), the amides of the five X residues,
and the conserved arginine (13). This conformation generates
an unusually low pKa (5.6-6.3) for the active site cysteine
(Cys473 in Cdc25B) (14, 15), making it an optimal nucleo-
phile in the catalytic reaction and also leaving it highly
susceptible to oxidation by ROS. Given the instability of
the first oxidation of cysteine to sulfenic acid, direct oxidation
as a form of reversible regulation is mechanistically feasible
only if further oxidation to the sulfinic or sulfonic acids is
prevented (4). This is accomplished in the phosphatase
PTP1B by formation of an unusual sulfenyl-amide bond
between the side chain sulfur atom of the active site Cys215
and the backbone amide of the adjacent Ser216 (16, 17). In
other families of phosphatases, such as the Cdc25s, there is
a nearby cysteine (Cys426 in Cdc25B), the so-called back
door cysteine, that forms a disulfide bond with the active
site cysteine under mildly oxidative conditions (7, 18, 19).
We have recently demonstrated the transient formation of a
sulfenic acid followed by stable formation of a reversible
intramolecular disulfide for Cdc25B using kinetic measure-
ments and mass spectrometry (6). Herein, we show the
structural changes that occur in the P-loop during this
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process. We have performed a crystallographic time course
capturing four different oxidation states of Cys473, providing
the first view of how the conformational flexibility of the
P-loop leads to the reversible deactivation of a phosphatase
as the result of the disulfide bond with the back door cysteine.

EXPERIMENTAL PROCEDURES

Expression, Purification, and Crystallization of the Cata-
lytic Domain of Cdc25B.The catalytic domain of Cdc25B
(residues 377-566, herein termed Cdc25B) was expressed
and purified as previously described (15). The protein was
crystallized by modification of a published procedure (20).
Purified Cdc25B was concentrated to 8.5 mg/mL in 50 mM
Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM EDTA, and 1 mM

DTT. Crystals were grown using the vapor diffusion method
in the presence of a reservoir solution containing 100 mM
Tris (pH 7.25), 1.75 M ammonium sulfate, and 1 mM DTT.
The initial crystallization drops contained 2µL of protein
solution and 2µL of reservoir solution. Crystals grew in∼2
weeks. Cdc25B crystallizes with the symmetry of ortho-
rhombic space groupP212121 and with one molecule in the
asymmetric unit. The unit cell parameters for each of the
five new crystal structures are shown in Table 1.

Data Collection and Model Refinement.Hydrogen per-
oxide was used as the ROS in our experiments. Before the
crystals were soaked in H2O2, the crystallization mother
liquor was replaced with a buffer solution containing 100
mM Tris-HCl (pH 7.25), 100 mM NaCl, 1 mM DTT, 25%

FIGURE 1: Active site P-loop containing residues 472-479 of apo-Cdc25B. (A) Ribbon diagram of the catalytic domain of Cdc25B with
the P-loop shown in the ball-and-stick representation. The following color code is used: green for carbon, red for oxygen, blue for nitrogen,
and orange for sulfur. (B) Close-up of the P-loop showing the amide ring around the active site Cys473 and the three active site water
molecules (represented by red spheres and labeled W1-W3 as described in the text). The electron density for the water molecules is taken
from a 2Fo - Fc electron density map contoured at the 1.8σ level. The sulfate-bound structure of the P-loop (PDB entry 1QB0) is shown
in gray superimposed on the apo structure. Hydrogen bonds are shown as red dashed lines. All least-squares superpositions of structures
shown in this and other figures were calculated using LSQMAN (37). All figures in this article, with the exception of Figure 4, were
generated using the PyMOL Molecular Graphics System (DeLano Scientific, San Carlos, CA).

Table 1: Data Collection and Refinement Statistics

0 mina 20 mina 20 mina 30 mina 80 mina

C473 state reduced disulfide Cys-SO1 sulfenic Cys-SO2 sulfinic Cys-SO3 sulfonic
space group P212121 P212121 P212121 P212121 P212121

unit cell a ) 50.23 Å a ) 50.20 Å a ) 49.86 Å a ) 49.27 Å a ) 49.70 Å
b ) 70.99 Å b ) 71.16 Å b ) 71.08 Å b ) 70.63 Å b ) 71.15 Å
c ) 73.90 Å c ) 73.69 Å c ) 74.30 Å c ) 73.76 Å c ) 74.43 Å
R ) â ) γ ) 90° R ) â ) γ ) 90° R ) â ) γ ) 90° R ) â ) γ ) 90° R ) â ) γ ) 90°

temperature of data collection (K) 100 100 100 100 100
resolution (Å) 1.7 2.0 1.7 2.0 1.7
no. of reflections 29364 17645 29267 16387 28852
redundancyb 7.0 (4.5) 6.7 (6.3) 6.9 (4.4) 3.1 (2.8) 7.2 (6.2)
Rsym (%)b,c 6.7 (17.7) 9.0 (46.9) 7.6 (21.8) 8.0 (40.2) 6.2 (38.0)
completeness (%) 98.6 95.8 98.4 91.1 97.1
averageI/σb 28.3 (7.5) 21.6 (4.5) 23.6 (6.5) 13.5 (2.1) 31.2 (3.8)
Rwork

d/Rfree
e (%) 17.6/19.4 20.8/24.5 18.7/20.7 20.7/23.1 18.6/21.0

rmsd from ideal geometry for bond lengths (Å) 0.009 0.005 0.012 0.013 0.012
rmsd from ideal geometry for bond angles (deg) 1.5 1.3 1.5 1.5 1.5
Ramachandran statistics

% in favored regions 97 96 96 97 97
% in allowed regions 100 100 100 100 100

no. of protein atoms 1427 1427 1428 1429 1430
no. of water molecules 186 110 171 137 198

a Time soaked in 50µM H2O2. b The numbers in parentheses describe the relevant value for the highest-resolution shell.c Rsym ) ∑|Ii - 〈I〉|/∑I,
where Ii is the intensity of theith term observed and〈I〉 is the mean intensity of the reflections.d Rwork ) ∑||Fobs| - |Fcalc||/∑|Fobs|, where the
crystallographicR-factor was calculated using 90% of the reflections against which the model was refined.e Rfree ) ∑||Fobs| - |Fcalc||/∑|Fobs|,
which was calculated using the test set consisting of 10% of the total reflections, randomly selected from the original data set.
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polyethylene glycol 3350, and 10% glycerol, by extensive
buffer exchange. This step was critical for removal of sulfate
from the active site of Cdc25B and for providing suitable
cryoprotection for data collection at 100 K.

The soaks in the presence of H2O2 were carried out by
exchanging the buffer used to obtain the apo form with one
which differed only in the addition of 50µM hydrogen
peroxide and exclusion of DTT. Crystals were flash-frozen
in liquid nitrogen after soaking in the H2O2 solution for 20,
30, 70, and 80 min as well as for 6 h, and stored for
synchrotron data collection. The crystals soaked in the
presence of H2O2 for 70 min and 6 h did not diffract well.
Data sets were collected at 100 K at the SER-CAT
synchrotron beamline (Advance Photon Source, Argonne
National Laboratory, Argonne, IL) for crystals flash-frozen
after 20, 30, and 80 min soaks in the solution containing
H2O2. Initial 2Fo - Fc andFo - Fc electron density maps
calculated using the published sulfate-bound structure of
Cdc25B (20) (PDB entry 1QB0) as a starting model (with
sulfate and water molecules removed) established that these
data sets corresponded to the sulfenic, sulfinic, and sulfonic
forms of the protein, respectively.

Having determined that the sulfenic form is present after
soaking in the presence of H2O2 for 20 min, and that within
the next 10 min interval there is irreversible progression to
the sulfinic form, we were successful in obtaining the
disulfide state by removing the crystals from hydrogen
peroxide after a 20 min soak. This was done by buffer
exchange back to the conditions used to obtain the apopro-
tein, but without the DTT. The crystals were flash-frozen
after soaking in this H2O2-free buffer for 5, 30, 60, 90, and
120 min. X-ray diffraction data were collected for each of
these time points at the SER-CAT synchrotron beamline at
100 K. The intramolecular disulfide bond could be seen most
clearly using a data set collected after the 90 min back soak.
The starting model for refinement against this data set was
again the protein model in the sulfate-bound structure (PDB
entry 1QB0). The wavelength of the synchrotron X-rays used
for data collection was 1 Å in all cases. Data collection and
refinement statistics are shown in Table 1.

The program Crystallography and NMR System (CNS)
(21) was used for all reciprocal space refinement, with a
randomly selected 10% of the unique reflections reserved
for the calculation ofRfree (22). O (23) was used for manual
rebuilding of the models with visualization ofFo - Fc and
2Fo - Fc electron density maps. A similar protocol was used
to refine each of the five models. The initial round of
refinement consisted of simulated annealing followed by
energy minimization andB-factor refinement with CNS. The
P-loop was excluded from this initial round of refinement.
The protein model was then checked using O and manually
adjusted. Subsequent cycles using CNS involved only
positional andB-factor refinement. The P-loop and water
molecules for each model were built usingFo - Fc electron
density maps contoured at the 3σ level. CNS topology and
parameter files for the oxidized Cys residues were generated
with HICCUP (24), and initial structures for Cys-SO-, Cys-
SO2

-, and Cys-SO3- were taken from the respective struc-
tures of PTP1B (17) and moved into the appropriate electron
density in the corresponding Cdc25B structures. The struc-
tures were checked using MolProbity (25).

Substrate Binding Experiments.Cdc25B (1µM each of
untreated wild type, H2O2-treated wild type, or C473S
mutant) was incubated with 1µM His6-Cdk2-pTpY/CycA,
and nickel-bead depletion experiments were performed as
previously described (26). Oxidation of Cdc25B was opti-
mized for generation of the disulfide species (6). To show
that Cdc25B oxidized to the disulfide does not protect against
Cdc25B (WT) dephosphorylation of protein substrate, Cdc25B
(untreated WT, H2O2-treated WT, or C473S mutant) was
incubated with stoichiometric amounts of Cdk2-pTpY/CycA
prepared with [γ-32P]ATP as previously described (27).
Excess (5-fold) Cdc25B (WT) was used to dephosphorylate
the unbound protein substrate within 20 s.

RESULTS

Crystals of the catalytic domain of Cdc25B have the
symmetry of space groupP212121. They are grown in the
presence of high concentrations of ammonium sulfate, and
the previously published structure of Cdc25B (PDB entry
1QB0) has a sulfate ion bound in the active site (20). The
published coordinates were used to phase the five structures
presented here: the apo form and four oxidized states. The
overall protein structure remained unchanged in all cases,
as indicated by a pairwise CR root-mean-square deviation
in the range of 0.10-0.27 Å for the structures with the P-loop
residues excluded (473-478). Significant conformational
changes were observed only for the P-loop, which is
anchored by His472 making H-bonds to the carbonyl of
Cys473 and to a nearby water molecule, and by Arg479
through a salt bridge to Glu431.

To capture the oxidized forms of the phosphatase, we first
obtained the apo form of the protein by removing the sulfate
ion. This was accomplished by transferring the crystals to a
buffer containing a mixture of polyethylene glycol and
glycerol. The crystal structures of Cdc25B in four oxidation
states were obtained by incubating the sulfate-free crystals
with 50 µM H2O2 for various time intervals. The sulfenic
(Cys-SO-) form was captured by flash-freezing crystals in
liquid nitrogen after a 20 min soak in the presence of
hydrogen peroxide. Interestingly, accumulation of the sulfen-
ic acid appears to be more favored in the crystals than in
solution as this oxidation state is not observed at a significant
level using ESI-MS or MALDI-MS detection of intact
protein or peptidic fragments (6). Even though the disulfide
form, with a cross-link between Cys473 and the back door
Cys426, is the predominant form under mildly oxidizing
conditions in solution, we were unable to capture the disulfide
in the crystals without removing H2O2. Thus, the disulfide
bond was trapped by treating the crystals with 50µM H2O2

for 20 min (to generate the sulfenic form) followed by
incubation for 90 min in fresh buffer without H2O2 prior to
flash-freezing. To obtain the irreversibly oxidized sulfinic
(Cys-SO2

-) and sulfonic (Cys-SO3-) forms of Cdc25B, the
crystals were incubated for 30 and 80 min, respectively, in
a buffer containing 50µM H2O2 prior to being flash-frozen
for data collection. Although the rates by which the various
oxidized forms are achieved seem to differ in the crystal
from those obtained in solution (6), our crystallographic
studies are in accord with the solution results in that the
sulfenic form is transient in nature and leads either to the
intramolecular disulfide bond or to higher oxidation states
upon exposure to hydrogen peroxide.
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Apo Form of Cdc25B.Our crystal structure of the
apoenzyme shows no bound sulfate and instead presents three
water molecules in the active site (Figure 1B). Each of the
three water molecules is 3.0 Å from the other two, and their
oxygen atoms form an equilateral triangle at the center of
the active site P-loop. The first water molecule (W1) H-bonds
to backbone N atoms of Glu474 and Phe475 and with a
terminal N atom of the Arg479 side chain that extends from
the end of the P-loop back toward Cys473, completing the
active site ring of amides. The second water molecule (W2)
interacts with the main chain N atoms of Ser477 and Glu478.
The third (W3) completes the circle via interactions by
H-bonding to the backbone N atom of Arg479 and to Nε of
the Arg479 side chain. These active site water molecules
are located above the reduced Cys473 and mimic the
interactions that three of the four sulfate oxygen atoms make
with the P-loop residues in the previously published structure
(20) (Figure 1B). The fourth oxygen atom of the sulfate faces
the solvent, and there is no crystallographic water molecule
in its place in the apo form. It appears that the sulfate ion is
an excellent mimic of the bound substrate, where three of
the phosphate oxygen atoms would be held in place for
nucleophilic attack by Cys473, with the rest of the substrate
binding away from the P-loop. Interestingly, the conforma-
tion of the P-loop in the apo form is unchanged relative to

the sulfate-bound structure, suggesting that the apo form of
the enzyme is in a conformation ready to bind the phospho-
rylated substrate. The incoming phosphate group of the
substrate must displace the three well-ordered water mol-
ecules, and the release of these molecules would be expected
to contribute entropically to the binding event.

Chemistry and Structure Are Coupled in the Sulfenic
Intermediate.The sulfenic, sulfinic, and sulfonic forms of
Cdc25B all have the same P-loop conformation, but this
structure is very different from that of the apo form where
Cys473 is reduced (Figure 2A-D). In all three cases, there
would be steric clashes between the oxygenated cysteine and
the amide nitrogen atoms of Phe475 and Ser476 if the P-loop
were to remain in the conformation found in the apo form.
To avoid this unfavorable interaction, residues 475-477 of
the P-loop move over the oxygenated Cys473, filling part
of the entrance to the active site. The CR atoms of Ser476
and Ser477 move by 3.8 and 2.3 Å, respectively. This
dislocates the hydroxyl oxygen atom of Ser476 by 7.9 Å
and its carbonyl oxygen by 4.5 Å. These atoms are replaced
by water molecules in the structure of the sulfenic form of
the phosphatase. Ser477 moves toward the oxygenated
Cys473 (the side chains of Ser476 and Ser477 are not shown
in the figure for clarity), and Phe475 is rotated away from
the pocket by∼100° on the ø1 dihedral angle. In this

FIGURE 2: Active site P-loop containing residues 472-479 of the apo form and residues 472-480 of the oxygenated form of Cdc25B. (A)
Apo-Cdc25B with the active site water molecules omitted. (B) Sulfenic Cdc25B. (C) Sulfinic Cdc25B. (D) Sulfonic Cdc25B. The P-loop
is shown using the color code and H-bonding representation of Figure 1. The hydrogen bond distances between the donor and acceptor
atoms are given in angstroms. The electron density shown in each panel is from 2Fo - Fc electron density maps contoured at the 1.0σ level.
The side chains of Ser476 and Ser477 are omitted from the model for clarity. Panels A-D were made with Cdc25B in the same orientation
so that differences are due to conformational rearrangements in the P-loop.
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conformation, the backbone amides of Ser476 and Glu478
are no longer directed inward toward the active site, leaving
only the amides of Phe475, Ser477, Arg479, and Gly480
available to interact with the oxidized cysteine. The oxygen-
ated forms of Cys473 reach into the pocket differently than
would be expected for substrate. As a result, the oxidized
cysteine interacts with the amide of Gly480, rather than with
the amide of Glu478. In the sulfenic form, the oxygen atom
is facing the end part of the P-loop and H-bonds to the
backbone amides of Arg479 (3.0 Å) and Gly480 (2.8 Å)
(Figure 2B). This leaves the N-terminal portion of the P-loop
without an anchor to the negatively charged sulfenic acid,
resulting in higher disorder in this region. Residues 475-
478 have higher thermal factors than other residues in the
P-loop; there are breaks in the electron density for the
backbone atoms of Ser476 and Ser477, and there is no
electron density for the side chain atoms of Ser476 (Figure
2B). As discussed below, the crystal structure suggests that
the conformation of the P-loop in the sulfenic intermediate,
coupled to an increase in disorder, facilitates the formation
of the disulfide bond and the resulting conformational change
in the active site. In contrast, in the sulfinic and sulfonic
forms, both ends of the P-loop are well anchored to the
oxygenated active site cysteine. The sulfinic acid interacts
with the amides of Phe475 (3.2 Å), Ser477 (3.3 Å), and
Gly480 (3.0 Å) (Figure 2C), whereas the sulfonic acid makes
all four possible H-bonds with amides of Phe475 (3.2 Å),
Ser477 (3.3 Å), Arg479 (3.0 Å), and Gly480 (3.0 Å) (Figure
2D). Not surprisingly, there is an increase in the quality of
the electron density for the P-loop, particularly residues 476
and 477, in the more oxygenated forms of Cdc25B.

The Disulfide Bond Sequesters the ActiVe Site Cysteine
and PreVents Binding to the Substrate.The P-loop in the

disulfide form of Cdc25B collapses toward Arg479 very
much like a lid closing over the active site cysteine (Figure
3). To form the disulfide bond, Cys473 moves toward the
back door Cys426, pulling the initial part of the P-loop with
it and changing the direction of the main chain. As a result,
the P-loop residues undergo a dramatic flip with CR
displacements relative to the apo form of 3.5, 4.2, 6.3, and
6.9 Å for Glu474, Phe475, Ser476, and Ser477, respectively.
This rearrangement leads to the displacement of functional
groups on the side chains of Glu474, Ser476, and Ser477
by as much as 9.8 Å. The unusual conformation of the P-loop
in the apo form, with all the amides pointing inward and
carbonyl groups directed outward, is converted to one in
which some of the backbone carbonyl groups are turned
inward. The carbonyl oxygen atom of Ser476 now occupies
the center of the distorted P-loop and hydrogen bonds to the
amide N atom of Arg479 and to the Nε atom of its side
chain, replacing one of the three water molecules found at
the center of the amide ring in the apo form. In the structure
of the disulfide form of Cdc25B, three water molecules are
found near Tyr514 and Lys513 in the position occupied by
the P-loop in the apo structure (Figure 3B). These water
molecules stretch from the collapsed P-loop to a part of the
protein that helps anchor the P-loop in the active apo form.
The model of the P-loop in the disulfide form is supported
by clear electron density for the disulfide bond between
Cys473 and Cys426, for residues Cys473, Glu474, Glu478,
and Arg479, as well as for the main chain atoms of Phe475,
Ser476, and Ser477. There is a break in the electron density
between the N and CR atoms of Phe475, partial electron
density for the Phe475 side chain, and no electron density
for the side chain Câ and Oγ atoms of either Ser476 or
Ser477. The temperature factors for Phe475, Ser476, and

FIGURE 3: Active site P-loop in the disulfide form of Cdc25B. (A) The active site P-loop atoms, including the disulfide bond between
Cys473 and Cys426, are shown explicitly with the color code used in Figures 1 and 2 and in the context of the surrounding protein
represented in the form of a ribbon diagram. (B) Stereoview of active site P-loop residues 472-480 and residue 426 in the disulfide form
of Cdc25B. The apo form of the P-loop is superimposed as a black stick. The electron density is taken from a 2Fo - Fc map contoured at
the 1.0σ level. The ball-and-stick representation in panel B is color-coded as in panel A, and the P-loop is in the same orientations in both
panels A and B.
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Ser477 are quite high, suggesting a fair amount of local
motion in this area of the structure. Thus, in the disulfide
conformation, the two ends of the P-loop are firmly anchored
by surrounding residues in the protein, with the three residues
at the top of the lid over the active site cysteine appearing
to be somewhat more mobile. The main chain atoms of
Glu474 and Phe475 in this structure occupy the space where
the sulfate ion is found in the sulfate-bound Cdc25B
structure, making some of the same interactions with Arg479.
This is also the position occupied by the cysteine-phosphate
intermediate (28) and bound substrate (29) in other phos-
phatase structures. Our crystal structure predicts that the
disulfide state of Cdc25B is unable to bind the substrate
without a significant conformational rearrangement that can
occur only by breaking of the disulfide bond.

It is indeed the case that the disulfide form of Cdc25B
does not interact with its substrate Cdk2-pTpY-CycA
complex. In nickel-bead pull-down experiments with sto-
ichiometric ratios of the disulfide form of Cdc25B and His-
tagged Cdk2 in the Cdk2-pTpY-CycA complex, we were
unable to observe a high-affinity complex, as indicated by
the fact that the phosphatase is not pulled out of solution by
the substrate attached to the Ni+-agarose beads (Figure 4A).
In contrast, when the same experiment is repeated in the
presence of the catalytically incompetent C473S mutant, the
complex does form as indicated by codepletion of the mutant
Cdc25B with substrate in the nickel pull-down experiment.
Our conclusion that the disulfide form of Cdc25B does not
bind substrate was further supported by the fact that
preincubation of a 1:1 ratio of the Cdk2-pTpY-CycA
complex and the C473S mutant of Cdc25B protects the
substrate against subsequent dephosphorylation by addition
of wild-type Cdc25B, whereas incubation of substrate with
the disulfide form does not provide any protection (Figure
4B). Taken together, these results establish that C473S is a
substrate trapping mutant of Cdc25B and that the disulfide
form does not bind the substrate.

DISCUSSION

Mechanism of ReVersible InactiVation in Cdc25B.Solution
studies have shown that the sulfenic acid is an obligate
intermediate in the formation of the intramolecular disulfide
bond during reversible regulation of Cdc25B by ROS, and
that in the absence of the back door Cys426 the unstable
sulfenic acid rapidly oxidizes further to an irreversibly
oxygenated form (6). Here we complement the kinetic
experiments with a view of the structural rearrangements that
occur in each oxidation step. The manner in which Cys-
SO- interacts with the P-loop is of critical importance in
facilitating the conformational changes necessary to form the
intramolecular disulfide bond in Cdc25B. In this intermedi-
ate, the section of the P-loop adjacent to the active site
cysteine is released from H-bonding interactions observed
in the apo form, as it moves toward the closed conformation
to avoid steric contacts with the oxygenated cysteine. These
changes most likely facilitate the motions that result in the
approach of Cys473 toward the back door Cys426. Concur-
rently, the H-bonding interactions between the O atom of
Cys-SO- and the amide groups on the far side of the P-loop
increase the electrophilic character of the oxygenated sulfur
atom, thereby making it more prone to nucleophilic attack
by the back door cysteine. Once the disulfide bond is made,
the active site becomes inaccessible and the protein remains
inactive until the disulfide bond is reduced. The superim-
posed structures of the P-loop in the apo, sulfenic, and
disulfide forms show the growing obstruction of the active
site cysteine as it reacts to form the disulfide bond (Figure
5). Interestingly, while the P-loops in the sulfinic and sulfonic
forms have the intermediate conformation observed for the
sulfenic Cdc25B, they do not display the same level of
conformational freedom near Cys473. It is significant that
the sulfenic form of Cdc25B is a structural intermediate in
the conformational rearrangements of the P-loop as well as
a chemical intermediate in the oxidation reaction. This
phosphatase has evolved to exquisitely couple oxidation

FIGURE 4: Cdc25B binding experiments with the substrate Cdk2-pTpY-CycA complex. (A) SDS-PAGE showing the results for the
nickel-bead pull-down experiments. Lanes 1 and 2 contained stoichiometric amounts of wild-type Cdc25B and its substrate in the absence
and presence of Ni+-agarose beads, respectively. In lane 2 there is no Cdk2, which is His-tagged and therefore removed from solution as
it binds to the beads. The Cdc25B is not pulled down with the beads, since it releases the substrate after dephosphorylation. Lanes 3 and
4 show the analogous results for Cdc25B under conditions where the intramolecular disulfide bond is formed. Given that the disulfide form
has no phosphatase activity, we conclude from lane 4 that it does not bind the substrate, as it is still present in solution after the Ni+-
agarose pull-down assay. Lanes 5 and 6 show the results obtained using the C473S mutant of Cdc25B. Lane 6 shows that all of the mutant
Cdc25B is depleted from solution. It is pulled down with the Ni+-bound substrate, since the dephosphorylation reaction does not occur. (B)
Histogram showing the extent of dephosphorylation of the substrate by active wild-type Cdc25B after preincubation of the Cdk2-pTpY-
CycA complex with active phosphatase (WT), with the C473S mutant (C473S), or with the protein in the disulfide state generated in the
presence of H2O2 (Disulfide). The mutant Cdc25B traps the substrate, preventing dephosphorylation, while the disulfide form leaves the
substrate available to interact with the active phosphatase.
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chemistry and the structural rearrangements that lead to its
reversible inactivation in the presence of ROS. Disulfide
bond formation in transcription factor OxyR in the presence
of H2O2 is also thought to induce local disorder in the
structure, facilitating a conformational change that allows
binding to DNA and activation of transcription (30). It
appears that disorder associated with the sulfenic intermediate
in disulfide bond formation is not unique to Cdc25B and
may provide a commonly used mechanism through which
proteins attain conformational changes in response to ROS.

Comparison with PreViously Published Structures of
Cdc25.The crystal structure of the apo form of Cdc25A
revealed the unique fold of this group of phosphatases and
determined structural homology to rhodanese, rather than to
other groups of phosphatases (31). The salts included in the
crystallization solution for Cdc25A were sodium chloride
and sodium citrate, neither of which binds in the active site.
Thus, the apo form of Cdc25A was obtained. However, no
crystallographic water molecules are found in the active site
of Cdc25A that are equivalent to the three water molecules
present in Cdc25B (Figure 1B). The previously described
differences in conformations of the P-loop in Cdc25A and
Cdc25B (20) lead to the different hydration pattern in the
active site. Each of the three crystallographic water molecules
that appears in the active site of apo Cdc25B forms a
hydrogen bond with a protein atom that is in a different
position in Cdc25A. Arg436 and Glu431 in Cdc25A are
found in unusual conformations, and the carbonyl group of
Ser434 is pointing toward the empty phosphate binding site
(20, 31). These residues are the equivalent of Arg479,
Glu474, and Ser477 that H-bond with the first, second, and
third water molecules, respectively, described above in the
Results (Figure 1B). It appears that the deviation of the
Cdc25A P-loop from the canonical conformation found in
Cdc25B and other PTPases/DSPases disrupts the hydrogen

bonding network that would position the active site water
molecules observed in our apo structure, as well as the sulfate
ion found in the previously determined structure of Cdc25B
(20).

In the process of determining the crystal structure of
Cdc25A, researchers collected several data sets in the
presence of heavy atoms for phasing. Electron density maps
calculated with a data set taken from crystals grown in 3
mM sodium vanadate clearly showed a disulfide bond
between the active site Cys430 and the back door Cys384
(31). No bound vanadate was observed in this structure, and
the authors did not discuss the conformation of the P-loop.
Furthermore, since a model was not pursued using this data
set, we cannot compare the structure of the P-loop in the
disulfide form of Cdc25A with that of Cdc25B.

Electron density for the disulfide bond between Cys473
and Cys426 in Cdc25B has also been previously reported
for a room-temperature crystal structure of Cdc25B (20). In
this case, the P-loop was not well ordered, but there was
some electron density in the active site which the authors
interpreted to be a mixture of low-occupancy sulfate ion and
solvent molecules. In light of our structure of the disulfide
form determined under cryogenic conditions, an alternative
possibility is that the electron density in the active site
represented the partial occupancy of the P-loop conformation
that accompanies the intramolecular disulfide bond (Figure
3). As mentioned in the Results, there is no electron density
for the side chains of Ser476 and Ser477 and theB-factors
in this region are high in our structure of Cdc25B containing
the intramolecular disulfide bond. It would not be surprising
if there is greater disorder in this region at room temperature,
impairing interpretation of the electron density map. This
interpretation would be made even more difficult if some
fraction of the phosphatase molecules in the crystal had a
sulfate in the active site, as Reynolds et al. (20) reported to
be the case in their structure.

Comparison with PTP1B.Two important groups of
topologically distinct phoshatases (31) consist of those that
have the back door cysteine and those that do not. Cdc25B
belongs to the former group and is a good representative of
the dual-specificity phosphatases, while PTP1B belongs to
the latter group and has been the canonical example for
tyrosine phosphatases. The oxidation states of PTP1B,
including the sulfenyl amide structure that forms during
reversible inactivation, shed light on the process through
which one group of phosphatases is reversibly regulated by
ROS (16, 17). Here we complement the picture by providing
the structural mechanism of reversible inactivation in Cdc25B,
a dual-specificity phosphatase that forms the intramolecular
disulfide bond. Although inactivation in both groups results
in the collapse of the P-loop over the active site Cys residue
(Figure 6), the mechanisms by which this happens are
intrinsically different. Both groups of enzymes use the
sulfenic acid as an intermediate to the more stable reversibly
oxidized form. While in both cases the sulfenic acid interacts
with the far side of the P-loop, the P-loop in PTP1B, in
contrast to Cdc25B, remains unchanged relative to its
structure in the apoenzyme (17). This is consistent with a
mechanism in which Cys215 reacts locally with the amide
group of its neighbor Ser216 and is possible due to the
presence of the Oγ atom of Ser222 which interacts with Cys-
SO- deep in the active site pocket. Cdc25B has a glycine at

FIGURE 5: Active site P-loop containing residues 472-479 of
Cdc25B as it undergoes changes from the reduced to the disulfide
form. The main chain atoms of the P-loop are shown in the context
of the surrounding protein. The apo form is colored blue, the
sulfenic intermediate green, and the disulfide form red. The sulfate
taken from the sulfate-bound Cdc25B model (PDB entry 1QB0) is
colored gray and indicates the location where the substrate would
be expected to bind. Arrows indicate the direction of loop movement
that occurs during structural transitions in the reaction from reduced
Cys473 to the sulfenic intermediate and finally to the disulfide.
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the analogous position (Gly480). In the absence of the serine
side chain, the sulfenic intermediate interacts with the amide
group of Gly480 in Cdc25B, forcing the oxygenated cysteine
to be located closer to the surface and causing the P-loop to
move in the direction of Cys426 to avoid steric hindrance.
The conformational differences in the P-loop observed in
the sulfenic intermediate during reversible inactivation of
Cdc25B versus PTP1B are mechanistically significant and
reflect the specific details of each system.

Interestingly, another structure that shows a collapsed
P-loop is that of the PTP1B substrate trapping mutant in
which the active site Cys215 is changed to a Ser (32),
analogous to the C473S mutant of Cdc25B discussed above.
The C215S PTP1B structure suggests that simply removing
the negative charge in the active site is sufficient to cause
the collapse of the unusual amide ring structure of the P-loop
(Figure 6), yet this mutant has been established to bind
substrate (33) despite the obstructed active site cysteine
observed in the crystal structure. This apparent paradox can
be explained by the fact that in the Cys to Ser mutant there
is no covalent bond restraining the P-loop to an inactive
conformation. As a result, the substrate binding conformation
of the P-loop is dynamically accessible and is selected in
the presence of a binding partner. The disulfide bond in
Cdc25B provides a covalent linkage that holds the P-loop
over the active site cysteine such that the amide ring
conformation becomes inaccessible. The covalent bond that
sequesters the active site Cys215 in the sulfenyl-amide form
of PTP1B is expected to have the same effect as the disulfide
bond in Cdc25B, disallowing a substrate binding conforma-
tion. It appears that in both groups of phosphatases, ROS is

involved in regulation not only by chemically inactivating
the phosphatase but also by stabilizing a structure that cannot
bind the substrate. In the case of Cdc25B and probably of
related phosphatases containing the back door cysteine, the
disulfide bond is buried by the collapsed P-loop, which
protects the active site cysteine from either further oxidation
or nonspecific reactivation by reducing agents present in the
cell.

Solution studies have shown that the disulfide form of
Cdc25B is rapidly reduced by thioredoxin but not by
glutathione (GSH) (6). In contrast, PTP1B (34), which forms
a sulfenyl-amide structure in the oxidized form, and the
LMW phosphatase (18), which forms an intramolecular
disulfide bond between two cysteine residues in the active
site P-loop, are readily reduced by GSH. The sulfenyl-amide
structure in PTP1B maintains the active site cysteine in a
solvent-exposed conformation that is easily accessed by
GSH. A similar situation would be expected for the disulfide
bond in the LMW phosphatases. In contrast, the disulfide in
Cdc25B is buried at the bottom of the distorted active site,
from which GSH is excluded. There is a surface pocket
adjacent to the active site lined by many residues, including
the back door Cys426 at the base and residues 428, 444-
446, 477-479, 482, 483, 544, 547, 549, and 550 forming
the walls (Figure 7). This site was identified as the largest
pocket in the disulfide state of Cdc25B using CastP, a
program that identifies pockets in proteins (35). A solvent
accessible surface calculation yields a surface area of 161
Å2 and a volume of 101 Å3 for this pocket, whereas the
corresponding values obtained using a molecular surface
calculation are 320 Å2 and 429 Å3, respectively. We
hypothesize that thioredoxin binds specifically to this pocket
to catalyze reduction of the intramolecular disulfide in the
Cdc25 dual-specificity phosphatases. This may represent a
general reduction mechanism utilized by phosphatases that
form a disulfide with a vicinal cysteine located outside the
active site P-loop, as is also known to occur in PTEN and
KAP (19, 36). Importantly, this structure-function relation-

FIGURE 6: Comparison of the P-loop in deactivated forms of
Cdc25B and PTP1B. The main chain atoms of the P-loop are shown
in the context of the surrounding Cdc25B protein. The orientation
of the P-loop in the PTP1B structures relative to Cdc25B was
obtained by superposition of the P-loops in the apo forms of the
two proteins. Apo-Cdc25B is colored green, and apo-PTP1B (PDB
entry 1BZC) is shown as a thin black stick. Residues 472-479 of
the disulfide Cdc25B form are colored red. Residues 214-221 of
the sulfenyl-amide form of PTP1B (PDB entry 1OEM) are colored
yellow and those in the C215S mutant (PDB entry 1I57) orange.
The sulfate taken from the sulfate-bound Cdc25B model (PDB entry
1QB0) is colored gray. The surrounding protein represented as a
ribbon diagram is from the Cdc25B structure in the apo from.

FIGURE 7: Molecular surface of the disulfide form of Cdc25B. In
this oxidized form, the P-loop blocks access to the disulfide bond
between the active site Cys473 and the back door Cys426, while
an adjacent pocket is formed that allows access to the disulfide.
Part of the P-loop in this conformation lines part of the wall to this
new pocket. Nitrogen atoms are colored blue, oxygen atoms red,
and carbon atoms gray. The surface of the pocket is colored green
and the disulfide bond yellow. The residues that form the walls of
the pocket are drawn explicitly and so are the P-loop residues (with
477-479 and Phe475 labeled).
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ship may differentiate between the two main cellular reducing
mechanisms (GSH and thioredoxin) found to reactivate PTPs.

CONCLUDING REMARKS

Cdc25B and PTP1B, topologically different proteins, are
regulated by ROS through distinct mechanisms that achieve
the same results: sequestration of the nucleophilic cysteine
and obstruction of the active site. The two groups of
phosphatases provide a remarkable example of convergent
evolution where similar end results are attained by different
processes that reflect the separate structural origins and
diverse functional roles. The two distinct mechanisms used
in the regulation of phosphatases influence the oxidation/
reduction strategies employed by these proteins, result in
different responses to cellular oxidation levels, and provide
specificity to the cellular reductants used in reactivation. It
will be interesting to see how these paradigms of structural
changes coupled to chemistry in the reversible inactivation
of phosphatases extend to other members of the family and
allow for the differential signaling in response to the common
ROS second messengers.
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