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ABSTRACT
The molecular mechanisms by which the human CDC25B activates the CDK1/cyclin B complex in the cell cycle, as well as how it

can be inhibited by synthetic inhibitors at the atomic level, are still under investigation. Valuable insights have been gained from

the molecular structure here-described, which captures for the first time the interaction between the C-terminal domain of the

inactive mutant CDC25B C473S (CDC25B-S) and the commonly used synthetic substrate 3-O-methylfluorescein phosphate (3-

OMFP). Crystallographic studies reveal that 3-OMFP engages multiple residues within the active site and the adjacent “swimming

pool” of CDC25B-S, establishing specific interactions and prompting local adjustments in this region. These structural features

explain the increased resistance to thermal denaturation of CDC25B-S observed through circular dichroism measurements upon

substrate binding. The structural changes induced by 3-OMFP lead to a conformation comparable to that of CDC25A bound to its

substrate, the CDK2/cyclin A complex. These findings qualify 3-OMFP as a promising starting model for the rational design of

selective competitive inhibitors of CDC25B having reduced off-target effects.

1 | Introduction

Regulation of the cell cycle progression is a crucial process of liv-
ing cells, which requires a fine control of its sequential steps,
because their deregulation may lead to the insurgence of various
cancer malignancies [1]. Among the macromolecules involved in
this process, crucial roles are played by the cyclin-dependent
kinase (CDK) class of serine/threonine kinases complexed to spe-
cific proteins called cyclins [2–5], and by the cell division cycle 25
(CDC25) dual phosphatases [6, 7]. Specifically, the activity of
CDK/cyclin complexes is turned off by the process of phosphor-
ylation of specific tyrosine and threonine residues within the

CDK subunit [2]. On the other hand, dephosphorylation of
the tyrosine and threonine residues in CDKs catalyzed by
CDC25 dual phosphatases activates the CDK/cyclin complexes
and the progression of cell cycle [8–10]. The pivotal role played
by CDC25 in cell cycle is confirmed by the finding that these
proteins are often overexpressed in human cancers [6, 11]. As
a consequence, inhibition of these phosphatases represents a
promising therapeutic approach in oncology, using CDC25 as
an indirect target to turn off the CDK/cyclin complexes, thus
inhibiting the cell cycle and the proliferation of damaged cells
[1]. Moreover, since a long block of the cell cycle eventually leads
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the cell to apoptosis, CDC25 proteins, in addition to an anti-pro-
liferative effect, also possess a pro-apoptotic effect [12]. All these
findings confirm the usage of CDC25 phosphatases as promising
targets in the treatment and diagnosis of cancer in the context of
precision medicine, which aims at individualized care based on
patients’ genetic and molecular profiles [13].

In mammalian cells, three CDC25 homologs have been identified
and named CDC25A, CDC25B, and CDC25C [7, 14]. CDC25A is
found to act at the G1/S transition, whereas CDC25B and
CDC25C play important roles at the G2/M transition [8, 15]
and have additional roles, including DNA damage repair and reg-
ulation of meiosis, respectively [13]. In particular, CDC25B pro-
motes the G2/M phase transition by removing two inhibitory
phosphate groups from the CDK1 kinase in the CDK1/cyclin
B complex [8–10, 16].

From a structural point of view, all CDC25 proteins consist of two
domains (N- and C-terminal). The N-terminal regulatory
domain, poorly structured and highly variable in the three homo-
logs, contains phosphorylation sites through which regulation
occurs [17]. The mobility of the N-terminal domain determines
the ability of the protein to associate with different partners and
adapt to the dynamic changes of the cell [18, 19]. The C-terminal
catalytic domain of CDC25 is highly conserved within the human
CDC25 family and across eukaryotes. It is characterized by a
small α/β domain with a central parallel β-sheet surrounded
by α-helices [20, 21]. The active site region features the charac-
teristic HCX5R motif, where the catalytic cysteine is located. X5

represents a ring composed of 5 residues (Glu-Phe-Ser–Ser-Glu)
whose amide hydrogens interact with the phosphate of the sub-
strate [20–22]. The X-ray crystal structures of the catalytic
domain of CDC25A (PDB code: 1C25), CDC25B (PDB code:
1QB0), and CDC25C (PDB code: 3OP3) show significant differ-
ences in their C-terminal regions (Figure S1). Comparison of the
three structures shows that the C-terminal region of CDC25B
forms an α-helix that bends toward the active site, thereby limit-
ing its solvent exposure. This C-terminal helical conformation is
absent in CDC25A and CDC25C crystal structures. The recently
reported cryogenic electron microscopy (cryo-EM) structure
of the full-length catalytic domain of CDC25A in complex
with CDK2-cyclin A (PDB code: 8ROZ) has revealed that the
C-terminal region of CDC25A forms an α-helix (Figure S1),
which is longer than that present in the crystal structure of
the C-terminal catalytic domain of CDC25B and has a critical
role in the interaction with the CDK2-cyclin A substrate [23].
Long C-terminal helices are also present in the predicted models
of the three full-length isoforms from the AlphaFold Protein
Structure Database (Figure S1).

Over the past years, several synthetic and natural CDC25B inhib-
itors with different structural features and belonging to various
chemical classes, including phosphate bioisosteres, electrophilic
entities, and quinonoids, have been reported [12, 19, 24–33].
However, only two crystal structures of complexes between
CDC25B and ligands have been deposited in the Protein Data
Bank (PDB) to date (PDB codes: 4WH7, 4WH9). In these struc-
tures, the two ligands bind to an enzyme pocket distant from the
active site and adjacent to the protein–protein interaction inter-
face with CDK2/cyclin A substrate [34].

As a useful starting point for the design of new powerful com-
petitive inhibitors of CDC25B, we determined the X-ray crystal

structure of the complex formed between the catalytically inac-
tive substrate-trapping mutant, CDC25B-S, obtained by replacing
the active-site Cys473 with a serine, and the fluorogenic substrate
3-O-methylfluorescein phosphate (3-OMFP), which displays
moderate affinity for CDC25B-S (K’D= 1.23 μM) [35]. In addition,
we solved the crystal structure of the free CDC25B-S at a higher
resolution (1.34 Å) than those previously available in the PDB.
Circular dichroism (CD) measurements have been implemented
to evaluate the in–solution interaction between CDC25B-S and 3-
OMFP substrate.

2 | Results and Discussion

2.1 | Spectroscopic Analysis

The effect of the C473S replacement in CDC25B and of the inter-
action with the fluorogenic compound 3-OMFP, widely used as a
synthetic substrate of all CDC25 isoforms [35–39], on the second-
ary structure of the protein has been evaluated by CD analysis.

Using experimental conditions reproducing those of the biologi-
cal activity assays [35], CD spectra were recorded on the purified
recombinant C-terminal domain of CDC25B and CDC25B-S. The
comparative spectroscopic analysis suggested that the C473S
mutation does not cause significant changes in the secondary
structure of CDC25B (Figure 1A). CD spectral features are char-
acteristic of a protein having a mixed α-helix and β-sheet second-
ary structure, with a minimum at 222 nm and a shoulder at
210 nm. To verify the effect of the Cys473 replacement on the
protein thermal unfolding behavior, the signal intensity at
222 nm was followed at increasing temperature from 10°C to
90°C. The resulting melting temperatures (Tm) for CDC25B
and CDC25B-S were 46°C and 47°C, respectively, thus indicating
that the two proteins exhibit a comparable resistance to thermal
denaturation (Figure 1B and Table S1). Under these experimental
conditions, the denaturation process is irreversible for both pro-
teins, as assessed by the lack of signal recovery upon cooling
(data not shown). Moreover, the appearance of sample opales-
cence suggests unfolding coupled to aggregation in both
CDC25B and CDC25B-S. Then, the thermal unfolding of
CDC25B-S was evaluated upon the addition of 3-OMFP whose
solubilization required the presence of 2.3% v/v CH3OH in the
experimental conditions. However, this alcohol only induced
minimal changes in the secondary structure (Figure 1A) and
the Tm (48°C, Figure 1B and Table S1) of CDC25B-S. In the pres-
ence of fivefold molar excess of substrate (Figure 1A), the second-
ary structure of CDC25B-S was substantially unaltered, whereas
the denaturation temperature increased to 52°C (Figure 1B and
Table S1), indicating the effective interaction of the two mole-
cules leading to an increased resistance to the thermal unfolding
of the protein, with a ligand-dependent delay of the irreversible
denaturation process.

2.2 | Crystallographic Analysis

Crystals of the free CDC25B-S were obtained essentially under
previously reported conditions [21]. They diffracted X-rays to a
resolution of 1.34 Å (see Table S2 for data collection and refine-
ment statistics), which is higher than that of other CDC25B struc-
tures available in the PDB.
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After an extensive search of the crystallization conditions, co-
crystals of the 3-OMFP/CDC25B-S complex were obtained under
conditions never reported before for CDC25 proteins. In partic-
ular, crystals (Figure S2) appeared within a few days at 20°C in a
solution containing 3.8MNaCl, 0.1MHEPES pH 7.5, and 1.2% v/v
2-propanol using the hanging-drop vapor diffusion method. X-ray
diffraction data were collected on the cryoprotected crystals at
100 K on the X06DA-PXIII beamline of the Swiss Light Source
(SLS) (see Table S2 for data collection statistics). Crystals belong
to the space group P212121, diffract X-rays at 2.04 Å resolution, and
present a single CDC25B-S polypeptide chain in the asymmetric
unit. The structure was solved by the molecular replacement
method using the Phaser MR program [40] and the coordinates
of CDC25B-S from the PDB code 2A2K [41], stripped of all its
ligands, as the search model. The final model (Figure 2A), partially
automatically built using ARP/wARP program [42], was refined
using the REFMAC5 program [43] to Rfactor= 0.195 and
Rfree= 0.214 with good stereochemistry (see Table S2 for refine-
ment statistics). Deviations from ideal bond lengths and angles
are 0.004 Å and 1.430°, respectively. Notably, the overall confor-
mation of the protein is not significantly affected by 3-OMFP bind-
ing (Figure S3): the Cα root–mean-square deviation for residues
377–549 of the 3-OMFP/CDC25B-S complex from the starting
model (PDB code: 2A2K) and from the here newly reported crystal
structure of the free CDC25B-S is 0.62 Å and 0.78Å, respectively.
This observation is consistent with the CD data (Figure 1A), which
suggest that ligand binding does not lead to appreciable alterations
in the global secondary structure of the protein. When comparing
the crystal structures of the free and the 3-OMFP-bound CDC25B-
S, the most significant variations are confined to the flexible
N-terminal expression tag, which precedes the actual protein
sequence starting at Glu377, from which no major structural dif-
ferences have been detected (Figure S3). These variations are likely
due to differences in crystal packing and reflect the intrinsic flex-
ibility of this region. Notably, in the structure of the 3-OMFP/
CDC25B-S complex, an additional portion of the expression tag
(Ser364-Arg370) could be modeled, whereas this region was not
observed in the structure of the ligand-free protein.

Inspection of the difference Fourier (2Fo-Fc and Fo-Fc) electron den-
sity maps clearly revealed the presence of the 3-OMFP molecule

within the active site region (Figure 2B), in proximity to the main
chain of residues 474–478 and the side chains of Arg479 and Ser473,
which in CDC25B-S replaces the functional cysteine of the wild-
type protein. A comparison between the 2Fo-Fc electron density
maps of the active site in the structure of the 3-OMFP/CDC25B-
S complex and in the free CDC25B-S is reported in Figure S4.

3-OMFP is a fluorescein derivative in which the phenolic hydroxyl
groups are chemically protected (methylated on one side and phos-
phorylated on the other). Based on this chemical structure, and in
line with evidence that acylation or alkylation of phenolic groups
can lock fluorescein derivatives into a lactone state [44], 3-OMFP is
expected to be more stable in the “closed” lactone form (Figure
S5A) than the “open” cationic form (Figure S5B). Interestingly,
3-OMFP exhibits minimal or no fluorescence [45, 46], whereas
a strong emission is observed after enzymatic phosphate cleavage,
when the 3-O-methylfluorescein (3-OMF) adopts a highly rigid and
conjugated “open” quinoid structure (Figure S5C). This property
underlies the fluorogenic assays that employ 3-OMFP substrate
to monitor the activity of this protein family [47]. Although the
resolution of the 3-OMFP/CDC25B-S structure (2.04 Å) does not
allow an unambiguous assignment of the chemical form adopted
by the substrate, the planar and continuous electron density
observed for the lateral aromatic-COO substituent seemsmore con-
sistent with the expected cyclic lactone form thanwith the unstable
cationic form (Figure S6). Considering the chirality of the lactone
form of 3-OMFP (Figure S7), both enantiomers of the ligand were
modeled at the binding site with equal occupancies of 0.5. In fact,
the omit Fo-Fc electron density map obtained by removing 3-OMFP
does not allow discrimination between the two enantiomers
(Figure 2C). Both models fit well within the active site, and no ste-
ric clashes were detected. Mean B values of both enantiomers
(R-enantiomer: 36.5 Å2; S-enantiomer: 33.1 Å2) are in line with that
of the whole structure (36.9 Å2, Table S2). This interpretation is
consistent with the broad solvent-exposed binding site of the pro-
tein andwith the dominant role of the phosphate group of 3-OMFP
in ligand binding. Moreover, the presence of both enantiomers at
the binding site gives additional reliability to previously reported
kinetic studies [36], which would otherwise be inaccurate if only
one enantiomer was selectively bound.

FIGURE 1 | (A) CD spectra and (B) thermal denaturation curves of CDC25B (black line), CDC25B-S (red line), CDC25B-S in the presence of 2.3% v/v

CH3OH (blue line), and CDC25B-S in the presence of a fivefold molar excess of 3-OMFP (magenta line). Solutions were prepared in 40mM Tris-HCl pH

8.0, 40mM NaCl, and 1.7 mM dithiothreitol (DTT) at a protein concentration of 0.2 mgmL−1. The 3-OMFP-containing sample included 2.3% v/v

CH3OH, derived from the ligand solution. Spectra were recorded at 10°C. Denaturation curves are shown as the fraction of unfolded protein, obtained

by monitoring the signal intensity at 222 nm, as a function of temperature.
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The interface area of both enantiomers of 3-OMFP with
CDC25B-S is around 288 Å2 (Table S3) and the primary binding
of the ligand phosphate group engages the backbone nitrogens
and/or the side chains of the SX5R (Ser473-Glu474-Phe475-
Ser476-Ser477-Glu478-Arg479) ring motif (Figure 3A and

Table S3). In detail, one non-bridging oxygen of this phosphate
group is positioned within hydrogen-bonding distance from the
Nε and one Nη of the Arg479, while another interacts with
the hydroxyl group of Ser473. The average distances are 2.7 Å
for the R-enantiomer and 2.9 Å for the S-enantiomer. Moreover,

FIGURE 3 | Contacts between CDC25B-S (deep teal) and 3-OMFP (R-enantiomer in green and S-enantiomer in violet). (A) Hydrogen bonds (yellow

dashed lines) connecting the 3-OMFP phosphate group and CDC25B-S residues in the range 473–479. The correct orientation of the Arg479 sidechain for

interaction with 3-OMFP is stabilized by an intramolecular salt bridge with Glu431 (black dashed lines). (B,C) Bicyclic lactone group of 3-OMFP

(R-enantiomer in panel B; S-enantiomer in panel C in the open cleft formed by Tyr428, Met531, Leu540, Arg544, and Thr547. Interactions of both

enantiomers with some of these residues are shown (yellow dashed lines).

FIGURE 2 | (A) Surface/cartoon/stick representation of the crystal structure of the 3-OMFP/CDC25B-S complex. The HSX5R motif of the active site

is in magenta. (B) 2Fo-Fc electron density map (gray) of the 3-OMFP molecule bound to the active site of CDC25B-S protein contoured at 1.0 σ level.

(C) Omit Fo-Fc electron density map (green) of 3-OMFP contoured at 3.0 σ level. Both maps are shown in two orientations related by a�90° rotation. The

Ser473 residue, which replaces the catalytic cysteine, is labeled in red. In all panels, the R- and S-enantiomers of 3-OMFP are green and violet,

respectively.
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these two oxygen atoms of 3-OMFP molecule are on average at
2.9 Å from the backbone nitrogen atoms of Glu474, Glu478,

and Arg479. Specifically, one oxygen atom is held between the side

chain of Ser473 and the backbone nitrogens of Glu478 and Arg479,

and the other between the side chain of Arg479 and the backbone

nitrogen of Glu474 (Figure 3A). The third non-bridging oxygen is

at a similar average distance from the three backbone nitrogen

atoms of Phe475, Ser476, and Ser477 (Figure 3A). It is interesting

to note that the phosphate group of 3-OMFP does not fully overlap

with the sulfate ion observed in the crystal structure of the ligand-

free CDC25B-S (Figure S8A). The sulfate, originating from crystal-

lization conditions, maximizes its contacts with the side chain of

Arg479 by coordinating two of its oxygens, while another oxygen is

shared between the hydroxyl group of Ser473 and the backbone

nitrogens of Ser476, Ser477, and Glu478 (Figure S9A). The inter-

action network also slightly differs from that observed for the

CDK2 phosphorylated tyrosine in the ternary complex [23] that

CDC25A forms with the CDK2-cyclin A substrate (Figures S8B
and S9B). These findings reflect the different nature of the ligands.

The methylfluorescein moiety of 3-OMFP moves away from the
protein surface with its bicyclic lactone group laying against an
open cleft formed by Tyr428, Met531, Leu540, Arg544, and
Thr547 (Figure 3B, C). In the ligand-free protein, some of these
residues define a deep and large cavity adjacent to the catalytic
pocket. This cavity is called “swimming pool” [48, 49] because
of the abundance of well-ordered water molecules it contains in
the absence of the substrate (Figure 4A). Notably, Leu540,
Arg544, and Thr547 are part of the CDC25B-S C-terminal helix
(Lys537–Thr547), which undergoes a sort of rigid-body motion
toward the ligand when compared with the unbound structure
(Figure 4B). This movement results in a narrowing and reshaping
of the “swimming pool” cavity (Figure 4C). Arg544 exhibits the
most pronounced conformational rearrangement of its side chain,
enabling accommodation of the bicyclic lactone group on the cleft
(Figure S10). In both 3-OMFP enantiomers, the lactone carbonylic

FIGURE 4 | (A,C) Surface representation of the active site (right) and “swimming pool” cavity (left) of CDC25B-S in (A) ligand-free form (light cyan)

and (C) 3-OMFP-bound state (deep teal). In (A), water molecules (red spheres) and a chloride ion (green sphere) are visible in the “swimming pool”,

while the active site contains a bound sulfate ion and a nearby glycerol molecule from the cryo-protection procedure (both shown as sticks). (B,D) Zoom-

in view of the superimposed cartoon representations of the 3-OMFP/CDC25B-S complex (deep teal) with B) ligand-free CDC25B-S (light cyan) and

(D) CDC25A (dark red) when bound to CDK2–cyclin A (PDB code: 8ROZ). The C-terminal helices are highlighted by circles. In (B–D), the R- and

S-enantiomers of 3-OMFP are shown in green and violet, respectively.
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oxygen is within a hydrogen-bonding distance from the side chain
of one of the cleft residues (Table S3). Specifically, in the R-enan-
tiomer (Figure 3B), the carbonyl oxygen is 3.2 Å from the Nε of
Arg544, whereas in the S-enantiomer (Figure 3C), it is 2.9 Å from
the hydroxyl group of Tyr428. In the latter enantiomer, the ring
oxygen of the lactone group lies 3.0 Å from the Nη of Arg482
(Figure S11). This contact, however, should be considered with
care, as the electron density observed for the Arg482 side chain
is poorly defined, suggesting that the interaction may be transient.
The contribution of hydrophobic interactions is overall modest
(Table S3), involving the bicyclic lactone group within the cleft
and additional contacts from the inner portion of the ligand facing
Glu478 and Arg479. This reflects both the predominantly polar
nature of the CDC25B-S interacting residues and the high solvent
exposure of the ligand (Figure S12). In fact, in both enantiomers,
the side of the ligand opposite to Arg482 does not interact with the
protein, but it engages a crystallographic symmetry mate through
hydrophobic interactions (Figure S13). The resulting interface,
covering approximately 160 Å2, contributes to crystal packing con-
tacts that are distinct from those of the ligand-free protein, while
retaining the same space group (Table S2).

3-OMFP can therefore be considered as a bivalent ligand that,
predominantly through polar contacts, simultaneously targets
the active site and the residues lining the “swimming pool”,
which rearranges upon ligand binding. In particular, the lactone
ring of the S-enantiomer contacts Tyr428 and Arg482 similarly to
NSC 663284, a potent, selective, and cell-permeable quinoline-
dione CDC25 phosphatase inhibitor interacting with the “swim-
ming pool” residues [33, 50, 51]. Interestingly, in the 3-OMFP/
CDC25B-S structure, the backbone conformation of the C-termi-
nal helix more closely resembles that observed in CDC25A when
bound to CDK2-cyclin A module [23] (Figure 4D), than the con-
formation found in the free CDC25B-S (Figure 4B). This indicates
that a small ligand such as 3-OMFP is able to induce in the
C-terminal helix a movement comparable to that produced by
the recognition of the CDK-cyclin substrate.

3 | Conclusion

Summarizing, we have, for the first time, solved and refined the
three-dimensional structure of the complex formed by the catalytic
domain of CDC25B-S protein and the synthetic substrate 3-OMFP.
Furthermore, we have investigated the effect of this binding on the
protein unfolding process through CD spectroscopy. The key find-
ings of this study can be summed up as follows:

(i) The direct structural evidence of 3-OMFP binding to the dual-
specificity phosphatase CDC25B-S has been reported and com-
pared with a newly solved high-resolution structure of the
unbound protein. The 3-OMFP is observed in its favored “closed”
lactone form, and both its enantiomers could be modeled, differ-
ing only in the region beyond the chiral center. While other
deposited PDB structures report interactions of different proteins
with fluorescein or its derivatives in different chemical states—
cationic (PDB codes: 1DZH, 1MPA, 2MPA, 7AUY, 7AV5), quin-
oid (PDB codes: 1FLR, 1N0S, 1T66, 1X9Q, 2A9N, 2F14, 2NMV,
3M2J, 4BX7, 4FAB, 4ZS2, 4ZS3, 5DYO, 5IEL, 5TSV, 5TSX,
6AYL), or lactone (PDB codes: 2FDC, 2XN6, 2XN7, 7QEA)—
to our knowledge this is the first structural characterization of
3-OMFP bound to a phosphatase. The phosphate group is

anchored within the active site by sidechain and backbone con-
tacts involving all residues of the SX5R ring motif. In particular,
Ser473 occupies the position of the catalytic cysteine in wild-type
CDC25B, resulting in a conformation that may closely resemble
the substrate-bound state prior to phosphate cleavage. The meth-
ylfluorescein moiety of 3-OMFP locates its bicyclic lactone group
on the open cleft formed by Tyr428, Met531, Leu540, Arg544, and
Thr547 in proximity of the protein “swimming pool”. Contacts
are established between the carbonyl oxygen of this moiety
and some of these residues, while the rest of the methylfluores-
cein portion extends away from the protein surface.

(ii) Binding of 3-OMFP to CDC25B-S induces a slight rigid-body
motion of the C-terminal helix backbone toward the protein sur-
face, without causing major changes in the overall protein confor-
mation. This subtle movement allows the accommodation of the
bicyclic lactone group of 3-OMFP, shaping the abovementioned
cleft. It should be noted that the catalytic domain used in our stud-
ies corresponds to the Glu377-Trp550 region of the full-length
CDC25B and therefore lacks the 16 C-terminal residues, which
in previous reports have been observed as part of a highly flexible
tail [52]. Despite this cleavage, the C-terminal helix of the complex
under study adopts a conformation similar to that of the same
region of CDC25A in the complex with the CDK2/cyclin A sub-
strate [23]. The lacking terminal region of CDC25B could partially
occlude the active site and form transient contacts with the protein
core, potentially modulating substrate access and binding dynam-
ics [52]. Hence, this tail could potentially engage additional inter-
actions with natural substrates or designed inhibitors.

(iii) All these structural features may account for the increased
resistance to thermal denaturation of the protein in the presence
of excess 3-OMFP, indicating that the here-described crystal
structure offers a valid representation of the interactions occur-
ring in solution.

(iv) The ability of 3-OMFP to simultaneously recognize the active
site and the reshaped “swimming pool”, two regions hitherto
used to obtain effective CDC25B inhibitors [29, 31, 33], makes
this ligand an ideal template for the design of new inhibitors.
In fact, despite the numerous inhibitors examined so far, it
has not yet been possible to select a molecule that combines high
affinity, specificity, reduced toxicity, and favorable ADME
(absorption, distribution, metabolism, excretion) properties, such
as bioavailability and cytotoxicity [53].

Collectively, this work provides solid evidence that a small phos-
phorylated molecule produces in the catalytic domain of a
CDC25 enzyme structural effects quite similar to those of the
effective substrate. Consequently, the here-described structure
not only enriches the still limited repertoire of ligand/CDC25B
complexes but also offers a reliable framework for the rational
design of CDC25B competitive inhibitors and supports the inter-
pretation of solution studies aimed at understanding the protein
interactions with substrates and/or inhibitors.

4 | Experimental Section

4.1 | Materials

3-O-Methylfluorescein phosphate (3-OMFP), isopropyl-β-
thiogalactopyranoside (IPTG), dithiothreitol (DTT), and tris
(2-carboxyethyl)phosphine hydrochloride (TCEP) were purchased
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from Merck (Sigma–Aldrich). A stock solution of 3-OMFP was
prepared in methanol at a concentration of 2mM. All other chem-
icals and solvents were of analytical grade or higher.

4.2 | Protein Preparation

Preparation of the recombinant C-terminal domain of wild-type
CDC25B and its mutant form (CDC25B-S), carrying the C473S
replacement, was carried out as previously reported for wild-type
[31] and mutant [35] proteins. In particular, the expression sys-
tem was constituted by the Escherichia coli BL21(DE3) strain
from Novagen (Madison, WI, USA) and the vector pET28a-
CDC25B-cd or pET28a-CDC25B-C473S-cd, the latter containing
the nucleotide mutation leading to the C473S amino acid replace-
ment. In particular, the truncated constructs of both CDC25B and
CDC25B-S comprise residues Glu377 to Trp550, according to the
numbering of the full-length CDC25B, and include an N-terminal
expression tag containing a poly-His sequence used for purification.
The purified samples of CDC25B and CDC25B-S, obtained through
the Ni2+agarose affinity chromatography, were homogeneous when
analyzed by SDS polyacrylamide gel electrophoresis or RP-HPLC
on a C4 column. As previously verified [35], CDC25B-S was unable
to hydrolyze the synthetic substrate 3-OMFP.

4.3 | Circular Dichroism (CD) Measurements

CD spectra were recorded with a Jasco J-1500 spectropolarimeter
equipped with a Peltier temperature controller. Far-UV measure-
ments were carried out at a protein concentration of 0.2 mg mL−1

in 40mM Tris-HCl pH 8.0, 40mM NaCl, and 1.7 mM DTT at
10°C, using a cell with an optical path length of 0.1 cm. The sub-
strate-containing sample included 2.3% v/v CH3OH; the same
concentration was also used in free protein experiments, where
indicated. Spectra, registered with a 50 nmmin−1 scanning
speed, 2 s response time, 1 nm data pitch, and 2.0 nm bandwidth,
were obtained by averaging three scans. Thermal unfolding
curves were obtained by following the CD signal at 222 nm, in
the 10°C–90°C range at a heating rate of 1.0°C min−1. The melt-
ing temperatures (Tm) were determined through the analysis of
the first derivative of the melting curve. The samples were cooled
back to 10°C and the CD spectra were re-scanned in order to eval-
uate the reversibility of the thermal denaturation.

4.4 | Crystallization and Cryocooling

CDC25B-S was concentrated up to 15mgmL−1 in 10mM Tris-
HCl pH 7.8, and 0.5 mM TCEP. Crystals of the free CDC25B-S
were grown at 4°C, as previously described [21], in 2.0 M ammo-
nium sulfate, 0.5 M NaCl, 0.1M Tris-HCl pH 7.5, and 0.5 mM
TCEP, using the hanging drop vapor diffusion method. 0.5 μL
of protein solution was mixed with 0.5 μL of reservoir solution.

The complex formed by CDC25B-S and 3-OMFP was prepared by
incubating at 4°C for 1 h the diluted protein (0.1 mgmL−1) with a
50-fold molar excess of substrate in 40 mM Tris-HCl pH 8.0,
40 mM NaCl, 10% v/v methanol, 3% v/v glycerol, and 1.7 mM
DTT. Finally, the 3-OMFP/CDC25B-S complex was concentrated
up to 9mgmL−1.

An initial extensive screening of sitting-drop crystallization experi-
ments at 20°C and 4°C in 96-well plates was carried out using a
Mosquito Crystal protein crystallization robot (SPT Labtech) and
commercially available crystallization screens (NeXtal QIAGEN
Classics, Classics II, AmSO4, Anions, Cations, Nucleix, and
JCSG+; Jena Bioscience JBScreen PACT++; Hampton Research
PEGRx HT).

The optimization of the starting conditions was performed by
hanging drop vapor diffusion method, mixing 0.5 μL complex
solution with 0.5 μL reservoir solution. Crystals suitable for X-
ray diffraction data collection grew at 20°C in 3.8 M NaCl,
0.1 M HEPES pH 7.5, and 1.2% v/v 2-propanol.

The crystals of the free CDC25B-S and 3-OMFP/CDC25B-S com-
plex were cryoprotected by adding 20% v/v glycerol and 25% v/v
ethylene glycol to the crystallization solution, respectively, before
being flash-cooled in liquid N2.

4.5 | Data Collection, Structure Determination,
Refinement, and Structural Analysis

Diffraction data of free CDC25B-S were collected at the ID30A-1/
MASSIF-1 beamline of the European Synchrotron Radiation
Facility (ESRF) at 1.34Å resolution, using λ= 0.9660 Å. Those of
3-OMFP/CDC25B-S complex were collected at the X06DA-PXIII
beamline of the Swiss Light Source (SLS) at 2.04 Å resolution, using
λ= 1.0000 Å. The datasets were processed using the autoPROC pro-
gram [54–58]. Initial phases were determined bymolecular replace-
ment using Phaser MR [40] and the PDB entry 2A2K as a template.
REFMAC5 [43] and Coot [59] programs were used for refinement
and model building, respectively. In the case of 3-OMFP/CDC25B-
S complex, partial modeling was automatically performed using
ARP/wARP program [42]. The analysis of the Fourier difference
(2Fo-Fc, Fo-Fc) electron density maps allowed to unambiguously
place the 3-OMFP ligand in the structure using Coot [59]. Both
structures were validated using the Coot [59] routines and the
PDB validation server (https://validate-rcsb-1.wwpdb.org/). Data
collection and refinement statistics are reported in Table S2. The
final coordinates and the structure factors were deposited in the
Protein Data Bank (free CDC25B-S = PDB code 9T09; 3-OMFP/
CDC25B-S complex= PDB code 9T0A). The Superpose program
from CCP4 package [56] was used to calculate the root-mean-
square deviations (RMSD). The interface area of the 3-OMFP/
CDC25B-S complex was examined using the PISA program [60]
available online (https://www.ebi.ac.uk/pdbe/pisa/). All interac-
tions within 3.5 Å between the two molecules were identified using
the Contact program from the CCP4 package [56] and subse-
quently verified through visual inspection of the structure with
Coot [59]. Hydrophobic interactions were identified using
LIGPLOT (LigPlot+ package) [61]. Molecular graphics figures were
rendered with PyMOL (DeLano Scientific, Palo Alto, CA, USA).
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Supporting Table S2: Data collection and refinement statistics.
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3-OMFP/CDC25B-S complex. Supporting Figure S1: Experimental
structures and predicted models of the catalytic domains of CDC25A,
CDC25B, and CDC25C. Supporting Figure S2: Crystals of the
3-OMFP/CDC25B-S complex. Supporting Figure S3: Superimposition
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and the free CDC25B-S protein. Supporting Figure S4: Details of the
active site in the structures of the 3-OMFP/CDC25B-S complex and
the ligand-free CDC25B-S protein. Supporting Figure S5: Chemical
structures of 3-OMFP in the “closed” lactone form and “open” cationic
form, and chemical structure of the “open” quinoid form of the highly
fluorescent 3-OMF. Supporting Figure S6. Detail of the 3-OMFP/
CDC25B-S structure in which the 3-OMFP molecule has been modeled
in an “open” cationic form. Supporting Figure S7: Chemical structures
of the two enantiomers of 3-OMFP lactone form. Supporting Figure S8:
Comparison of the binding mode of the phosphate group of 3-OMFP in
3-OMFP/CDC25B-S structure with the sulfate ion observed in the ligand-
free CDC25B-S crystal structure and the phosphorylated tyrosine of
CDK2 in the cryo-EM structure of the CDK2-cyclin A-CDC25A complex.
Supporting Figure S9: Contacts between the CDC25B-S active site res-
idues and the sulfate ion observed in the ligand-free CDC25B-S crystal
structure, and the CDC25A active site residues and the CDK2 phosphor-
ylated tyrosine in the cryo-EM structure of the CDK2-cyclin A-CDC25A
complex. Supporting Figure S10: Superimposition of the 3-OMFP/
CDC25B-S complex and the free CDC25B-S protein, highlighting the con-
formational rearrangement of Arg544 side chain to accommodate the
bicyclic lactone group of 3-OMFP. Supporting Figure S11: Transient
interaction between the S-enantiomer of 3-OMFP and Arg482 of
CDC25B-S. Supporting Figure S12: The shallow surface active-site
pocket of CDC25B-S: details of the binding of the R- and S-enantiomers
of 3-OMFP, highlighting the high solvent exposure of the ligand and the
predominantly polar nature of the interacting protein residues.
Supporting Figure S13: Crystal packing contacts involving the
3-OMFP molecule.
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