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The Cdc25 dual specificity phosphatases have central roles in co-
ordinating cellular signalling processes and cell proliferation. It
has been reported that an improper amplification or activation
of these enzymes is a distinctive feature of a number of human
cancers, including breast cancers. Thus, the inhibition of Cdc25
phosphatases might provide a novel approach for the discovery
of new and selective antitumor agents. By using the crystal struc-
ture of the catalytic domain of Cdc25B, structural models for the
interaction of various Cdc25B inhibitors (1-13) with the enzyme
were generated by computational docking. The parallel use of
two efficient and predictive docking programs, AutoDock and
GOLD, allowed mutual validation of the predicted binding poses.
To evaluate their quality, the models were validated with known

Introduction

Tyrosine phosphorylation of proteins is a fundamental mecha-
nism of intracellular signal transduction and is involved in im-
portant cellular events such as cell growth and differentia-
tion.l"" The phosphorylation states of proteins are strictly con-
trolled by various protein tyrosine kinases (PTKs) and protein
tyrosine phosphatases (PTPs). PTKs catalyze the covalent at-
tachment of phosphate groups to the amino acid side chain of
proteins, whereas PTPs catalyze the removal of this group. Eu-
karyotic protein phosphatases can be divided into two main
subclasses®™ based upon their substrate specificity and pro-
tein structure: protein serine/threonine phosphatases (PSTPs),
which dephosphorylate phosphoserine (pSer) and phospho-
threonine (pThr) in a single-step reaction by using a metal-acti-
vated water molecule, and protein tyrosine phosphatases
(PTPs) which dephosphorylate phosphotyrosine (pTyr) in a
two-step reaction involving a cysteinyl-phosphate enzyme in-
termediate. Dual-specificity protein phosphatases (DSPs),
which dephosphorylate both pTyr and pThr residues, are con-
sidered to be a subfamily of PTPase because they possess the
conserved PTPs signature motif HCX;R, and they employ a sim-
ilar catalytic mechanism.>® Cdc25 cell-cycle regulators are ex-
amples of DSPs that dephosphorylate contiguous pTyr and
pThr on cyclin-dependent kinases (CdKs), and have been
shown to play crucial roles in cell proliferation.”

Three Cdc25 homologues, Cdc25A, Cdc25B, and Cdc25C, are
encoded by the human genome. Cdc25A and B have oncogen-
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structure-activity relationships and site-directed mutagenesis
data. The results provide an improved basis for structure-based
ligand design and suggest a possible explanation for the inhibi-
tion mechanism of the examined Cdc25B ligands. We suggest
that the recurring motif of a tight interaction between the inhibi-
tor and the two arginine residues, 482 and 544, is of prime im-
portance for reversible enzyme inhibition. In contrast, the irrever-
sible inhibition mechanism of 1-4 seems to be associated with
the close vicinity of the quinone ring and the Cys473 catalytic thi-
olate. We believe that this extensive study might provide useful
hints to guide the development of new potent Cdc25B inhibitors
as novel anticancer drugs.

ic properties.” They are transcriptional targets of the c-Myc on-
cogene™ and are overexpressed in many human tumors.®'”
Both Cdc25B and Cdc25C are thought to be regulators of the
G,-M transition through their ability to dephosphorylate and
activate the Cdk1-cyclinB mitotic kinase complex, which is re-
quired for cell entry into mitosis.”” Cdc25A is likely to be im-
portant for the G,-S phase transition and in preserving genom-
ic integrity,"" although Cdc25A might also have some role in
the initiation of mitosis."? Cdc25A is rapidly degraded in re-
sponse to DNA damage, which impairs the G,-S transition.!"”
Due to their functional role, Cdc25s have been studied ex-
tensively. Broad evidence suggests that improper amplification
or activation of Cdc25A or Cdc25B is a distinctive feature of a
number of human cancers, including breast cancers." More-
over, augmented expression of Cdc25A or B results in cellular
transformation, and the transcription and catalytic activities of
both proteins are directly regulated by two other protoonco-
gene products, c-Myc and c-Raf, respectively.® ' Thus, dereg-
ulation of Cdc25A and Cdc25B activities, either through over-
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expression or abnormal activation, might contribute to the
growth of certain types of cancer. Therefore,due to their re-
ported oncogenic properties, Cdc25 inhibition could represent
a new and valuable approach in cancer therapy.®

Although the crystal structures of the catalytic domains of
Cdc25A and Cdc25B have been reported at 2.3 A" and 1.9 A
resolution,™ respectively, a detailed description of their inter-
actions with small-molecule inhibitors has never been report-
ed. A comparison of the two crystal structures revealed similar-
ity within the catalytic domain. As expected, both phosphatas-
es contain the canonical HCX;R PTPase catalytic-site motif, in
which H is a highly conserved histidine residue, C is the cata-
lytic cysteine, Xs are the five residues that form a loop in
which all of the amide nitrogens hydrogen bond to the phos-
phate of the substrate, and R is a highly conserved arginine
that hydrogen bonds to the phosphorylated amino acid of the
substrate. However, key differences in the positions of residues
believed to be essential for catalysis between Cdc25A and
Cdc25B, were observed. For example, the carbonyl group of
residue 434 in Cdc25A (residue 477 in Ccd25B) points toward
the location where phosphate should bind; the opposite of
that observed with Cdc25B and other PTPs." A difference in
the positioning of the side chain for Arg436 in Cdc25A was
also observed, which appears to be misplaced when compared
to the structures of the Cdc25B catalytic domain and other
known phosphatases. In fact, the corresponding Arg479 in
Cdc25B, forms a hydrogen bond with Glu431, which is compa-
rable to that observed with other PTPs. Cdc25A failed to bind
oxyanions in its catalytic site, whereas Cdc25B readily bound
tungstate and sulfate in a mode similar to

can be directly obtained from the Cdc25A protein structure.
The highly resolved and more compacted crystal structure of
the Cdc25B catalytic domain however, seems to be more suita-
ble for rational inhibitor design.

This paper reports a molecular-docking analysis of selective
reversible Cdc25B inhibitors by using the published crystal
structure of the Cdc25B catalytic domain (PDB ID: 1QB0)"™® in
order to explore the ligand-binding mode and to clarify the
molecular basis for the inhibitory activity of the selected com-
pounds. All ligand-enzyme complexes were predicted by two
automatic docking programs, namely AutoDock™?" and
GOLD,”>*" which have been shown to be highly effective at
reproducing experimentally found binding modes of other li-
gands.”>?"? Moreover, the resulting docking poses were
scored and ranked by using the native scoring function imple-
mented in the respective docking programs.

For docking experiments, we chose a highly diverse set of
synthetic competitive Cdc25B inhibitors with inhibitory poten-
cies ranging from micromolar to nanomolar values. The struc-
tures of the investigated ligands are shown in Tables 1-4.

A set of inhibitory compounds was identified from an in
vitro screening of the NCI's chemical substances against onco-
genic, full-length, recombinant human Cdc25B.”* Twenty-one
compounds were found to have a mean inhibitory concentra-
tion of less than 1 uM. Among these, we decided to investigate
the most structurally representative inhibitors 1-4, which had
ICso values of 0.30 pum, 0.21 um, 0.82 pum, and 0.37 um, respective-
ly. In the same study, Lazo et al. also found the potent naph-
thoquinones 5 (IC5,=0.62 um) and 6 (IC5,=0.85 um; Table 1).

other PTPases and DSPases."® The Cdc25A
catalytic domain also lacks any loops prox-
imal to the active site that could facilitate
substrate binding."”"'® Finally, another
major difference between the Cdc25B cat-
alytic domain structure and the Cdc25A
structure is in the C-terminal region (resi-

Table 1. Reported ICs, values for quinolinequinones 1-4 and naphthoquinones 5 and 6.
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dues 531-547, Cdc25B numbering). This
region of Cdc25B, which is well resolved
in the crystal structure, contains an a-helix
that is positioned against the bulk of the

protein. Several residues of the helix, such 2 N

as Met531 and Arg544, point toward the
active-site cleft. In contrast to the Cdc25A
structure, this region is undefined beyond
Asp492 (Cdc25A numbering scheme), and
the few residues that are observed appear
to be misplaced. For example, the se-
quence is directed away from the active
site of the protein and toward a symmetri-
cally related molecule in the crystal. This
results in a more open structure,"® which 5
is not suitable for the structure-based
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reliable information about ligand binding
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Later on, Sohn et al.”® described an indolyldihydroxyquin-
one class of reversible Cdc25B inhibitors that bind to the
active site with submicromolar potency. Structure-activity rela-
tionship (SAR) studies led to the discovery of 50 derivatives.
We focused on compounds 7 and 8, which were the most
potent and had ICs, values of 1.0 um and 5.6 um, respectively
(Table 2).

Table 2. Reported ICs, values for indolyldihydroxyquinones 7 and 8.

Compd ICsp [um] Ref.
7 1.00£0.20 [26]
8 560+1.12 [26]

A library of sulfonylated aminothiazoles was also prepared
and screened for inhibitory activity against Cdc25B, VHR, and
PTP1B.”” From the best inhibitors, we chose compounds 9
and 10 (Table 3), which had ICs, values of 22 um and 21 pm,
respectively.

Table 3. Reported IC,, values for sulfonylated aminothiazoles 9 and 10.
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Finally, docking simulations were undertaken on structurally
dissimilar compounds 11-13,3% which were reported to in-
hibit Cdc25B phosphatase with ICs, values of 11 um, 3.9 um
and 0.17 pm, respectively (Table 4).

1Cso [um] Ref.

224+2.00 [27]

N

Results

The compounds shown in Tables 1-4 revealed a consistent set
of recurring binding modes. For all investigated compounds,
AutoDock provided well-clustered docking results. As shown in
Table 5, the 50 independent docking runs carried out for each
ligand generally converged to a small number of different po-
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Table 4. Reported IC;, values for diverse Cdc25B inhibitors 11-13.

Compd Structures ICso [m] Ref
e}
| N |3 COOH
=
1 N NI 5.00 [28]
o
H.C., .CH,

N
12 Ill' 3.90+0.01 [29]
LT L
OH
NO,

13 0.17£0.10 [30]

Table 5. Results of 50 independent AutoDock and GOLD docking runs
for each ligand.”
Ligand Neot frec AGying GOLD score™
1 10 26 —8.12 42.97
2 14 23 —8.48 32.48
3 16 14 —8.63 35.27
4 16 20 —7.86 49.72
5 n n —7.89 52.28
6 13 10 —8.29 50.38
7 6 20 -9.16 51.36
7 6 7 —8.64
8 8 12 —8.06 44.46
8 8 8 -7.73
9 12 19 —6.13 30.72
10 12 20 —6.15 31.82
1 18 8 —6.80 55.31
12 33 10 —7.70 32.61
13 15 19 —9.48 66.52
[a] Ny, is the total number of clusters; the number of results in the top
cluster is given by the frequency of occurrence, f,. AGyq is the estimat-
ed free energy of binding for the best cluster results and is given in kcal
mol™". [b] Higher scores indicate more favorable binding.

sitions (“clusters” of results differing by less than 1.5 A rmsd).
Generally, the top ranking clusters (i.e., those with the most fa-
vorable free energy of binding AGy;,q) occurred most frequent-
ly; this suggests good convergence behavior from the search
algorithm. The best results in terms of free energy of binding
were all located in a comparable position in the active site.
GOLD provided docking solutions in which the majority of li-
gands occupied the same binding location as suggested by
AutoDock. The result from a GOLD run is a series of viable con-
formations of the ligand docked inside the binding site of the
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target protein, together with an associated scoring function
and other measures of the corresponding protein-ligand inter-
action energy. The GOLD score consists of hydrogen-bonding,
complex energy, and ligand internal-energy terms. Since there
is a large number of hydrogen donor-acceptor pairs within the
Cdc25B active site, the GOLD score was expected to properly
rank the ligand poses after the docking. Although both the es-
timated AutoDock free energies of binding and GOLD scores
represent useful descriptors of ligand-receptor complementari-
ty, the choice of the “best” docking model was also dictated
by its agreement with the SARs and the site-directed mutagen-
esis data. Docking results are summarized in Table 5, and a
graphical representation of the binding modes of the most
structurally representative derivatives 1, 4, 5, 7, 9, and 11-13
is given in Figures 1-9. For each inhibitor, the results are briefly
described in the following section.

Quinolinequinones 1-4

A distinct binding pose was found for compounds 1-4 with
highly populated clusters (f,..=26/50, 23/50, 14/50, and 20/50,
respectively), and estimated
binding free energies of —8.12,
—8.48, —8.63, and —7.86 kcal
mol™', respectively (Table 5).

As depicted in Figure 1a, com-
pound 1 forms a network of hy-
drogen bonds and electrostatic
interactions between the qui-
none carbonyl oxygens at posi-
tions 5 and 8, and the Arg544,
Arg482, and Tyr428 side chains.
Moreover, the nitrogen atom at
position 1 of the same moiety
accepts an additional hydrogen
bond from Arg482. The morpho-
line oxygen atom is engaged in
a hydrogen bond with both the
Phe475 NH backbone and the
Arg479 side chain.

AutoDocking of compound 2,
which is the regioisomer of 1, re-
sulted in a binding position fea-
turing the quinolinequinone
moiety in the same spatial loca-
tion as 1, although it appears to
be in an inverted position. This
pose not only allows the occur-
rence of electrostatic interac-
tions between the quinone car-
bonyl oxygens and Arg482,
Arg544, and Tyr428, but also ori-
ents the morpholinoethylamino
chain toward the catalytic
Phe475 NH backbone and

FULL PAPERS

scribed for 1. This might explain the comparable ICy, values
found for compounds 1 and 2.

A similar binding mode was also found for compound 3,
which occupies the same spatial position as 1 in the binding
site and also establishes analogous hydrogen bonds and elec-
trostatic interactions with the enzyme. This binding pose is fur-
ther stabilized by the occurrence of a T-shaped interaction be-
tween the aromatic ring of the ligand-indanyl moiety and the
catalytic Phe475 side-chain. For compound 4, AutoDock calcu-
lated a top-ranking solution that showed a network of hydro-
gen bonds between the quinone carbonyl oxygens and both
Arg482 and Arg544 side chains (Figure 2a). This binding pose
is further stabilized by an additional hydrogen bond between
the COOCH; ester oxygen and the Arg479 side chain.

Different binding modes of 1-4 were found when docking
was performed with GOLD. This program predicted compara-
ble solutions for compounds 1 and 2. Interestingly, both of the
top-scoring solutions (42.97 and 32.48, respectively) placed the
quinolinequinone ring into the catalytic site of Cdc25B differ-
ently from what was suggested by AutoDock (Figure 1b). In
particular, one quinone carbonyl oxygen, situated near the cat-

Figure 1. Stereoviews of the alternative binding modes of compound 1 in the Cdc25B binding cavity as calculated

by a) Autodock and b) GOLD. For clarity, only interacting residues are displayed. The ligand (violet) and interacting

Arg479, thus establishing the

same sort of interactions as de-  shown as dashed yellow lines.
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key residues (orange) are represented as stick models, while the protein as a Connolly surface. H-bonds are
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alytic Cys473, forms hydrogen bonds with both the Arg479 NH
backbone and the side chain of the same residue, while the li-
gand’s morpholine oxygen is involved in an additional hydro-

gen bond with Arg544. The only
difference displayed by the cal-
culated binding position for the
regioisomer 2 resides in the in-
verted position of the quinoline-
quinone ring. For compound 3,
GOLD predicted a top-scoring
solution (35.27), and fit 3 into
the enzyme’s catalytic site simi-
larly to what was found for 1. In-
terestingly, when analyzing the
other binding modes calculated
by GOLD for compounds 1 and
2, we found that the second and
the third solutions were virtually
identical to those found by Au-
toDock for these compounds.
From this point of view, it could
be inferred that two different
binding modes are feasible for
1-3, and the best one cannot be
determined unambiguously.

GOLD was able to calculate a
top-scoring solution for com-
pound 4 (49.72), and it also
placed the quinone ring in the
same pocket as was found for
1-3. As illustrated in Figure 2b,
the quinone amino group do-
nates a hydrogen bond to the
Glu474 side chain, the pyridine
nitrogen atom accepts two hy-
drogen bonds from the Tyr428
and Arg544 side chains, and the
CO,CH; carbonyl oxygen at posi-
tion 6 of the same ring still
forms an electrostatic interaction
with Arg544. This binding mode
is further stabilized by the occur-
rence of two hydrogen bonds
between both the phenolic and
methoxy oxygens of the pend-
ant phenyl ring and the Arg482
side chain.

Naphthoquinones 5 and 6

A well-clustered binding pose
was found by AutoDock for
naphthoquinones 5 (f,..=11/50,
AGping=-7.89) and 6 (f,.=10/
50, AGy;q=—8.29 kcalmol™),
which featured the same recur-
ring electrostatic interactions be-

544
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tween the quinone carbonyl oxygens and the corresponding
Arg544 and Arg482 side chains for both molecules (Figure 3).
An additional hydrogen bond is observed between the qui-

Figure 2. Stereoviews of the alternative binding modes of compound 4 in the Cdc25B binding cavity as calculated
by a) Autodock and b) GOLD.

Figure 3. Stereoview of the binding mode of compound 5 in the Cdc25B binding cavity as calculated by both Au-
todock and GOLD.
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none oxygen at position 4 and Tyr428. This residue together
with Arg544 donates a hydrogen bond to the carbonyl oxygen
of the acetamide group at position 2 of 5, while the p-chloro-
phenylthio substituent at position 3 penetrates deeper into
the catalytic binding site and establishes a T-shaped interac-
tion with the Phe475 aromatic ring.

Surprisingly, GOLD was able to locate the same binding
modes found by AutoDock for both compounds, 5 and 6. This
increased our confidence in the reliability of the predicted
poses.

Indolyldihydroxyquinones 7 and 8

The docking of 7 into the Cdc25b catalytic pocket provided
well-clustered solutions; the top result had a much better
score than all other results (AGy,;,q=—9.16 kcalmol™', found 20
times out of 50). Similarly, the top-ranked binding mode ob-
tained for 8 (AG,;,q=—8.06 kcalmol™', found 12 times out of
50) was located in a comparable position at the active site.

As shown in Figure 4a, the quinone carbonyl oxygen at po-
sition 4 of 7 and the hydroxy group at position 5 are involved
in hydrogen bonds with the Arg482 and Thr547 side chains, re-

i
" & » \:L

- ears Serﬁ? p »
¢~ Argd79

VArgas2
C Y

s

Figure 4. Stereoviews of the alternative binding modes of compound 7 in the Cdc25B binding cavity as calculated

by a) Autodock and b) GOLD.
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spectively. Similarly, the quinone carbonyl oxygen at position 1
also forms hydrogen bonds with Arg482. The 7-(2-methyl-ben-
zyl)indolyl chain adapts itself into the Cdc25B catalytic site, es-
tablishing a T-shaped interaction with the Phe475 side chain. It
is worth noting, that the indole moiety of 8, together with its
dimethylallyl chain, also fits into the catalytic site of Cdc25B, al-
though the additional charge-transfer interaction with Phe475
is lost. This might explain the higher inhibitory activity of 7
compared to 8.

A significant alternative to this position is given by the
second cluster. Although it was found less frequently, it
showed only a slight energy difference compared to the top
result for compounds 7 and 8. As shown in Figure 4b, this so-
lution places the dihydroxyquinone ring in the Cdc25B catalyt-
ic site and the 7-(2-methyl-benzyl)indolyl chain between
Arg482 and Arg544. The quinone carbonyl oxygen at position
4 is engaged in hydrogen bonds with the Arg479 NH back-
bone and the side chain of the same residue, while the hy-
droxy group at position 5 is within hydrogen-bonding distance
of the catalytic backbone NHs of Phe475, Ser477, and Glu478.

In contrast to AutoDock, GOLD successfully calculated a
single solution for compounds 7 and 8. Surprisingly, the associ-
ated binding orientations strong-
ly resembled the second-ranking
ones found by AutoDock with
scores of 51.36 for 7 and 44.46
for 8. The convergence toward a
single solution in GOLD might
support the preference for this
binding position rather than for
the first-ranking one calculated
by AutoDock.

Sulfonylated aminothiazoles 9
and 10

AutoDock calculations for com-
pound 9 converged to a small
number of clusters. The most
populated one (f,..=19/50) had
a AG;,q of —6.13 kcalmol™". The
ligand is found in the center of
the Cdc25B active site (Figure 5).

One of the sulfonamide oxy-
gens is involved in two hydro-
gen bonds with the Arg544 side
chain, while the phenyl ring at
position 4 points toward the cat-
alytic site of the enzyme; this es-
tablishes a charge-transfer inter-
action with the Phe475 aromatic
ring. A similar binding pose was
predicted for compound 10
(AGyjng= —6.15 kcalmol™', found
20 times out of 50), which dis-
played polar interactions almost
identical to those found for 9.
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Figure 5. Stereoview of the binding mode of compound 9 in the Cdc25B binding cavity as calculated by both Au-

todock and GOLD.
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Both the phenolic OH and the
methoxy group of 12 are in-
volved in hydrogen bonds with
the Arg482 side chain, while the
protonated amino group of the
p-nitrophenyl alkyl chain of 12
forms an ionic interaction with
the negatively charged Glu478
side chain (Figure 7). Further-
more, the p-nitrophenyl ring in-
serts into the Cdc25B catalytic
site, where the nitro group hy-
drogen bonds with the catalytic
backbone NHs of Phe475,
Ser477 and Glu478.

For compound 13, AutoDock
found a well-defined cluster
(f.c=19/50, AGy;q=—9.48 kcal
mol™"), even though this solu-
tion did not belong to the top-
ranking ones. The associated
binding mode, illustrated in
Figure 8, is characterized by the
presence of a salt bridge be-
tween the ligand’s carboxylate
group and the Arg544 guanidini-
um group, and a hydrogen-bond
interaction between the furan
oxygen atom and the Thr547
side chain. Moreover, the benzyl
moiety in the carboxylate
group’s o-position is placed in
Cdc25B’s catalytic domain, thus
making a T-shaped interaction
with the Phe475 side chain.

Figure 6. Stereoview of the binding mode of compound 11 in the Cdc25B binding cavity as calculated by both
Autodock and GOLD.

The reported binding mode was also predicted by GOLD with
a scores of 30.72 for 9 and 31.82 for 10.

Compounds 11-13

Interestingly, both AutoDock and GOLD predicted an identical
binding solution for compounds 11-13. As depicted in
Figure 6, the structure of 11 fits into the Cdc25B binding
cavity with the carbonyl oxygen at position 4 engaged in two
hydrogen bonds with the Arg544 side chain. A salt bridge be-
tween the negatively charged carboxylate group at position 3
and the positively charged side chain of Arg482 was also ob-
served. Moreover, the thiophenyl group at position 8 adapts
itself into the Cdc25B catalytic site, establishing a T-shaped
charge-transfer interaction with Phe475 through its aromatic
ring. This is consistent with our other results.

546
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Discussion

The development of novel and

potent Cdcd25B phosphatase in-
hibitors has always been hampered by the lack of detailed
structural information about the interaction between Cdc25s
and their ligands. It is still unclear how ligands actually bind
within the enzyme’s active site and whether general principles
of binding exist that could be explored for the design of more
potent compounds. Therefore, we report herein a docking
study of several structurally representative Cdc25B inhibitors in
order to provide a possible explanation for their inhibition
mechanism. Moreover, this study should help to clarify the pe-
culiar characteristics required for the inhibitory activity dis-
played by the examined compounds. With this purpose, li-
gands 1-13 (Tables 1-4) were subjected to docking calcula-
tions in the 3D crystal structure of Cdc25B."® From all the
available docking software, we chose AutoDock and GOLD,
which both use genetic algorithms and have been reported to
be particularly effective in reproducing experimental ligand
binding modes.”®"?¥ The choice of employing two different

ChemMedChem 2006, 1, 540 - 550
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Figure 7. Stereoview of the binding mode of compound 12 in the Cdc25B binding cavity as calculated by both

Autodock and GOLD.

Figure 8. Stereoview of the binding mode of compound 13 in the Cdc25B binding cavity as calculated by both
Autodock and GOLD.

and efficient docking protocols was dictated by the demands
of achieving a mutual validation for the predicted binding po-
sitions. In fact, the inspection of a well-defined binding mode
for each inhibitor of Cdc25B was complicated by the architec-
ture of the binding-site region of Cdc25B itself, which is not a
deep cleft but rather a comparatively large and shallow
pocket, which allows for several reasonable and different
ligand-binding poses.

Validation of the binding poses on the basis of SARs and
mutagenesis data

The parallel employment of AutoDock and GOLD was suppor-
tive when inspecting the binding mode of quinolinequinones
1-4. In fact, AutoDock was successful in predicting a single
binding position for such ligands with the quinolinequinone
moiety hydrogen bonding Arg482 and Arg544 through its car-

ChemMedChem 2006, 1, 540 - 550

- i al o . 8 \!

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPERS

bonyl oxygens, and the pendant
chain lying in the enzyme’s cata-
lytic site (Figures Ta and 2a).
There are four arginine residues
(Arg479, 482, 544, and 548) in
the active site of the enzyme
that can recognize the substrate
phosphate group. Therefore, the
involvement of Arg482 and
Arg544 in ligand binding could
explain the inhibitory activity of
1-4 against Cdc25B, in accord-
ance with what has already been
postulated by Lazo etal™
Moreover, the participation of
these residues in the binding of
Cdc25B inhibitors was reported
in a patent application by BASF,
which includes the X-ray struc-
ture of a Cdc25B/inhibitor-com-
plex.B"” In contrast to what Auto-
Dock predicted, the best scoring
solutions of GOLD placed the
quinolinequinone moiety in the
Cdc25B catalytic site and the
pendant chain in the region be-
tween Arg482 and Arg544. From
these calculations, it could be as-
sumed that two different binding
modes are possible for com-
pounds 1-4, and the preference
for one of them cannot be deter-
mined unambiguously (Figure 9).
Interestingly, when tested for
their inhibitory activity against
Cdc25B, many compounds in this
series displayed partial or full
mixed inhibition kinetics.”* This
might suggest that such ligands
are able to inhibit the enzyme in
both a reversible and irreversible manner.

The known electrophilic properties of quinones suggest two
possible interactions with the enzyme: i) the possibility of in-
ducing a sulfhydryl arylation of a cysteine in the catalytic
domain of Cdc25B or ii) an ether linkage of a serine.’” On the
other hand, quinones can also inactivate the enzyme through
redox cycling, thus oxidizing the catalytic thiolate group of
Cys473. Only the latter inhibition mechanism was recently de-
tected by Brisson and co-workers®® on quinone 1, which, to-
gether with its congener JUN1111, inhibited Cdc25B in a irre-
versible, time-dependent manner. The observation that the in
vitro inhibition displayed by 1 and JUN1111 was sensitive to
pH, catalase, and reductants also supports an oxidative inhibi-
tion mechansim. Moreover, mass spectrometric analysis of the
Cdc25B catalytic domain revealed that the catalytic Cys473
was irreversibly oxidized to a sulfonic acid, and no evidence of
the addition product (1+CdC25B) or an aromatization of the
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Figure 9. Alternative binding modes of quinones 1-4 superimposed into the Cdc25B active site. Ligands (white
with the exception of the red quinone oxygens) and interacting key residues (orange) are represented as stick
models, while the protein as a secondary structure cartoon. Hydrogen bonds are shown with dashed green lines.

product (sulfhydryl arylation) was found in this experiment.®

Taken together, these findings suggest that the congeneric
quinones 2-4 could also have a redox inhibition mechanism.
From this point of view, the capacity of 1-4 to oxidize the cru-
cial Cys473 thiolate supports the binding pose predicted by
GOLD (Figures 1b and 2b), in which the quinolinequinone
moiety is in close proximity to the catalytic Cys473. Thus, it
could be inferred that, when this moiety fits into the catalytic
site of the enzyme, an irreversible inhibition takes place. On
the other hand, the reversible inhibition displayed by 1 might
be due to a reversible binding with Cdc25B or, alternatively, re-
versible oxidation of the enzyme’s catalytic residues. Actually, it
has been reported that a mild oxidation of protein phospha-
tases can lead to the reversible oxidation of the catalytic cys-
teine residue to sulfenic acid (Cys-SO™), which is readily reversi-
ble by cellular reductants.®** Therefore, we speculate that the
reversible inhibition can occur through the formation of a re-
versibly oxidized adduct (this still supports the GOLD solutions)
or, alternatively, through the placement of the quinolinequi-
none moiety in the region between Arg482 and Arg544, as
suggested by the AutoDock solutions (Figures 1a and 2a).

In contrast to our results for ligands 1-4, both docking pro-
grams converged toward a single binding pose for compounds
5 and 6, in which the quinone moiety fits in the region be-
tween the Arg482 and Arg544 residues. However, neither Au-
toDock nor GOLD was able to detect a binding pose featuring
the quinone ring in the Cdc25B catalytic site, this suggests re-
versible binding for 5 and 6. Interestingly, no irreversible inhib-
ition mechanism was reported for these compounds. Two
binding positions were found for inhibitors 7 and 8 in which
the quinone ring fits either in the region between Arg482 and
Arg544 (Figure 4a) or in the Cdc25B catalytic site (Figure 4b).
Several site-directed mutagenesis data were reported for this
set of compounds.”® In particular, the mutants Glu474GlIn,
Phe475Ala, and Arg482Leu, and the truncated form of Cdc25B,
which lacks the last 17 residues, showed significantly altered
activity toward 7, while mutation of Arg544 to Leu did not
affect the activity of this compound. These data indicate that
Arg544 might not interact with 7 and 8. In this respect, only
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the solution in which the qui-
none moiety fits into the Cdc25B
catalytic site seems to be plausi-
ble. Remarkably, this binding
pose places the R? substituent in
close proximity to the C-terminal
portion of the enzyme, as is fur-
ther corroborated by the results
obtained when testing an ana-
logue of 7 that is unsubstituted
at R> on the above-reported
Cdc25B mutants.®® In fact, the
truncation of the last 17 amino
acids of the C-terminal portion
of the enzyme caused a loss in
activity of 7, while it did not
have any effect on the activity of
the R%*unsubstituted analogue.
Taken together, these considerations strongly support the
binding pose in which the quinone ring fits into the catalytic
site. It could be argued that the insertion of this moiety in the
catalytic loop might allow reactions with the essential Cys473
thiolate or redox reactions, thus irreversibly inactivating the
enzyme. However, the reactivities of the indolyldihydroxyqui-
nones 7 and 8% proved to be dissimilar to those reported for
the quinones 1-4.5%39 |n fact, as suggested by Finley et al.,”
indolyldihydroxyquinones are quite electron rich, with two
electron-donating hydroxyl groups and an electron-donating
indole substituent, which make them much less likely to
accept nucleophiles. Moreover, when the redox properties of
the indolyldihydroxyquinones were investigated, it was shown
that they do not sustain redox cycling (cyclic voltammetry) in
aqueous DMF.®¥ These findings might explain why 7 and 8 are
not capable of irreversibly inhibiting the enzyme, whereas they
are able to reversibly and competitively inhibit it, even though
the quinone ring may be situated in the Cdc25B catalytic site.
Docking of 9 and 10 demonstrated that they are less able to
establish strong polar and electrostatic interactions with the
enzyme, compared to the quinones reported so far. This might
explain the high AGy;.4 values calculated by AutoDock and the
poor scores found by GOLD, which indicate poor inhibitory ac-
tivity, consistent with the high experimental 1Cs, values. Simi-
larly to quinones 1-4, docking of 11 into the Cdc25B binding
site positioned the naphthyridinone ring in the region be-
tween Arg482 and Arg544, where the negatively charged car-
boxylate group is salt-bridged with the positively charged side
chain of Arg482. The importance of this interaction is support-
ed by the SAR data, since the esterification of the carboxylate
group resulted in a less active compound (ICso= 120 um).*®

Conclusions

The goal of this study was to explore the possible binding
modes of several Cdc25B inhibitors that have high molecular
diversity and inhibitory potencies ranging from micromolar to
nanomolar values. The relatively open architecture of the en-
zyme's binding site, together with the absence of a reported
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cocrystal structure of the protein with an inhibitor made this
task extremely challenging. Therefore, two different automatic
docking programs, AutoDock and GOLD, were employed to
achieve a mutual validation of the obtained results.

According to our docking study, polar and electrostatic inter-
actions play a crucial role in the binding of all examined li-
gands with the enzyme. The strength and stability of such in-
teractions (hydrogen bonds and salt bridges) determine the in-
hibitory activity of these compounds toward Cdc25B. More
precisely, docking experiments revealed that the quinone ring
of compounds 1-6 adapts itself between Arg482 and Arg544,
with the two oxygens acting as hydrogen-bond-acceptor
groups. Therefore, it seems clear that the quinone moiety is
crucial for Cdc25 inhibition. Moreover, the pendant chain on
the quinone ring points toward the Cdc25B catalytic site, thus
impeding the interaction with the protein substrate. These
findings offer an explanation for the competitive inhibition re-
ported.

The use of two different docking softwares allowed us to
predict a second plausible binding position for compounds 1-
4, in which the quinone ring fits into the catalytic site of
Cdc25B, in close proximity to the crucial Cys473 thiolate, so as
to permit its oxidation, as suggested by Brisson et al.** Taken
together, such results might explain the partial or full mixed in-
hibition kinetics displayed by compounds 1-4. A similar bind-
ing position was also found for compounds 7 and 8, in which
the hydroxyquinone ring adapts itself to the Cdc25B catalytic
site. However, the different reactivities of quinones 7 and 8
compared to those of 1-4 do not support an irreversible
enzyme inhibition. The importance of hydrogen bonds and
electrostatic interactions between the enzyme and its inhibi-
tors was also underscored by the lower activity of aminothia-
zoles 9 and 10. In fact, according to our studies, such com-
pounds are less able to establish strong electrostatic interac-
tions with the enzyme, especially with Arg482. Similarly, the
absence of interactions with this residue appears to be the
main reason for the poor activity of the naphthyridinone 11.

In summary, the present study clarifies the specific structural
features responsible for the activity of a set of competitive
Cdc25B inhibitors. From this point of view, the presented re-
sults might provide useful hints in guiding the rational design
of new potent Cdc25B inhibitors as novel anticancer drugs.
Moreover, the use of two different and efficient docking pro-
grams, such as GOLD and AutoDock, proved to be a successful
approach for the definition of the binding modes when the ar-
chitecture of the binding region appears to allow multiple
binding poses.

Computational Methods

Molecular modeling and graphics manipulations were performed
by using the SYBYL software package (Sybyl Molecular Modeling
System, version 7.0, Tripos Inc., St. Louis, MO) running on a Silicon
Graphics Tezro workstation equipped with four 700 MHz R16000
processors. Model building of compounds 1-13 was accomplished
with the TRIPOS force field® available within SYBYL. Point charges
for the ligands were calculated according to the Gasteiger-Marsili
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method.”” Energy minimizations were carried out by employing
the INSIGHT II/DISCOVER program (Insight Il Molecular Modeling
Package and Discover 2.2000 Simulation Package, Accelrys Inc.,
San Diego, CA), selecting the CVFF force field.""

Docking simulations: Automated docking studies were performed
with two different docking genetic algorithms, AutoDock 3.05%2%2"
and GOLD 2.2 AutoDock combines a rapid energy evaluation
through precalculated grids of affinity potentials, with a variety of
search algorithms to find suitable binding positions for a ligand on
a given protein. While the protein is required to be rigid, the pro-
gram allows torsional flexibility in the ligand. GOLD is an automat-
ed ligand-docking program that uses a genetic algorithm to ex-
plore the full range of ligand conformational flexibility with partial
flexibility of the receptor. GOLD requires a user-defined binding
site. It searches for a cavity within the defined area, and considers
all the solvent-accessible atoms in that area as active-site atoms.
On the basis of the GOLD score, the bound conformation with the
highest score was considered to be the best for each molecule.
The scoring function that was implemented in GOLD consisted of
hydrogen-bonding, complex energy, and ligand internal-energy
terms. A population of possible docked orientations for the ligand
was set up at random. Each member of the population was encod-
ed as a “chromosome” that contained information about the map-
ping of ligand hydrogen-bonding atoms onto (complementary)
protein hydrogen-bonding atoms, hydrophobic points on the
ligand onto protein hydrophobic points, and the conformation
around flexible ligand bonds and protein OH groups. A number of
parameters controlled the precise operation of the genetic algo-
rithm.

Ligand setup: The core structures of ligands 1-13 were retrieved
from the Cambridge Structural Database (CSD)*? and modified by
using the standard bond lengths and bond angles of the SYBYL
fragment library. Geometric optimizations were carried out with
the SYBYL/MAXIMIN2 minimizer by applying the BFGS (Broyden,
Fletcher, Goldfarb and Shannon) algorithm™ and setting a rms
gradient of the forces acting on each atom of 0.05 kcalmol'A as
the convergence criterion. Partial atomic charges were assigned by
using the Gasteiger-Marsili formalism.

Protein setup. The crystal structure of Cdc25B (PDB ID: 1QB0),"®
recovered from Brookhaven Protein Database, was used. The struc-
ture was set up for docking as follows: polar hydrogens were
added by using the BIOPOLYMERS module within the SYBYL pro-
gram (residues Arg, Lys, Glu, and Asp were considered ionized,
while all His were considered to be neutral by default), Kollman
united-atom partial charges were assigned, and all waters were re-
moved.

AutoDock docking: Docking of 1-13 to Cdc25B was carried out
by using the empirical free-energy function and the Lamarckian
genetic algorithm.?? A standard protocol was applied, which had
an initial population of 50 randomly placed individuals, a maxi-
mum number of 1.5x10° energy evaluations, a mutation rate of
0.02, a crossover rate of 0.80, and an elitism value of 1. Proportion-
al selection was used, in which the average of the worst energy
was calculated over a window of the previous 10 generations. For
the local search, the so-called pseudo-Solis and Wets algorithm
was applied by using the default parameters.

Results differing by less than 1.5 A in positional rmsd were clus-
tered together and represented by the result with the most favora-
ble free energy of binding. Selected compounds were set up for
docking with the help of AutoTors,”*?" in order to define the tor-
sional degrees of freedom to be considered during the docking
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process. All torsion angles for each compound were considered to
be flexible. Solvation parameters were added to the final protein
file by using the Addsol utility of AutoDock. The grid maps repre-
senting the proteins in the actual docking process were calculated
with AutoGrid. The grids (one for each atom type in the ligand,
plus one for electrostatic interactions) were chosen to be sufficient-
ly large to include not only the active site, but also significant por-
tions of the surrounding surface. The dimensions of the grids were
thus 60 Ax60 Ax60 A, with a spacing of 0.375 A between the grid
points. The grid center was set to be coincident with the center of
the enzyme catalytic site.

GOLD docking. The active site was defined to encompass all
atoms within a sphere of 20 A radius, whose origin was located at
the center of the catalytic site. The standard Genetic Algorithm
protocol was selected, and the default parameters were applied
for the docking. Fifty independent docking runs were performed
for each docking experiment. The best 20 solutions for each ligand
were ranked according to the scores, which were calculated by the
native GOLD scoring function.

Energy refinement of the Cdc25B/ligand complexes: In order to
eliminate any residual geometric strain, the obtained complexes
were energy minimized by using 3000 steps of steepest descent,
followed by 2000 steps of conjugate gradient; this permitted only
the ligand and the protein side-chain atoms to relax. The geometry
optimization was carried out by employing the DISCOVER program
with the CVFF force field.

Figures 1-9 were created by using PYMOL software."”
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