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The inhibition of a subgroup of human serine/threonine protein phosphatases is responsible for the
cytotoxicity of cantharidin and norcantharidin against tumor cells. It is shown that the anhydride rings
of cantharidin and norcantharidin are hydrolyzed when bound to the catalytic domain of the human
serine/threonine protein phosphatases 5 (PP5c), and the high-resolution crystal structures of PP5c
complexed with the corresponding dicarboxylic acid derivatives of the two molecules are reported.
Norcantharidin shows a unique binding conformation with the catalytically active Mn2PP5c, while
cantharidin is characterized by a double conformation in its binding mode to the protein. Different
binding modes of norcantharidin are observed depending of whether the starting ligand is in the
anhydride or in the dicarboxylic acid form. All these structures will provide the basis for the rational
design of new cantharidin-based drugs.

Introduction

Cantharidin, the active constituent of the dried body blister
beetles,1 is a toxin displaying severe effects on the gastro-
intestinal tract, kidney, and ureter.2 Nevertheless, it has been
used in medicine for over 2000 years against cancerous skin
lesions, as an aphrodisiac, abortifacient, and to treat ulcers
and cervical tuberculous lymphadenopathy.3,4 Cantharidin
and its demethylated form, norcantharidin, are also effective
against multidrug-resistant leukemia,5 hepatoma,6 and mye-
loma cells.7 Norcantharidin is less toxic than cantharidin and
is in clinical use in China since the 1980s to treat human
cancers.8 Cantharidin and norcantharidin are cyclic anhy-
drides.1,9 Their structures are reported in Figure 1, together
with the structures of their open dicarboxylic acid forms,
cantharidic acid and endothall, respectively.
Cantharidin and its derivatives act by causing cell death.

Many of the proposed mechanisms involve response to DNA
damage and apoptosis through the inhibition of protein
phosphatases.10,11 Indeed, like sulfonamides for carbonic
anhydrase12 or hydroxamic acids for metalloproteinases,13

cantharidin and norcantharidin are the archetypal small
molecule protein phosphatase inhibitors.1,14,15 Phosphatases
are, togetherwithkinases,16 among themost studied targets in
today’s drug discovery programs.17-19 It is therefore surpris-
ing that the structure of a complex between any of the four
molecules shown in Figure 1 and any phosphatase has never
been reported.

Protein phosphatases (PPsa) are metalloproteins with a
dimetallic active site in the catalytic domain.20 They can be
divided in protein serine/threonine phosphatases and in
protein tyrosine phosphatases, according to their substrate
specificity. Protein serine/threonine phosphatases can be
further classified into three groups on the basis of se-
quence, structure, and catalytic mechanism. The largest,
named phospho protein phosphatases (PPP), comprises
PP1, PP2A, PP2B, PP4, PP5, PP6, and PP7.20-23 Canthar-
idin is a strong inhibitor of this group of phosphatases. The
consensus sequence (DXH(X)nGDXXD(X)mGNHD/E),
highly conserved in the catalytic domain of these phospha-
tases,24 contains most residues that coordinate the two
metal ions in the active site and is considered as the
signature of the PPP family.25 The catalytic domain of
PP5 (PP5c) shares 35-45% sequence identity with the
catalytic domains of the other members of the group.26

Therefore, PP5 can be considered not only a therapeutic
target27 but also a suitable general model to investigate the
structural basis of the inhibition of PPP by cantharidin and
its derivatives. Indeed, superposition of the available
structures of PP5c containing endogenous (regulatory
peptide)28 or exogenous (phosphate)29 ligands onto the
structures of the catalytic domains of other eukaryotic
phosphatases such as PP1,30,31 PP2A,32 and PP2B33 gives
root-mean-square deviations (rmsd) of <2.0 Å within the
highly homologous ∼270-residue region used in the calcu-
lations and even smaller rmsd (0.48 Å) if the superposition
is limited to the active site.

†Coordinates and structure factors have been deposited at the
Protein Data Bank. PDB ID codes: 3H60, 3H61, 3H62, 3H63, 3H64,
3H66.

*To whom correspondence should be addressed. Phone: þ39 055
4574270. Fax:þ390554574271. E-mail: bertini@cerm.unifi.it. Web site:
www.cerm.unifi.it.

aAbbreviations: PPs, protein phosphatases; PPP, phospho protein
phosphatases; PP5, serine/threonine protein phosphatases 5; ICP-MS,
inductively coupled plasma mass spectrometry; pNPP, p-nitro-phenyl-
phosphate.
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Cantharidin is not the only natural toxin showing strong
inhibition of phosphatases. Okadaic acid, microcystins, caly-
culin A, tautomycin, and fostriecin are among the most
investigated toxins.34 For several of them, the structures of
the complexes with one or another serine-threonine phospha-
tase have been solved.30,31,35-38 In all cases, these molecules
occupy a relatively long groove on the surface of the catalytic
site but do not form coordination bonds with the catalytic
metals despite the presence of potentially metal-coordinating
dicarboxylic acids in some of them. Furthermore, the molec-
ularweights of these toxins are in the range 500-1000Da, i.e.,
much higher than cantharidin and norcantharidin (196 and
168 Da, respectively). Therefore these complexes with large
toxin molecules are of little help in predicting the structure of
the cantharidin-phosphatase complex. At variance with
these relatively large molecular weight toxins, cantharidin
may be able to bind at the metal site, and several model
structures have been proposed.30,39-41 Experimental evidence
for the displacement of the metal bound water molecule by
cantharidin binding has been recently obtained,42 supporting
direct metal coordination.
We report here the X-ray structures of PP5c in the presence

of all four ligands in Figure 1. The obtained structures show
(i) that the anhydrides are hydrolyzed to cantharidic acids
upon binding, (ii) two slightly different conformations of the
bound molecules can be obtained for cantharidic acid, differ-
ing by the orientation of the metal-bound carboxylic groups,
while (iii) two strikingly different conformations are found for

endothall depending on whether PP5c is reacted with the
anhydride or with the dicarboxylic acid form. All these
structures provide the basis for the rational design of more
specific, and thus possibly less toxic, cantharidin-like drugs.
The structure of PP5c with an exposed bimetallic active site
has been also solved for the first time in this work and is
reported for comparison.

Results and Discussion

Free Enzyme Structures. The catalytic domain of PP5 was
expressed as previously reported.42 The protein was dialyzed
against either Mn2þ or Zn2þ solutions until Mn2PP5c or
Zn2PP5c were formed, as judged by ICP-MS and atomic
absorption. As for several other phosphatases the Mn2 form
is active against the test substrate p-nitro-phenyl-phosphate
(p-NPP), while the Zn2 form is not. Both derivatives were
crystallized and their structures were solved at 2.0 and 2.6 Å
resolution for the manganese and zinc derivatives, respec-
tively. The presence of either twoMn2þ ions or twoZn2þ ions
in the metal site was confirmed by X-ray fluorescence and
anomalous Fourier difference maps.
The structures of Mn2PP5c and Zn2PP5c have an rmsd of

0.21 Å from one another, and the catalytic sites are perfectly
superimposable (Figure 2A,B). Each of the two metal ions is
coordinated by five ligands. Asp242, His244, and W2 co-
ordinate M1, and Asn303, His352, and His427 coordinate
M2, while the carboxylate oxygen of Asp271 and a water
molecule (W1) coordinate bothM1 andM2. The two metals
are 3.3 Å apart. This metal binding site corresponds to the
one already reported in the literature for PP529 except for the
presence in the previous structure of a phosphate ion, which
provides an additional oxygen atom as a ligand for both
metals.

Complexes with Cantharidin, Cantharidic Acid, Nor-

cantharidin, and Endothall. The structures of Mn2PP5c
soaked with cantharidin, cantharidic acid, norcantharidin,
and endothall (Figure 1) have been solved to a resolution of
1.3, 1.6, 1.4, and 1.9 Å, respectively. The structures are of
very good quality and the overall rmsd of the protein part
with free Mn2PP5c is 0.14, 0.15, 0.15, and 0.16 Å for the
cantharidin, norcantharidin, cantharidic acid, and endothall
complexes, respectively.
Cantharidin sits in the catalytic site in its open form (i.e.,

as a cantharidic acid molecule). Metal M1 is coordinated
by three cantharidin oxygens (by one oxygen from each

Figure 2. Active site structure of the catalytic domain of PP5. InMn2PP5, one metal ion (M1) is coordinated by Asp242, His244, Asp271, and
by a water molecule (W2). The other metal ion (M2) is coordinated by Asp271, Asn303, His352, andHis427. A further solvent-donated ligand
(W1), presumably a hydroxide ion, bridges the two metal ions (A). The active site of Zn2PP5 exhibits the same structural features of Mn2PP5
except for the water molecule coordinating the metal ion M1 that is not clearly appreciable in this structure (B).

Figure 1. Structures of cantharidin, norcantharidin together with
their open dicarboxylic acid forms, cantharidic acid and endothall,
respectively.
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carboxylate moiety and by the furanic ring oxygen), while
metal M2 is coordinated by only one of the carboxylate
oxygens, which is bridging with M1. The two carboxylic
moieties, which are very close to each other in the adduct,
replace all the water molecules, which complete the metal
coordination in the dinuclear site in the uninhibited enzyme
(cf. Figure 3). Furthermore, in all cases, a double conforma-
tion is present in about 50:50 ratio (Figure 3A,B and C,D):
while one of the oxygens of each carboxylic acidmoiety is still
coordinating a metal ion and does not change its position,
the other two noncoordinating oxygens bascule in concert
with one another in order to maximize the distance between
the negatively charged groups. Metal coordination is not
affected by this conformational equilibrium, while the
side chains of Arg275 and Tyr451 appear to follow the
different orientation of the ligand carboxylic groups. By
soaking Mn2PP5c with cantharidic acid practically identical

structures are obtained, although in this case the two con-
formations are populated in a 80:20 ratio (Figure 3C,D).
The catalytic site ofMn2PP5c complexedwith norcanthar-

idin is shown in Figure 4A. As observed for cantharidin,
norcantharidin sits in the catalytic site in its open form (i.e.,
as an endothall molecule) and with a similar pose. However,
at variance with cantharidin and cantharidic acid, a single
conformation is obtained. Apparently, the lack of the two
methyl groups allows norcantharidin to select a less strained
binding pose with respect to cantharidin.
In all cases, the ligands fit nicely in a small, largely

hydrophobic pocket defined by the side chains of Tyr272,
Val429, and Phe260 and the backbone atoms ofGln242. The
positively charged Arg89 and Arg 214 side chains act as
gatekeepers of this hydrophobic cavity and likely stabilize
the two metal-coordinated carboxylate groups.
By soaking directly endothall in the catalytic site of

Mn2PP5c, two conformations are obtained, populated in a
ratio of about 70:30. In the less populated conformation
(Figure 4B), the structure is very similar to those discussed so
far for cantharidin, cantharidic acid, and norcantharidin.
Surprisingly, in the most populated one (Figure 4C), en-
dothall appears to be rotated by ca. 120� with respect to all
the other structures. In this case, the hydrophobic part of the
ligand is pointing out of the hydrophobic cavity. This
different binding mode of the doubly negatively charged
endothall with respect to neutral norcantharidin might sug-
gest that the more hydrophobic part of norcantharidin may
initially bind to the hydrophobic cavity and, once bound,
be hydrolyzed to endothall. Conversely, endothall as such
could be driven into the active site by electrostatic guidance,
i.e., the two carboxylate groups being attracted by the two
arginine gatekeepers and by the dimetallic site itself. In turn,
this would suggest that ligands of this type, which are
reported to spontaneously hydrolyze in solution but only
on the time scale of tens of minutes,53 might actually initially
bind as anhydrides. Binding as anhydrides could also explain
the somewhat different potency observed in vitro for the
anhydride and dicarboxylic forms.53 The alternate binding
observed for endothall is not found for the hydrolyzed form
of cantharidin, cantharidic acid, possibly either because the
two additional methyl groups increase the overall hydro-
phobicity of the molecule and stabilize its location in the
hydrophobic pocket or because the alternate binding pose is
sterically less favorable.
The fact that Arg275 adopts two different conformations

in the complex with cantharidic acid, and in both cases

Figure 4. Active site structure of the catalytic domain of Mn2PP5 complexed with norcantharidin (A). Two different conformations of the
active site structure of the catalytic domain of Mn2PP5 complexed with endothall (B,C). The ligand conformation in C is uniquely different
from all other conformations observed in this study.

Figure 3. Two different conformations of the active site structure
of the catalytic domain of Mn2PP5 complexed with cantharidin
(A,B). Twodifferent conformations of the active site structure of the
catalytic domain of Mn2PP5 complexed with cantharidic acid
(C,D). Metal coordination is not affected by this conformational
equilibrium, except for the more asymmetric bridging behavior of
one of the ligand carboxylic oxygens in (D), while the side chains of
Arg275 and Tyr451 appear to follow the different orientation of the
ligand carboxylic groups.D
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H-bonded to one of the ligand carboxylic oxygens, suggests
that this residue does not only help in stabilizing the inhibitor
position in the active site by following its movements, but
may also help in stabilizing the bound substrate through at
least part of its movements during the catalytic cycle. Con-
formational freedom of Arg275 seems indeed to be a com-
mon feature of the catalytic site of many phosphatases.30-33

Superimposition of the crystal structures of related phos-
phatases shows that the amino acids forming the active site
are highly conserved. At the same time, the relative mobility
of the side chain of Arg275 is maintained.
Complexes of the inhibitors cantharidin, endothall, and

cantharidic acid with the inactive Zn2PP5c have been also
obtained (data not shown). The complexes are identical to
those with Mn2PP5c, showing that the nature of the active
site metal is irrelevant for even the subtleties of the binding
mode of this class of inhibitors.
In summary, it is apparent that the binding modes of

cantharidin/norcantharidin in their free acid forms observed
here, besides minor differences among them, are in all cases
sizably different from previous predictions based on either
docking or analogy with higher molecular weight toxins.
The binding pose of the inhibitors in the active site of the

enzyme is helpful to explain the experimental affinity con-
stants reported for several cantharidin analogues. Actually,
the decoration of the bicyclic scaffold on position R1, R4, R50,
and R60 (Figure 5) results in a general decrease in binding
affinity for all the tested phosphatases40,53,54 as a consequence
of steric clashes with the wall of the active site pocket that are
now easily predictable from the present structures. The crystal
structures highlight the critical role of the ether oxygen of the
oxabicyclic scaffold for the metal binding, and thus explain
the decrease in affinity observed in the compounds where the
oxygen is replaced by a carbon atom or completely missing.40

The replacementof one of themetal binding carboxylateswith
amide derivatives generallyworsens the binding affinity.9 This
agrees with the involvement of both the negatively charged
carboxylates in metal binding and with the lower binding
capability of the amide oxygens for transition metal ions. At
the same time, the structures suggest positions R2 and R3 as
suitable to insert bulkier substituents. Actually, the methyl
groups at these positions stick out from the pocket toward the
solvent. This is in agreement with the good affinity constant
obtained for the 2,3-trimethylene anhydride derivatives where
the two methyl groups are linked in a five-membered cycle.53

The absence of interactions between the amino acids forming
the active site and themethyl groups inR2 andR3 is consistent
with the modest decrease in binding affinity observed in the
demethylated derivatives.55

Conclusions

In conclusion, the structures of the complexes of canthar-
idin and of norcantharidin with PP5, a representativemember

of the Ser/Thr phosphatase family, have been solved for the
first time. The analysis of the protein-ligand complexes
reveals the structural determinants of the interaction and lays
the ground for a structure-based design of new derivatives. In
particular, it is shown that the open forms of cantharidin and
norcantharidin (cantharidic acid and endothall, respectively)
are the real inhibitors of PP5. Hydrolysis may occur upon
binding and determines the ligand conformation in the active
site. An unexpected feature is the observation of a totally
different binding pose for the dicarboxylic form of nor-
cantharidin (endothall) with respect to the very samemolecule
when formed by in-site hydrolysis of the anhydride. This
observation suggests that administration of the anhydride vs
the dicarboxylic form of norcantharidin, besides likely differ-
ences in pharmacokinetics in vivo, might also result into an
intrinsically different binding mode to its molecular target.
Moreover, substitutions on position R2 and R3 should be
preferred to generate new analogues without affecting the
optimal binding mode of the cantharidic scaffold.
Finally, the entire set of the present structures reveals a

marked plasticity of the catalytic site, which is possibly a
common characteristic of all the members of the family. In
particular, the capability of Arg275 to move inside the cata-
lytic site to establish new interactions can provide a further
anchoring site to the substrate and canbe exploited to increase
the affinity and the selectivity of new cantharidin-based drugs.

Experimental Section

Plasmid DNA containing the gene of the human full length
PP5 enzyme was kindly provided by Prof. D. Barford. The
catalytic domain of PP5 (PP5c) corresponding to the 169-449
construct was cloned in the expression vector pDEST30 by
Gateway technology and expressed in soluble form in E. coli
BL21(DE3) RIPL. The growing conditions were optimized in
fermentors and the GST-fused protein was purified by means of
both affinity and size exclusion chromatography after the re-
moval of the tag. Samples of the purified PP5 protein were
dialyzed against a solution containingMnCl2 in order to produce
a Mn2PP5c enzyme. ICP-MS (inductively coupled plasma mass
spectrometry) was performed to verify the metal content. The
enzymatic activity of the dialyzed sample was assayed by mon-
itoring the dephosphorylation of the p-nitro-phenyl-phosphate
(pNPP) substrate. The inhibition of dephosphorylation of pNPP
was monitored after the addition of selected compounds to the
reaction mixture. Crystals of Mn2PP5c were obtained using the
vapor diffusion technique at 16 �C from a 1.1 mM Mn2PP5c
solution containing 10 mM Tris-HCl pH 8.0, 40% MPD ,and
20%PEGMME 5000. Crystals ofMn2PP5c in complex with the
inhibitors cantharidin, norcantharidin, cantharidic acid, and
endothall were obtained by soaking Mn2PP5c crystals with the
mother liquor containing the inhibitor itself. The data sets were
measured either in-house, using a PX-Ultra copper sealed tube
source (Oxford Diffraction) equipped with an Onyx CCD detec-
tor, or using synchrotron radiation at BM16, ID14-2, ID23-1
beamlines (ESRF,Grenoble, France).All data setswere collected
at 100K, and the crystals used for data collectionwere cryocooled
without any cryoprotectant treatment. The data were processed
in all cases using the program MOSFLM43 and scaled using the
program SCALA44 with the TAILS and SECONDARY correc-
tions (the latter restrained with a TIE SURFACE command) to
achieve an empirical absorption correction. Tables S1, S2, and S3
(see Supporting Information) show the data collection and
processing statistics for all data sets. The structures were solved
using themolecular replacement technique; themodel used for all
data sets was 1S95, where watermolecules and ions were omitted.
The correct orientation and translation of the molecule within
the crystallographic unit cell was determined with standard

Figure 5. 7-Oxabicyclo[2.2.1]heptane-2,3-dicarboxylic anhydride
skeleton with its R1, R2, R3, R4, R5, R50, R6, and R60 substituents.
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Patterson search techniques45,46 as implemented in the pro-
gramMOLREP.47,48 The isotropic refinement was carried out
using REFMAC549 on all data sets. REFMAC5 default
weights for the crystallographic and the geometrical term have
been used in all cases. In between the refinement cycles,
the models were subjected to manual rebuilding by using
XtalView.50 The same program was used to manually build
the inhibitor molecules. Water molecules were added by using
the standard procedures within the ARP/WARP suite.51 The
stereochemical quality of the refinedmodels was assessed using
the program Procheck.52 The Ramachandran plots are in all
cases of good quality.
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