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ABSTRACT. The Wnt signaling pathways are involved in embryo development as well as in tumorigenesis.
Dishevelled (Dvl) transduces Wnt signals from the receptor Frizzled (Fz) to downstream components in
canonical and noncanonical Wnt signaling pathways. The Dvl PDZ domain is thought to play an essential
role in both pathways, and we recently demonstrated that the Dvl PDZ domain binds directly to Fz receptors.
In this study, using structure-based virtual ligand screening, we identified an organic molecule (NSC668036)
from the National Cancer Institute small-molecule library that can bind to the Dvl PDZ domain. We then
used molecular dynamics simulation to analyze the binding between the PDZ domain and NSC668036 in
detail. In addition, we showed that, Xenopusas expected, NSC668036 inhibited the signaling induced

by Wnt3A. This compound provides a basis for rational design of high-affinity inhibitors of the PDZ
domain, which can block Wnt signaling by interrupting the-fewl interaction.

Whnt signaling pathways play important roles in embryonic  Wnt growth factor was identified as the product of a cellular
and postembryonic development and have been implicatedoncogene Wnt-1), which is activated by proviral insertion
in tumorigenesis —3). In the canonical Wnt/-catenin in murine mammary carcinomad, (5). Perhaps the most
pathway, secreted Wnt glycoproteins bind to seven-trans-compelling evidence supporting the role of Wnt signaling
membrane Frizzled (FzJeceptors and activate intracellular in oncogenesis is the finding that approximately 85% of
Dishevelled (Dvl) proteins. Activated Dvl proteins then colorectal cancers are characterized by mutations in APC,
inhibit glycogen synthase kinas@85SK-35); this inhibition one of the key components of the Wnt pathw@y Members
causes destabilization of a molecular complex formed by of the Wnt signaling pathway also have been implicated in
GSK-33, adenomatous polyposis coli (APC), axin, and the pathogenesis of various pediatric cancers such as Burkitt
pB-catenin and weakens the ability of GSK-8 phospho- lymphoma, medulloblastoma, Wilms tumor, and neuroblas-
rylate 8-catenin. Unphosphorylatgiicatenin proteins escape toma (—12). Furthermore, aberrant Wnt signaling is in-
from ubiquination and degradation and accumulate in the volved in other diseases, such as osteoporosis and diabetes
cytoplasm. This accumulation leads to the translocation of (13).

p-catenin into the nucleus, where it stimulates transcription  py| relays the Wnt signals from membrane-bound recep-
of Wnt target genes, such &dyc and the gene encoding tors to downstream components and thereby plays an
cyclin D. Numerous reports address mutations of Wit essential role in the Wnt signaling pathway. Dvl proteins
catenin signaling pathway components that are involved in gre highly conserved throughout the animal kingddr, (
the development of neoplasia, (3). 15). Three Dvl homologues, DvI-13, have been identified
The link between the Wnt pathway and cancer dates backin mammalian systemd4.6, 17). All three humarDul genes
to the initial discovery of Wnt signaling: the first vertebrate are widely expressed in fetal and adult tissues, including
brain, lung, kidney, skeletal muscle, and heart. The DVL
o . proteins are composed of an N-terminal DIX domain, a
(CAZ1765) from the. National ‘Cancer nstitite, by the Amencan Central PDZ motif, and a C-terminal DEP domaltgy. Of
Lebanese Syrian Associated Charities, by Grant GM061739 from the these three, the PDZ domain appears to play an important
National Institutes of Health (to J.Z.), and by the Centre National de rgle in both the canonical and noncanonical Wnt pathways

la Recherche Scientifique and the Association pour la Recherche sur ; ;
le Cancer LNCC and ARC (to D.-L.S.). (19). Indeed, the PDZ domain of Dvl may be involved not
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Density-95, discs-large, and Zonula occludens-1; NMR, nuclear spectroscopy. We showed that the peptide-interacting site

magnetic resonance; mDvl1, mouse Dishevelled 1; TMR[526)- i ; ;
tetramethylrhodamine]carboxylamireihyl methanethiosulfonate; HSQC, of the mDvI1 PDZ domain interacts with various molecules

heteronuclear single-quantum correlation; MD, molecular dynamics; Whose sequences have no obvious homol@gy. Although
rmsd, root-mean-square deviation; ODC, ornithine decarboxylase. it is not a typical PDZ-binding motifZ4), one peptide that
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binds to the mDvI1 PDZ domain is the conserved motif upon the attachment of TMR. Furthermore, when the Dapper
(KTXXXW) of Fz, which begins two amino acids after the peptide was titrated into the solution of the TMRDZ form,

seventh transmembrane domaib); This finding showed significant chemical shift perturbations were observed. Those
that there is a direct interaction between Fz and Dvl and chemical shift perturbations were similar to that when the
revealed a previously unknown connection between the Dapper peptide was titrated into the solution of the PDZ
membrane-bound receptor and downstream components oflomain, suggesting that the ligand binding capacity of the
the Wnt signaling pathways. Therefore, an inhibitor of the PDZ domain is preserved upon linkage of the fluorophore.

Dvl PDZ domain is likely to effectively block the Wnt Structure-Based Ligand Screening of Small Compounds
signaling pathway at the Dvl level. Binding to the PDZ Domainwe used the UNITY module
The special role of the Dvl PDZ domain in the Wigt- of the SYBYL software package (Tripos, Inc.) to screen the

catenin pathway makes it an ideal pharmaceutical target. NCI small-molecule three-dimensional database for chemical

Small organic inhibitors of the PDZ domain in Dvl might compounds that could fit into the peptide-binding groove of
be useful in dissecting molecular mechanisms and formulat-the Dvl PDZ domain [PDB entry 1L6CB0)]. The candidate

ing pharmaceutical agents that target cancers or other disease&mpounds then were docked into the binding groove by
in which Wnt signaling is involved. Because the structure Using the FlexX module of SYBYL (Tripos, Inc.3{). The

of the Dvl PDZ domain is known, this has permitted us to compounds that exhibited the highest consensus binding
use structure-based virtual ligand screening to computation-scores were acquired from the Drug Synthesis and Chemistry
ally access potential ligands, leading to identification of an Branch, Developmental Therapeutics Program, Division of
organic compound, NSC668036, which binds to the Dvl PDz Cancer Treatment and Diagnosis, National Cancer Institute
domain. Further NMR experiments confirmed that the (Nttp://129.43.27.140/ncidb2/), for further tests.

compound binds to the peptide-binding site on the surface NMR SpectroscopNMR **N HSQC experiments were

of the PDZ domain; the binding affinity (dissociation performed by using a Varian Inova 600 MHz NMR
constantKp) of the compound was measured by fluorescence spectrometer at 25C. Samples consisted of the Dvl PDZ
spectroscopy. In addition, we carried out molecular dynamics domain (0.3 mM) in 100 mM potassium phosphate buffer
(MD) simulations of the interaction between this compound (PH 7.5), 10% RO, and 0.5 mM EDTA. NMR spectra were
and the PDZ domain as well as that between the C-terminal Processed with NMRpipe3@) and analyzed by using Sparky
region of a known PDZ domain inhibitor (Dapper) and the (33).

PDZ domain, and we compared the binding free energies of ~Fluorescence Spectroscope used a Fluorolog-3 spec-
these interactions calculated via the molecular mechanicstrofluorometer (Jobin-Yvon, Inc.) to obtain the fluorescence
Poissor-Boltzmann surface area (MM-PBSA) meth@s{ measurements of the interaction between the TMR-linked
28). Finally, we carried out a series of vivo studies and ~ PDZ domain and the NSC668036 compound. Titration
demonstrated thain Xenopus as expected, NSC668036 experiments were performed at 25 in 100 mM potassium
inhibited the Wnt signaling induced by Wnt3A but not by phosphate buffer (pH 7.5). The stock solution of ligand was

B-catenin, which is downstream of Dvl. sequentially injected into a fluorescence sample cell that
contained 2 mL of 40 nM TMR-labeled PDZ domain in 100
EXPERIMENTAL PROCEDURES mM potassium phosphate buffer (pH 7.5). The concentration

of the stock solution of NSC668036 is 1 mM. During the

Purification of the'N-Labeled mbI1 PDZ Domain.The  fluorescence measurement, the excitation wavelength was
*N-labeled mouse Dvl1 PDZ domain (residues 2841 of 552 nm, and the emission wavelength was 579 nm. The
mDvl1) was prepared as described previoug§, 9). To fluorescence data were analyzed by using ORIGIN (Microcal
increase the SOlUblllty of the protein, Cys338, which is Software, |nc_)_ The equationﬂ_v: = a(l/[S]) + bwas used
located outside the Ilgand blndlng site, was mutated to aIanineto fit the double-reciprocal plot of the fluorescence data,
in the PDZ domain construcgg). where AF is the change in the fluorescence intensity and

Preparation of the Z{5(6)-Tetramethylrhodamine]- [S]is the ligand concentration. Th& was calculated from
carboxylamingethyl Methanethiosulfonate (TMR)-Linked the fitted values ok andb (Kp = a/b).
mDyl1 PDZ Domain.Wild-type PDZ domain protein (with- Molecular Dynamics SimulationMD simulation was
out the Cys338Ala mutation) was produced using the performed by using the sander program in AMBER 8 with
standard procedur@3, 29). Cys338 is the only cysteine in  the parm99 force field34, 35). AM1-BCC charges were
the protein. Purified PDZ (40M) was dialyzed against 100  assigned to NSC668036 by using the Antechamber module
mM potassium phosphate buffer (pH 7.5) &G overnight (36) in AMBER 8. The starting structures of ligangrotein
to remove DTT, which was added during protein purification complexes were prepared using the output from the FlexX
steps to prevent disulfide bond formation. We then added docking studies. After neutralization, complexes were dis-
dropwise a 10-fold molar excess of TMR dissolved in DMSO solved in a periodic rectangular TIP3P water box, with each
to the solution of the PDZ domain while it was kept stirring. side 10 A from the edge of the complex. The components
After reaction fo 2 h atroom temperature, excess TMR and of these MD systems are summarized in Table S1 of the
other reactants were removed by extensive dialysis againstSupporting Information. Systems were minimized by a 1000-
100 mM potassium phosphate buffer (pH 7.5) &G4 To step steepest descent minimization followed by a 9000-step
assess whether the ligated TMR affects the structure of PDZconjugated gradient minimizatio4, 35). The MD simula-
domain, we carried out thEN HSQC experiment with the  tions were performed with a time step of 2 fs and the
TMR—PDZ sample. Thé"N HSQC spectrum of the TMR nonbonded cutoff set to 9.0 A. Constant volume (NVT) and
PDZz sample was not significantly different from the spectrum constant pressure (NPT) ensemble simulations were carried
of PDZ, indicating that PDZ had little conformational change out to equilibrate the system. In detail, a 50 ps NVT
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simulation was used to increase the temperature from 100RESULTS
to 300 K; then the 50 ps NPT ensemble was used to adjust
the solvent density, and another 100 ps NPT ensemble was Structure-Based Ligand ScreeninyVe searched for
used to gradually reduce the harmonic restraints from 5.0 potential inhibitors of the PDZ domain of DvI binding to Fz
kcal molt A=2to none 84, 35). A 5 ns MD production run using structure-based virtual screening. PDZ is a modular
was then carried out using the NPT ensemble. During the Protein interaction domain that has twohelices and sixs
production run, snapshots were saved every 5 ps. Othersheets 39). The oB helix andB sheet together with the
simulation parameters were set to values similar to thoseloop that precedes them form a peptide-binding cleft. In their
described in the work by Gohlke et aB7). crystal complex structure, the Dapper peptide (derived from
Binding Free Energy Calculatio.he binding free energy ~ one of the binding partners of the Dvl PDZ domain) forms
was calculated using eq 1 by the mm_pbsa.pl script in hydrogen bonds with residues Leu265, Gly266, 1le267, and
AMBER 8, which employs an MM-PBSA approach. [le269 in theBB sheet of the PDZ domairB().

_ _ To identify small organic compounds that can bind to this

g = GOTPX— GProein — gligand 1) groove and interrupt interactions between the PDZ domain
and its binding partners, we first designed a query by using

where UNITY, a module in SYBYL (Tripos, Inc.). The query

consisted of two hydrogen bond donors (backbone amide

solvation 19 (2 nitrogens of Gly266 and 1le269) and two hydrogen bond
acceptors (carbonyl oxygens of 1le267 and lle269) on the

Geonation™= Gggl'\j‘;tion_;_ Ggglr\‘/l;gfr: ©) PDZ domain, with 0.3 A tolerances for spatial constraints.
We then used the Flex search module of UNITY to explore
the three-dimensional (3D) small-molecule database of the

National Cancer Institute (NCI) to identify compounds that
i ) met the requirements of the query. The 3D database is
where the gas phase enerblye is the sum of intemal (bond, 5\ giaple from NCI at no cost, and it includes the coordinates

angle, and torsion), van der Waals, and electrostatic energi€$s more than 250 000 druglike chemical compounds. The
in the molecular mechanical force field with no cutoff, as o, search option of UNITY considers the flexibility of
calculated by molecular mechani@8}. HuansiotlS 3RT(R = compounds, and it uses the Directed Tweak algorithm to
being the gas constant) because of six translational andconductara,pid and conformationally flexible 3D seart).(

rotational degrees of freedom. The solvation free energy, : :
Gsolvation Was calculated by using the PB mod26,37, 38). ;2 ?hseeﬁlrifiglv;/]isperformed yielded 108 organic compounds

In PB calculations, the polar solvation ener@f>" . . . Y N
obtained by solving the PB equation with Dggokl\\iaﬂgng parse These 108 h|ts_ then were docked" into the binding site
radius, parm94 charges (for the PDZ domain and the Dapper®f the PDZ domain by using the FlexX program of SYBYL.
peptide), and AM1-BCC charges (for the compound). The FlexX is energy minimization mo_dt_al!ng software _that_va_rles
nonpolar contribution was calculated by eq 4. In this the conformation of the ligand to fit it into the protem-bmdlng
equation A is the solvent accessible area calculated by the Sit€ @1). As a control, we also doer_d the Dapper peptide
Molsurf module in Amber 8 ang (surface tension) antl into th<=T PDZ domain. The receptor’s binding ;lte was deflped
(a constant) were 0.00542 kcal mblA~2 and 0.92 kcal by re5|dues Gly266, lle269, and Arg325 WIFh a selection
mol*, respectively. All of the energy terms given above were "adius of 5.9 A, and a core subpocket was defined by Gly266
averaged from 150 snapshots extracted every 20 ps, and thiith & selection radius of 5.9 A. Under this condition, the
entropy TSwas estimated by normal-mode analysis using docked Dapper peptide had a conformation similar to that

production run. root-mean-square deviation (rmsd) of 2.04 A. In particular,

Xenopus Embryos and Microinjections of mRNA and the backbone rmsd for the last six C-terminal amino acids

Peptides. Xenopuaggs were obtained from females that had is 1.22 A, indicating that the docking procedure we used is
received injections of 500 IU of human chorionic gonadot- able to dock ligand into the binding site of the PDZ domain
ropin (Sigma) and had been artificially fertilized. Synthesis With reasonable accuracy. We evaluated the results of the
and microinjection of capped mRNAs were carried out as docking procedure and manually removed those compounds
described previously2@, 25). To assess secondary axis that were not docked into the binding pocket of the PDZ
formation, the mRNAs and compound NSC668036 were domain. Then we used the Cscore program of SYBYL to
injected into the ventro-vegetal blastomere of four-cell rank the remaining compounds on the basis of their predicted
embryos, and the embryos were then cultured until they ability to bind to the binding pocket. Cscore generates a
reached the larval stage. relative, consensus score, based on the individual scoring
RT-PCR.The mRNAs and compound NSC668036 were functions of the proteirligand complex 42). One of the
injected into the animal pole region ¥enopusmbryos at  scoring functions in Cscore, thE_score, is particularly
the two-cell stage. Animal cap explants from control and useful.F_score considers polar and nonpolar interactions in
treated embryos at the blastula stage were dissected and thegalculating the binding free energy of ligand and protein.
cultured until they reached the early gastrula stage. ExtractionWe then further characterized nine available chemicals whose
of RNA, RT-PCR, and primers for Siamois and ODC were F_scores were better than that of the control Dap{iidZ
as described previousl®238, 25). The RT-PCR results were interaction; we obtained these compounds from the Devel-
analyzed by using a phosphoimager system (Bio-Rad). opmental Therapeutics Program (DTP) of the NCI.

AG

G =Hgt+ H +G

trans/rot

Gnonpolar_ ]/A +b (4)

solvation ™
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Ficure 1: Interaction between the mDvll PDZ domain and
NSC668036. (A) Structure of compound NSC668036. The chemical
structure of NSC668036 was sketched by using I1SIS/Draw (MDL
Information Systems, Inc.). Some atoms (which are mentioned in
the text) are labeled with the atom name assigned by the
Antechamber module of AMBER 8. (BN HSQC spectra of free
NSC668036 (red contour lines) and of NSC668036 bound to the
PDZ domain of mDvIl (blue contour lines) are shown. The ) . )
concentration of the PDZ domain was 0.3 mM. The concentration FIGURE 2 Thirty docking conformations of compound NSC668036
of NSC668036 was 7.8 mM (bound form). In the top inset, the generated by using FlexX were clustered into three groups. Group
signals from the same region with enlarged spectra were placed inl comprised five conformations (red) with rmsds between 0.46 and
smaller boxes. The inset also contains an additional spectrum (greer-77 A, group Il 13 conformations (yellow) with rmsds between
lines) from a different concentration of NSC668036 (2.4 mM). In  1.44 and 1.73 A, and group 11l 12 conformations (blue) with rmsds
the worm representation of the backbone structure of the mDvI1 between 2.31 and 2.86 A.

PDZ domain (bottom inset), the thickness of the worm is propor-

tional to the weighted sum (in hertz) of the and**N shifts upon  of the PDZ domain and thereby inhibit WrEz signaling
binding by NSC668036; increasing chemical shift perturbation is pathways.

shown (blue for low and red for high). This figure was prepared . - .
by using Insight Il (Accelrys, Inc.). A ribbon diagram of the same 10 determine the binding affinity of NSC668036, we

PDZ domain is also shown in Figure 4A. conducted fluorescence spectroscopy experiments by using
fluorophore-labeled PDZ domain (TMRPDZ). We followed
Binding of NSC668036 to the PDZ Domalve tested the quenching of fluorescence emission of TMIRDZ at
the abilities of the nine compounds obtained from DTP to 579 nm (with the excitation at 552 nm) as we titrated
bind to the PDZ domain by using NMR spectroscopy, NSC668036 into the TMRPDZ solution. The fluorescence
mainly the chemical shift perturbation experimedt3)( emission of TMR was quenched because of the binding of
Among these nine compounds, NSC668036 (M\M61 Da; NSC668036 to the PDZ domain. A double-reciprocal plot
Figure 1A) generated chemical shift perturbations to the of the fluorescence changes against the concentrations of
resonances of the Dvl PDZ domain when added to a solutionNSC668036 gave a linear correlation. Linear fitting using
of the °N-labeled Dvl PDZ domain (residues 24341 of Origin (Microcal Software, Inc.) calculatedko (mean=+
mouse Dvll): the series ofH—1N correlation spectra  standard deviation) of 23%& 31 uM (Figure S1 of the
exhibited prominent chemical shift perturbations of lle264, Supporting Information).
Ser265, Val289, Ala290, Arg322, and Val325 in the PDZ  Molecular Dynamics Simulations of the Complex between
domain (Figure 1B). Residues lle264 and Ser265 are in thethe Dvl PDZ Domain and NSC668036o0 further investigate
B sheet of the PDZ domain, whereas Arg322 and Val325 the interaction between the PDZ domain and NSC668036,
are in the A helix. The binding site of compound we used the AMBER software suite to conduct a molecular
NSC668036 on the mDvll PDZ domain can be further dynamics (MD) simulation study of the NSC668638DZ
illustrated by a “backbone worm” representation of the PDZ domain complex. MD simulations were performed in explicit
domain (Figure 1B). The thickness of the worm is propor- water for 5 ns after equilibration with the particle mesh
tional to the weighted sum of tHél and*®N chemical shift Ewald (PME) method44, 45). We then used the MM-PBSA
perturbations [colored from blue (low) to red (high)] induced algorithm @6—28) to calculate the binding free energy of
by the binding of NSC668036. These chemical shift pertur- the interaction between the PDZ domain and NSC668036.
bations were similar to those caused by binding of the Dapper To sample sufficient possible binding modes during the
peptide and Fz7 peptide, which was derived from a Fz MD simulation, we re-examined the entire output of the
membrane receptoR8). This result suggests that compound initial FlexX docking results. The default settings of the
NSC668036 binds to the same binding site as native PDZ FlexX docking algorithm yielded 30 possible docking
domain-binding partners such as Dapper and Fz. Therefore conformations (Figure 2), and the conformers which had the
NSC668036 may be able to disrupt functional interactions best docking scores were selected. Although the conforma-
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FiGURE 3: Backbone root-mean-square deviations (rmsds, A) of the mDvI1 PDZ domain bound to NSC668036 and of the mDvI1 PDZ
domain bound to the Dapper peptide vs the starting structure and total potential energies of the MD systems for 5 ns explicit simulations.
(A) Backbone rmsds of the mDvl1 PDZ domain (magenta) and NSC668036 (green} fassimulation. (B) Backbone rmsds of the Dvll

PDZ domain (magenta) and Dapper peptide (greema nssimulation. (C) The total potential energy (ETOT) of the mDvI1 PDZ domain

and NSC668036 (water molecules included) dgran5 nssimulation fluctuated between44552.6 and—44344.2 kcal/mol. The total
potential energy (meatt standard deviation) was44450.8+ 32.6 kcal/mol. (D) The total potential energy of the Dvil PDZ domain
(water molecules included) and Dapper peptide dydrb nssimulation fluctuated between44349.8 and-44122.3 kcal/mol. The total
potential energy (meaft standard deviation) was44233.8+ 31.3 kcal/mol. The 200 ps equilibration phase is not included.

tions of the 30 docked NSC668036 conformers were very is shown in Figure 4B. In the complex, NSC668036 formed
similar overall, there were distinct variations. These 30 bound hydrogen bonds with residues Leu262, Gly263, lle264,
conformers can be clustered into three main groups. Grouplle266, and Arg322 of the Dvl PDZ domain (Figure 4B);
I comprises five conformers, and the rmsds of all the atoms close hydrophobic contacts between the ligand and the
in NSC668036 are between 0.46 and 0.77 A for this group residues in the PDZ domain were also observed. For
of conformers; group Il has 13 conformers with rmsds example, the valyl group that is connected to C1 was within
between 1.44 and 1.7 A, and group Ill has 12 conformers 3.5 A of the hydrophobic side chains of residues Leu262,
with rmsds between 2.31 and 2.86 A (Figure 2). Manual lle264, 1le266, Leu321, and Val318 as well as thestle
inspection of these docking conformers led us to select 10 chain of Arg322. In addition, the C17 methyl group was
conformers as starting points for the MD simulations (see within 3.5 A of Phe261, and the “C’-termintrt-butyl group
Table S1 for the components of the MD systems). Of these had hydrophobic contacts with Val267 and Val318 (within
10 conformers, one was from group | (conformer 6), five 3.5 A of the hydrophobic side chains of the two residues).
were from group Il (conformers 4, 7, 10, 14, and 15), and  Bound NSC668036 Adopts a Conformation Similar to, but
four were from group Ill (conformers 12, 22, 26, and 27). Not Exactly the Same as, That of the Bound Dapper Peptide.
During the 10 MD simulation runs, the simulation that started A Comparison between the Crysta' structure of the PDZ
with conformer 22 (group 1) had the lowest and most stable gomain bound with the Dapper peptid@0f and the
binding free energy, suggesting that this conformer representssimuylated NSC668036PDZ domain complex revealed that
the true PDZ domain-bound conformation of NSC668036 hoth ligands adopt similar conformations when bound to the
in solution. PDZ domain (Figure 4). The mass-weighted backbone rmsd
Structure of the NSC668036-Bound!/®DZ Domain.We (only the four C-terminal amino acids, MTTV, were included
analyzed the MD simulation that started with conformer 22 in the rmsd calculation) for both the PDZ domain-bound
in detail. During the 5 ns MD production run, the total energy NSC668036 and the PDZ domain-bound Dapper peptide was
of the MD system (water box included) fluctuated between 1.49 A. The backbone of NSC668036 was defined as the
—44552.6 and-44344.2 kcal/mol (mean 6f44450.8 kcal/ atoms in the main chain between and including the carbonyl
mol) with a root-mean-square deviation (rmsd) of 32.6 kcal/ carbon of the carboxylate group (C) and the carbonyl carbon
mol (Figure 3A,C). The lowest energy occurs at 4.905 ns; at the other end of NSC668036 (C8) (a total of 13 atoms;
the structure of mDvI1 bound with NSC668036 at this point Figure 1A).
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V321 (V318)

-
{ ]
A

Ficure 4: Conformation of NSC668036 docked into the PDZ domain and of the NSC66836/1 PDZ domain complex. (A) NSC668036

and the Dapper peptide bound to the PDZ domain in similar conformations. NSC668036 (blue) was docked into the Dvl PDZ domain
(ribbons and tubes colored gray) by using FlexX (Tripos, Inc.). The Dapper peptide (orange) is in its conformation determined by X-ray
crystallography and is in a complex with the PDZ domain. The difference between the backbone root-mean-square deviation of compound
NSC668036 and that of Dapper peptide [only the backbone atoms of the four C-terminal amino acids (MTTV) were used] was 1.49 A. (B)
Binding conformation of NSC668036 at 4.905 ns during the 5 ns simulation. The PDZ domain is shown as gray ribbons and tubes. NSC668036
is represented according to the bound atom (green for carbon, red for oxygen, and blue for nitrogen). Residues that formed a hydrogen bond
with the compound are shown in ball-and-stick format (black for carbon, red for oxygen, and blue for nitrogen); hydrogen bonds are
represented by yellow dotted lines. Residues within 3.5 A of isopropyl, methyl (those next to nitrogen atonesit-lumyl groups are in

CPK format (gray for carbon, red for oxygen, and blue for nitrogen). In addition, Leu262, lle264, and 1le266 were within 3.5 A of the
isopropyl group next to the carboxylate group. They are in ball-and-stick format for clarity. (C) Conformation of the Dapper peptide [only
the last six C-terminal amino acids (KLMTTV) are shown] bound to XenopusDishevelled PDZ domain (PDB entry 1L603Q).
Representations are the same as in panel B. Residue numbers in parentheses correspond to those of the mDvl1l PDZ domain.

Table 1: Hydrogen Bonds Observed between NSC668036 and the (24, and in the structure of the DappePDZ domain
PDZ Domain and between the Dapper Peptide and the PDZ Domain cOmplex, the amide groups of Leu262, Gly263, and lle264

during a 5 nsExplicit Simulatior? donated hydrogen bonds to the carboxylate group of the
NSC668036-PDZ Dapper peptidePDZ Dapper peptide. In the NSC66803B8DZ domain complex,
occupancy occupancy because of the flexibility of the ether bond, the C-terminal
NSC668036  PDZ (%) Dapper 1 PDZ (%) carboxylate group and O3 were in the cis conformation. This
0 Leu262N/H 135 ValoOXT Leu262N/H  27.7 conformation allowed both O3 and the C-terminal carboxyl-
8% '(—5“22&?'\'}'//: gsir’-é \\//;'(SJSXT éfUZZG%ZNN/LH 998840 ate group to be involved in the “hydrogen network”; the
o3 Io6a N 326 Valo OXT llev6aNH 823 amide groups of Gly263 and Ile264 form hydrogen bonds
N/H2  lle264 O 99.8 ValON/H le264 O 99.1 with O3, and the C-terminal carboxylate group of NSC668036
ﬁf/Hs ::zggg g/H Zg-i Lh;%%m ”:;gg g/H gg-g forms a hydrogen bond with the amide group of Leu262.
o7 Arga22 112 Lys50 Gly268 N/H  99.4 Qut3|de the carboxyllate binding network, the two bounq
Lys—5 N/H Gly268 O 86.9 ligands had very similar hydrogen bonds and hydrophobic
Ser-70  Ser270N/H 853 contacts with the host PDZ domain. Therefore, the increased
aThe length and angle cutoffs for a H-bond are 3.5 A and°120 binding affinity of the Dapper peptide likely is due to the
respectively. extra length of the peptide: residues By Leu-6, and

_ . o Ser-7 of the bound Dapper peptide form multiple hydrogen
To conduct a further detailed comparison, similar to the honds and hydrophobic contacts with the host PDZ domain.
MD simulation conducted with the PDZ domaiNSC668036 To further compare the binding of the Dapper peptide and

complex, we carried dua 5 ns MD simulation for the . ' L

complex that consisted of the PDZ domain and Dapper RISCGES?C::B 0 f”:ﬁ PDfndlorQaln,Tvr\]/e egarr:lr][e g;ﬁd?r;ndf'?g

peptide. For each MD simulation, we saved 1000 “snapshots” €e energies of the complexes. the absolute t g free
energies for both systems were calculated by using the MM-

and analyzed them in detail (Figure 3). The MD simulations . D . ;
allowed us to compare the hydrogen bonds within the two PBSA approach in combination with normal-mode analysis

complexesn detail, and those hydrogen bonds, together with (26—28). The binding free energy was1.88 kcal/mol for
their percentage occupancies in the 1000 snapshots, are liste'® PDZ-NSC668036 complex and7.48 kcal/mol for the

in Table 1. Perhaps the most striking difference between the PDZ—Dapper peptide complex (see Tables-25 for all

two complexes is within the hydrogen bond network between the energy elements obtained from the MM-PBSA free
the “carboxylate binding loop” formed by the conserved Gly- binding energy calculations). The relative ranking of binding
Leu-Gly-Phe motif (Phe261-Leu262-Gly263-1le264 in the free energies was consistent with experimental data. Indeed,
mDvl1 PDZ domain) and the C-terminal residue of the bound as the dissociation constants for NSC668036 and the Dapper
peptide. This hydrogen bond network is the hallmark of the peptide were 237 and 16M (23), respectively, at 25C,
structure of a C-terminal peptide complex of a PDZ domain the binding free energiedAG = RTIn Kp) were—4.94 kcal/
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Ficure 5: Effect of NSC668036 on canonical Wnt signalingdenopusembryos. (A) NSC668036 inhibited the canonical Wnt pathway
induced by Wnt3A but not by-catenin. RT-PCR was conducted to analyze the expression ofehepusWnt target geneSiamoisin

ectodermal explants. Synthetic mMRNAs corresponding to Wnt3A (1 pgpecatenin (500 pg) were injected alone or with NSC668036

(180 ng) into the animal-pole region at the two-cell stage, and ectodermal explants were cultured until they reached the early gastrula stage,
at which time they underwent RT-PCR analysis. The data are a summary of two independent experiments. The activities of controls (without
inhibitors) were 100%. (B) Control embryo that received no injection. (C) An embryo that received an injection of Wnt3A mRNA developed

a complete secondary axis. (D) An embryo that received co-injections of Wnt3A mRNA and NSC668036 developed a partial secondary
axis.

Table 2: Effect of NSC668036 on Formation of the Secondary Axis control. _AlthQUQh NSC668036 _had little effect Gamois
Induced by Wnt3A ang-Catenirt expression induced by-catenin, a component of Wnt
signaling that is downstream of Dvl, NSC668036 inhibited
Siamoisexpression induced by Wnt3A (Figure 5A). These

double axi8 single axis tot&l

C\?nigi‘:tion 77% 13305//(‘)’ ?g’ results are consistent with the notion that binding of
Wnt3A/NSC668036 55% 45% 78 NSC668036 to the PDZ domain of Dvl blocks signaling in
B-catenin 51% 49% 78 the canonical Wnt pathway at the Dvl level.
p-catenin/NSC668036 49% 51% 6 We then tested whether NSC668036 affected the well-

2 Ventro-vegetal injection of Wnt3A mRNA ang-catenin and of ~ known ability of Wnt to induce secondary axis formation
Wnt3A mRNA and NSC668036 at the two-cell stage. Experimental (46). Wnt3A injected into the ventro-vegetal region of a

details are given in Figure 5BD. " Defined as the appearance of a . .
second neural plate on the ventral side of early neurulae and ectopicxenOpuseCtOdermal explant induced the formation of a

eyes and cement glands. Percentages indicate the proportion of embryo§OMplete secondary axid@) (Figure 5C). However, when

that met the definition® Total number of embryos that received CO-injected with Wnt3A, NSC668036 substantially reduced

injections in two independent experiments. the level of secondary axis formation induced by Wnt3A
(Figure 5D). This reduction resulted in embryos with a partial

mol for NSC668036 and-6.54 kcal/mol for the Dapper secondary axis or only a single axis (Table 2). Therefore,
peptide. we concluded that NSC668036 seems to specifically block

Inhibition of the Wnt Signaling Pathway by NSC668036. signaling in the canonical Wnt pathway.
In an earlier studyZ3, 25), we demonstrated that the PDZ p|scuUsSION
domain of Dvl interacts directly with the conserved sequence ] . ]
that is C-terminal to the seventh transmembrane helix of the ~Our discovery shows that structure-based virtual ligand
Whnt receptor Fz. This interaction is essential in transduction Screening is a feasible approach to identifying small mol-
of the Wnt signal from Fz to the downstream component of ecules that, on the basis of the structural features of the
Dvl. Therefore, an inhibitor of the Dvl PDZ domain should targeted protein, bind to the target. To build the search query
modulate Wnt signaling by acting as an antagonist. To test for the virtual screening stage, in our studies, we used the
whether NSC668036 can indeed inhibit Wnt signaling crystal structure of the PDZ domain BenopusDvl bound
pathways, we co-injected NSC668036 with various activators with the Dapper peptide3() instead of the NMR solution
of the canonical Wnt pathway into the animal-pole region structure of the apo-PDZ domain of mouse D2BY. The
of Xenopusembryos at the two-cell stage3, 25). We then ~ two PDZ domains share a high degree of homology,
performed RT-PCR to analyze expression of the Wnt target especially around the peptide-binding sites; near the binding
geneSiamoisin ectodermal explants that were dissected from sites, there is only a single amino acid difference between
blastulae and cultured until their development reached thethe two PDZ domains (Glu323 in the PDZ domain of mDvI1
early gastrula stage. In the RT-PCR experiments, expressiorvs Asp326 in the PDZ domain ofenopusDvl), and the
of ornithine decarboxylase (ODC) was used as the loading side chain of this residue points away from the peptide-
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binding cleft. The peptide-binding cavity of the domain is hydrogen bond connections with the carboxylate binding loop
smaller in the apo form of the solution structure than in the of the PDZ domain and the carboxylate group of the bound
crystal structure of the Dapper-bound PDZ domain of NSC668036 was pushed into the empty space and stayed in
XenopudsDvl. This difference is consistent with the classic the narrow cavity. We speculate that this binding feature of
“induce-and-fit” mechanism, in which, upon the binding of NSC668036 may explain the specificity of the molecule for
a peptide or a small organic molecule, the binding sites in the Dvl PDZ domain; in other words, NSC668036 achieves
the PDZ domain undergo conformational change to accom- its specificity using its unique binding mode. This notion is
modate the bound ligand. However, this flexibility cannot supported by results from one of our MD simulation studies.
be fully explored through a UNITY search and the FlexX In the MD simulation run, the starting conformation of the
docking protocols. Therefore, although the PDZ domain of PDZ domair-NSC668036 complex was created by super-
mouse Dvl was used in the experimental studies, the crystalimposing NSC668036 over the bound Dapper peptide so that
structure of the PDZ domain ofenopusDvl provides a the carboxylate group of the compound formed all three
better template for the virtual screening steps. Indeed, thehydrogen bonds with the host PDZ domain. After a 200 ps
binding free energies calculated from MD simulation of the production run, the system was no longer stable (data not
PDZ domair-NSC668036 and PDZ domaitbapper pep- shown).
tide complexes fit well with the experimental binding data.

By using a UNITY search for compounds with the ACKNOWLEDGMENT
potential to bind to the PDZ domain, FlexX docking of
candidates into the binding site, Cscore ranking of binding
modes, and chemical shift perturbation NMR experiments,
we identified a small organic molecule (NSC668036) that
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of Phe261 in the PDZ domain. _ _ SUPPORTING INFORMATION AVAILABLE

NSC668036 interacts with the Dvl PDZ domain specifi-

cally. We tested two other PDZ domains: the first PDZ  Atom information for MD systems and dimensions of the
domain of PSD-95, PSD95a7) (PDB entries 11U0 and  water box (Table S1), binding free energies of Dapper and
11U2), which belongs to the class | PDZ domains, and the PDZ, and 10 conformations of NSC668036 and PDZ (Table
PDZ7 domain of the glutamate receptor-interacting protein S2), binding free energy components of NSC668036 and the
(48) (PDB entry 1M5Z), a member of the class 1| PDZ PDZ domain (Table S3), binding free energy components
domains (Figure S2 shows the structure-based sequence®f the Dapper peptide (Table S4), comparison of binding
alignment of different PDZ domains). NSC668036 binds to free energy components (Table S5), double-reciprocal plot
both of these PDZ domains extremely weakly (data not of fluorescence intensity quenching of the PDZ domain by
shown). The specificity of NSC668036 for the Dvl PDZ NSC668036 (Figure S1), and structure-based sequence
domain likely is due to a unique feature of the domain. The alignment of PDZ domains (Figure S2). This material is
Dvl PDZ domain belongs to neither class I nor class Il PDZ available free of charge via the Internet at http://pubs.acs.org.
domains 23) (Figure S2). In particular, the Dvl PDZ domain
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