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ABSTRACT

The Wnt signaling pathways are involved in embryo development as well as in M
tumorigenesis. Dishevelled (Dvl) tra®'duces Wnt signals from the receptor Frizzled (Fz) to
downstream components in canonical and non-canonical Wnt signaling pathways, and the Dvl,
PDZ domain plays an essential role in both pathways, and the Dvl PDZ .domain binds directly to
Fz receptors. In the present invention using NMR-assisted virtual ligand screening, several
compounds were identified and were found to bind to the Dvl PDZ domain. Molecular dynamics
simulation was used to analyze the binding between the PDZ domain and these compounds in
detail. These compounds provide a basis for rational design of high-atfinity inhibitors of the PDZ

domain, which can block Wnt signaling by interrupting the Fz-Dvl interaction.
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‘COMPOSITIONS AND METHODS FOR THE INHIBITION OF DISHEVELLED PROTEINS -

FIELD OF THE INVENTION

The present mvention relates to the D1shevelled proteins, which’ translate Wnt -
signals from the transmembrarie receptor Frizzled to downstream components in canomcal and
non-canomcal Wnt signaling pathways. The invention relates to the field of therapeutw
methods, composxtlons and uses thereof, in the treatment of various diseases which are caused by |

Wt signaling involved in pathogenesxs More partlcularly, the composmons and methods are

| duected to compounds that interrupt the Fnzzled-Dlshevelled interaction. The compounds were

identified from hbranes of compounds using screemng methods. These compounds may also-be

modlﬁed to create denva’uyes or analogues not found in the libraries or in nature, Wthh also -

function effectively.
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" BACKGROUND OF THE INVENTION *

. Wat 51gnalmg pathways play unportant roles 1in embryomc and postembryomc
development and have been unphcated in tumongenesm In the canonical Wnt-p -catenin

pathway, secreted Wnt glyc0protems bmd to seven—transmembrane domain Fnzzled (F2)
receptors and activate intracellular Dishevelled (Dvl) proteins, Actwated Dvl proteins then

-mhlblt glycogen synthase kmase-3l3 (GSK-Bﬁ): this inhibition causes destablhzatlon of a
| _molecular complex formed by GSK-3p, adenomatous polyposis coli (APC), axin, and [3-catenin

and reduces the capability of GSK-3[3 to phOSphorylate B-caténin. Unphosphorylated B-catenin
- proteins escape from ublq_umatton and: degradatton and accumulate in the cytoplasm This =
accumulation leads to the translocation of B-catenin into the nucleus, where it stimulates

| transoxiption of Wt target genes, such as the gene encoding the T cell factor/lymphoid etlhanoer "
factor (ch/Lef) Numerous -reports add:ess mutations of Wnt—-B-catenin signaling pathway

components that-are mvolved in the deveIOpment of neoplasia,

The link between the Wnt pathway and cancer dates back to the initial tiiscovery of Wnt
~ signaling: the first vertebrate Wat growtla factor was identified as the product of a cellular |
'. oncogene (Wnt-1), which is activated by proviral mnsertion 1n murine maminary caroinomas
Perhaps the most compelhng evidence supporting the role of Wnt signaling in oncogenems is the
. finding that apprommately 85% of colorectal cancers are characterized by mutanons in APC, one
of the key components of the Wnt pathway. Members of the. Wnt signaling pathway also have
~ been implicated 1n the pathogenesis of various pediatric cancers such as Burkitt lytﬁphoma,' 4 .'
medulloblastoma, Wilms' tumor, and neuroblastoma, Furthermore, aberrant Wnt signaling is

involved in other dtseases such as osteoporosm and diabetes,

Dvl relays the Wnt signals from membrane-bound receptors to downetrea;n components:
~ and thereby plays an essential role \in ‘the Whnt signaling pathway. Dvl proteins are highly.
conserved throughout the animal kingdom. Three Dvl homologs, Dvl-1, -2, and -3, have oeen
identified in mammalian systems, All three human Dvl genes are ‘widely expressed in fetal and
adult tissues including brain, lung, kidney, skeletal rnusole and heart. The Dvl protems are
oomposed of an N-tenmnal DIX domain, a central PDZ mottf and a C-terminal DEP domam Oof
these three, the PDZ domam appears to play an important role in both the canonical and non-
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'canonical Wnt pathways. Indeed, ‘the PDZ domain of Dvl raay be in‘volved ‘not only. in .
dwtmguxshmg roles between the two pathways but also in nuclear looalrzatron Recently, the
mteraotlons between the PDZ domain (resrdues 247 through 341) of mouse Dvl-1 (mDvl1) and
1t bmdmg partners were investi gated by using nuclear magnetic resonance (NMR) Sp ectroscopy.
"The peptxde-lnteractmg site of the mDv1] PDZ domain interacts with. vanous molecules whose
) 'sequenoes have no obvious homology Although it is not a typical PDZ-binding motif, one
B peptrde that bmds to the mDvll PDZ domain is the conserved motif (KTXXXW) of Fz, which
| .begms two amino acids aﬁer the seventh transmembrane domain, This finding showed that there
is a direct interaction between Fz and Dvl and revealed a previously unknown connection
-~ between the. membrane-bound receptor and downstream components of the Wnt signaling
- pathways. Therefore an inhibitor of the Dvl PDZ domam 1 lrkely to eﬁ‘ectwely block the Wnt
srgnahng patbway at the Dvl level. |

The special role of the Dvl PDZ domain in the Wnt-f-catenin pathway makes it an ideal
' pharmaceutical target. Small organic inhibitors of the PDZ domain in Dvl might be useful in -
dissecting molecular | mechanisms and formulating pharmaceutical agcors that target tumers er’
~ other diseases in which the Wnt signaling‘ is involve‘ei in pathogenesis. In light of the structure of
- the Dvl PDZ domam vrrtual hgand screemng was used to identify a non-peptide compound
NCI668036, that binds to the Dv] PDZ domain, Further NMR experiments validated that the
‘cornpound binds to the peptrde-bmdmg site on the surface of the PDZ domain; the binding '
affinity. (dissociation constant. KD) of the compound was measdred by fluorescence
E speotroscopy In addrtron we carned out molecular dynamics (MD) srmulatlons of the
interaction between thls compound and the PDZ domain as well as that between-thie C-terminal
. region of a known PDZ domarn 1nh1b1tor (Dapper) and the PDZ domain, and we compared the -

. binding free energies of these interactions, which were calculated via the molecular meohamcs'
| Poisson-Boltzman surface area (MM-PBSA) method.
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SUMMARY OF THE INVENTION

The preseﬁt invention is based on' the activation or inactivation ‘of the intracellular
Dishevelled (Dv1) protein's'; or homologs of said proteins, which are involved in Wnt signaling

‘pathways.

In ‘one aspect, the present invention provided methods for identifying compounds using

-virtual screenings.

~ In a preferred embodiment, the present invention provides methods for conducting NMR-

assisted virtual screening.

In another aspect, the present invention provides " compounds which bind to the
Disheyelled proteins or homeologs of said Dishevelled proteins to interrupt the interaction of

these proteins with Frizzled receptors, or homologs of Frizzled receptors.

In still another aspect, the invention provides compounds which bind to the PDZ domain

of the Dishév;lled protéi'ns to interrupt interactions with transmembrane receptors, such as the.

Frizzled receptor.

Other a.speéts of the present invention will be apparent to one of ordinary skill in the art-

| from the following detailed description relating to the present invention.
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DETAILED DESCRIPTION OF THE INVENTION

Structure-Based ngand Screenmg .
A search was conducted for potentlal inhibitors of the PDZ dommn of Dvl by the use of

*structure—based virtual screening. PDZ is a modular protein-interaction: domain that has two «
helices and six 3 sheets. The aB helix and BB sheet, together with the loop that proceeds
followed by pB, form a peptlde-bmdmg cleft. In their crysta.l-compqu structure, the Dapper
peptide (derived from one of .the binding partners of the Dvl PDZ domaih) forms hydrogen
bonds, thh res_idues‘ Léu265, Gly266,-11e267, and 11e269 in the BB sheet of the PDZ domain.

To 'identify small organic compounds that can bind to this groove and interrupt

o intéractions between the PDZ domiain and its binding partners, a query was designed by using the 3

program UNITY™, a module in the software package SYBYL™ (Tripos, Inc.). The query
consis'ted of two_hydrogen-bond donors (backbone amide nitrogens of Gly266 -and 11e269) and
. twd hydrogen-bdnd acceptors (carbonyl 'oxygens of 16267 and 11e269) on the PDZ domain, with |
| Q.B-A tolerances for spaﬁaﬂ constraints. The Flex™search module of UNIT’YTM ‘was then used to
explo;é the three-dimensional (3D) small-molecule database of the National Cancer Institute
'(N CI) to idéﬁtify compouhds that met the requirements of the query, The 3D database is
available from NCI at no cost, and it mcludes the coordinates of more than 250,000 drug-like
| chemical compounds. The Flex™ search option of UNITYTM considers the ﬂcx1b111ty of
compdunds, and it uses the Directed Tweak algorithm to conduct a rapid and conformationally
. flexible 3D search. The search yielded 108 ‘orga:nic compounds as the initial hits. |

These 108 hits then were “docked” into 'thé binding site of the PDZ domain using the
l'*'l'::'xXTM program of SYBYL™. FlexX™ is energy minimization-modeling software that Yanes "
the conformatlon of the ligand to fit it into the protem-bmdmg site. Asa control, we also docked
the Dapper peptide into the PDZ domain. The receptor s binding site was defined by residues
Qly266, I1e269, and Arg325 with a selection radius of 5.9 A, and a core sub-pocket was defined
by Gly266 with a selection radius of 5.9 A. Under this condition, the docked Dapper peptide had
a similar conformation to that found in crystal structure of the compiex with a backbone root
mean square deviation (RMSD) of 2.04 A. In particular, the backbone RMSD for the six C-
terminal amino acids is 1.22 A, indicating that the docking procedure was able to dock ligand
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spectroscopy experiments by using ﬂuoroPhore-labeled' PDZ domain (."IMR‘-PDZ). We folzloived
the quenching of ﬂuorescenc;a emission of TMR-PDZ at 579 nm (with the excitation at 552 nm)
as we titrated NCI668036 into the TMR-PDZ 'solution. The fluorescence emission of TMR was
quenbhéd because of the binding of NCI668636 to the PDZ domain. A doyble reciprocal plot of
the fluorescence changes against the concentrations of NCI668036 gave a linear correlation,

Linear fitting using Origin (erocal Software, Inc) calculated a Kp (mean + standard deviation)
0f237 + 31 pM (Fig.2).

Molecular Dynamics Slmulanons of the Complex Between the Dvl PDZ Domain and
- NCI1668036

~ To further iﬁ‘vestig ate the interaction between the 'PDZ domain and NCI668036, the
AMBER™ software suite was used to conduct a molecular dynamics (MD) simulation study of
the NCIG68036—PDZ domain complex, MD simulations were performed n e}:phcxt water for 5
ns after equ:hbratlon with the particle mesh Ewald (PME) method. The MM-PB SA algorlthm .

was then used to calculate the binding free energy of the interaction between thé PDZ domain

and NCI668036.

To sample sufficient possible binding modes during the MD simulatioﬁ, we re-eicanﬁned
. the erﬁiie output of the initial FlexX{™ docking results were re-examined. The default settings of |
the FlexX™ docking algorithm yielded 30 possible docking conformations (Fig. 3), and the
- ‘conformer which had the best docking scores were selected. Although the conformations of the
- 30 docked NC‘1668036 were very similar overall there were distinct variations. These 30 bound
conformers can be clustered into three main groups Group 1 comprises S conformers (in red),
~ and the RMSDs of all the atoms in NCI668036 are between 0.46 and 0.77 A for this group of
conformers; group 1l has 13 conformers (in yellow) with RMSDs between 1.44 and 1.7 A; and

' group III has 12 conformers (in blue) with RMSD between 2.31 to 2.86'A (Fig. 2A). Manual
inspection of these docking conformers led to the selection of 10 conformers as starting points
for the MD simulations (see Table 1 for the list of the parameters used in the MD simulations).
Of these 10 conformers, one was from group [ (conformer 6), five were from group II
(conformers 4, 7, 10, 14, and 15), aﬁd four werel from group III (conformers 12, 22, 26, and 27).
During the 10 MD simulation runs, the simulation that started with conformer 22 (group III) had
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the lowest and, most stable binding free energy, suggesting that this conformer represents the

true PDZ domain-bound conformation of NCI668036 in solution.

Structure of the NCI668036-Bound DvI PDZ Domain

The MD simulation that started with conformer 22 was analyzed in detail. During the
5-ns MD production run, the total energy of the MD system (waterbox included) fluctuated
between -44552.6 kcal mol™' and -44344.2 kcal mol™ (mean, -44450.8 kcal mol™) with a root
mean square (rms) of 32.6 kcal mol” (Fig. 4A and 4C). The lowest energy occurs at 4.905 ns;
the structure of mDvll bound with NCI668036 at this point 1s shown in Fig. 6A. In the
complex, NCI668036 forme‘d hydrogen bonds with residues Leu258, Gly259, [1e260, 1le262,
and Arg318 of the Dvl PDZ domain (Fig. 5B); close hydrophobic contacts between the ligand
and the residues 1n the PDZ domain were also observed. For example, the valyl group that is
connected to carbon Cl was within 3.5 A of the hydrophobic side chains of residues Leu258,
ile260, [1e262, Leuldl7, and Val314 as well as the Ca side chain of Arg318. In addition, the
Cl7 methyl group was within 3.5 A of Phe257, and the "C"-terminal ¢-butyl group had
hydrophobic contacts with Val263 and VaDI4 (within 3.5 A of the hydrophobic side chains of

the two residues).
Bound NCI668036 Adopts a Conformation Similar to That of Bound Dapper Peptide

A comparison between the crystal structure of the PDZ domain bound with the
Dapper peptide and the simulated NCI668036-PDZ domain ¢omplex revealed that both
ligands adopt similar conformations when bound to the PDZ domain (Fig. 4C and 4D). The
mass-weighted backbone RMSD (only the 4 C-terminal amino acids, MTTV, were included
in the RMSD calculation) for both the PDZ domain-NC1668036 and the PDZ domain-Dapper

peptide was 1.49 A. The backbone of NCI1668036 was defined as the atoms in the main chain
between and including the carbonyl carbon of the carboxylate group (C) and the carbony]

carbon at the other end of NCI668036 (C8), (a total of 13 atoms). The che;mical structure of
NCI668036 was _sketched by using ISIS/Draw (MDL Information Systems, Inc.) and is shown
below. Some atoms (which are mentioned previously) are labeled with the atom name

assigned by the Antechamber module of AMBER 8(TM).
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To conduct'a further detailed comparison, similar to the MD simulation conducted with the
PDZ domain-NCI668036 complex, we first carried out a 5-ns MD simulation for the complex

was first carried out which consisted of the PDZ domain and Dapper peptide. For each

/A
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MD sunulatlon 1000 “snapshots” were saved and analyzed in detarl (Fig. 4). The MD:
. simulations allowed the oompanson the hydrogen bonds within the two complexes in depth, and
those: hydro gen bonds together wrth their percentage occupancies in the 1000 snapshots, are
listed in Table 5. The most striking: difference between the two complexes was within. the
hydro gen-bond network between the “carboxylate binding loop” formed by the conserved motif
_of Gly—Leu-Gly~Phe (Phe25 7—Leu258—Gly259-Ile260 in the mDvll PDZ domain) and the C-
. tenmnal residue of the bound peptlde This hydro gen-bond network is the hallmark of the
structure of a C-terrmnal pepude complex of a PDZ domain; and in the structure of the Dapper—-
PDZ domain complex, the amide groups of Leu258, Gly259, and Ile260 donated hydrogen bonds
to the carboxylate group of the Dapper pepnde In the NC1668036—PDZ domam complex,
because of- 'the ﬂexrblhty of the ether bond, the C-terminal carboxylate group and oxygen O3
| were in cis c,onfomiadon. This oonformaﬁon allowed both oxygen O3 and the C-terminal .'
carboxylate group to be involved in the “hydro gen newyork”' the amide groups of Gly259 and
I1e260 form hydrogen bonds with oxygen 03, and the C-terminal carboxylate group of |
- NCI663036 forms a hydrogen bond with the amrde group of Leu2358. Outside the: “carboxylate o

' binding network™, the two bound ligands had very similar hydrogen bonds and hydrophobie
contacts with the host PDZ dornam Therefore, the increased binding affinity. of the Dapper
| jpeptrde likely 1s due to the extra length of the peptrde-—resrdues Lys5, Leu6, and Ser7 of the
bound Dapper peptrde form multiple hydrogen bonds and hydrophobic contacts with the host

. PDZ domain.

To further compare the brndmg events of the Dapper peptide and NCI668036 to the PDZ
domain, the bmdmg free energres of the complexes were examined. The absolute: bmdmg free
energies for both systems were calculated by usrng the MM-PBSA approaoh in combination with
the normal mode analysis. The binding free energy was —1.88 kcal mol.u for the PDZ-
NCI668036 complex and —7.48 kcal mol-1 for the PDZ".-Dapper peptide complex (see Tables 2, 3, .
and 4 for all the energy elements obtained from the MM-PBSA free bhrdihg energy .
calculations). The relative rankmg of binding free energies was consistent with eXperimental
data. Indeed, as the dissociation constants for NCI668036 and the Dapper peptide were 237 uM
and 10 pM, respectively, at 25 °C, the binding free energies (G = --RTln.KD) were —4.94 kcal

mol.t for NCI668036 and —6.82 kcal mol- for the Dapper peptide.
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Inbibition of the Wat Signaling Pathway By NCI668036

.' In an -earlief study, it was derhohetrate,d that the PDZ domain of Dvl interacts directly
with the conserved sequence that is C terminal to the seventh transmenabrane helix of the Wnt.
receptor Fz. This mteractlon is essential in transductlon of the Wnt ‘sigrial from Fz to the
downstream component of Dvl. Therefore, an mhlbltor of the Dvl PDZ dorhain should modulate
Wnt mgnalmg by acting as an antagomst To test whether NCI668036 can indeed inhibit Wt
31gnalmg pathways NCI668036 was co-mjected with various activators of the canomcal Wnt
pathway into the animal-pole region of Xenopus embryos at the two-cell stage. RT-PCR was
‘then performed to analyze expression of the Wnt target gene Siamois i in ectodermal explants that
were dlssected from blastulae and cultured until their development reached the early gastrula .
stage. In the RT-PCR expenments expression of omithine decarboxylase (ODC) was used as -
the loading control. Although NCI668036 had little effect on Siamois eicpre'ssion induced by B-
catenin, a component of Wnt signaling that is downstream of Dvl, NCI668036 inhibited Siamois
* expression induced by Wnt3A (Fig. 6A). These resulte are consistent with the notion that"

~ binding of NCI668036 to the PDZ domain of Dvl blocks signaling in the canonical Wnt pathway
. atthe Dvl level. | |

Whether NCI668036 affected the well-known ability of Wnt to induce secondary- axis
- formation was then tested, Wnt3A injected into the ventro-vegetal region of a XenOpw
- ectodermal explant induced the formation of a complete secondary axiss7 (Fig. 6B and 6C).

: However when co-xru jected with Wnt3A, NCI668036 substantially reduced the seconda.ry axis
| forma’aon induced by Wnt3A (Fig. 6D). This reduction resulted in embryos ‘with a partial
secoxidary axis or only a single axis (see Table 6). Tﬁerefore, it may be concluded that
NCI668036 specifically blocks signaling in the canonical Wnt pathway.

By using a UNITY™ search for compounds with the 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 non peptidic small
organic molecule (NCI668036) was identified, which could bind to the mDvll PDZ domain.
This shows that NMR-assisted virtval ligand screening is a feasible approach to identify small
molecules that, on the basis of their structural features, are predicted to bind to the target.
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To buiid the search qﬁc;y for the ?i;tual-screening stage, the crysfaf structure of ,'t'l'ae PDZ
do'maii_l' of Xenopfu.'s' Dvl bound with the Dapper peptide was used instead of the NMR solution
structure of the apo-PDZ domain of moéuse Dvl. The two PDZ domains share high homology,. |
especially around the pepude-bmdmg sites; near the binding sites, there'is only a single armno
acid difference between the two PDZ- domams (Glu319 in the PDZ domain of mDvi! versus
Asp326 in. the PDZ domain of Xenopus Dvl) and the side chain of this residue pomts away from
. the peptlde-bmdmg cleft The peptlde-bmdmg cavity of the domain is smaller i in the apo—form of
the solution structure than in the crystal structure of the Dapper-bound PDZ domain of X enopus
Dvl.. This difference 1s consistent W1th the classic “induce-and-fit” mechanism, in which, upon
the binding of a peptlde or a small orgamc ‘molecule, the binding sites in the PDZ domain - |
undergo conformatlonal cha.nge to accommodate the bound ligand, However, this ﬂex1b1hty

cannot be fully - explored through "UNITY™ search and the FlexX™ dockmg protocols.
Therefore, although the PDZ domain of mouse Dvl was used in the cxPenmeptal studies, the
crystal structure of the PDZ domain of Xenopus Dvl provides a better-template for the virtusl
.s'creen.ing steps. Indeed, the binding free energies calculated from MD s'mdaﬁoh of the PDZ
domain-NCI668036 and PDZ domain-Dapper peptide complexes fit well with'th? experimental

binding data,

| NCI668036 is a peptide mimetic in which two peptide bonds are substituted by two ether’
.bonds Therefore NCI668036 is expected to be more stable than the corresponding peptide in
vivo. Although it binds the PDZ domain relatlvely weakly, NCI668036 can .be used as.a
template for further modifications. Indeed, NCI668036 has a very simple structure, and it Is very
stable and highly soluble. In addition, MD simulation showed that, compared with the complex
' of the PDZ domain and Dapper peptide, which has higher binding afﬁnit'y. (Kd= 10 ;..LM), the .
complex formed by the PDZ domain and NCI668036 does not fully utilize all possible

~ interactions to maximize binding affinity., For example, the binding affinity is expected o

increase if the branching of a hydrophobic group from the backbone of NCIG§8036 contacts. the
side chain of Phe257 in the PDZ domain. | '

NCIG68036 interacts with the Dvl PDZ domain Speclﬁcally We tested two other PDZ
domains: the first PDZ domain of PSD~95 PSD95a (PDB code: 1IU0, 11U2), Wthh belongs to

10
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. the class I PDZ domains, and the PDZ7 dommn of the glutamate receptor—mteracung proteln o
- (PDB code: IM52), a member of class II PDZ domains (Fig. 11 shows the structure-based
sequence alignment of dlfferent PDZ domams) NCI668036 binds to both of these PDZ domains
extremely weakly The specificity of NCI668036 for the Dvl PDZ domam likely is due to a.
unique feature of the domain. The Dvl PDZ domam belongs to neither class 1 nor class II PDZ
domains (Fig. 12). In particular, the Dvl PDZ domain has two loops: one is between the first and

second B-—strands (the BA-BB loop), and the other 1s between the second a-helix and the last [3

strand (the BB-BF loop). These two loops of the Dvl PDZ domain are longer than that in a typlcal
PDZ domain. In-the structure of a typlcal PDZ domain bound with a. C-termmal peptlde the
carboxylate group of the bound pepnde 1s also linked through a bound water molecule to the |
, guamdunum group of an argmme in the BA-BB loop. The side chain of the same argmme also

. ;' forms a hydrogen bond with the amide ground of a glycme in the BB-BF loop. However the Dvl' -
PDZ domain lacks both the arginine and glycine, and the cavity that holds the bound .water
molecule in a typical PDZ domain is muoh smaller in the-Dvl PDZ, 'Indeed, there is no bound
:Water molecule in the crystal structure of the Dvl PDZ domain in a complex with the Dapper -
peptide. However, when NCI668036 bound to the Dvl PDZ domain, oxygen O3 partioipated in
two hyda'ogen-bond connections with the “carboxylate binding loop” of the PDZ domain, and the.
‘carboxylate 'group of the bound NCI668036 was pushed into the empty space and stayed in,the
~ narrow cavity. We speculate that this binding feature of NCI668036 may ¢xplain the specificity

.'of the molecule for the Dvl PDZ domain; in other words, NC'1668036. achieves its specificity by
- using its unique binding mode This notion is supported by results from one of our' MD . ‘

. simulation studies. In the MD sunulatlon run, the starting conformation of the PDZ domain- |

- NCI668036 complex was created Dy superimposing NCI668036 over the bound Dapper peptlde
~ so that the carboxylate group of the co_mpound formed all three hydrogen bonds with the host

- PDZ domain. After a 200-ps production run, the system was no longer stable.

Using the screening methods described, additional compounds were id‘en.ti’ﬁed which -
~ were found to bind to a domain of the Dishevelled prot'eins.i Fig. 7 shows the strucmre's of
molecular compounds which were all found capable of binding to the Dishevelled proteins. Fig.
8 and Fig.9 show structures of compounds that bind to Dishevelled, and they also show
compounds which were found to be non-binding. All of the compound structures in Fig. 10 -were
found to bind to the PDZ domain of the Dishevelled protein, These compounds were NCI

11
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- compounds, Sigma Aldrich compounds and Chem .Div compounds.

;' Conéidering that Dvl is at the crossroad of the Wnt signaling pathways and that the
typical binding events in which the molecule is involved are relatively weak but finely tuned and
well balanced, an effective Dv] antagox;ist might be very useful in analyses of Wnt signaling and
in dissecting various pathways. Fungtibnal studiés of NCI668036 strongly"support this‘theoi'yf'
Besides 'being a powerful too] fcﬁ: bioloéical studies of Wnt sigﬁali_ng pathways, a strong
| inhibitor of Dvl serves as a leading compound for further development of phaﬁnaceutical a-gehts
useful in the treatment of cancer and other human diseases in which the Wnt signaling bath%vay |

" has a crucial role in pathogenesis.
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MATERIALS AND METHODS

Purification of “N-labeled mDvll PDZ Domaln
The “N-labeled mouse Dvll PDZ domain (residue 247 to residue 341 of mDvll) was

| prepared as described previously. To 1 increase the solubility of the protein, Cys334, whickis

located outside the ligand binding site, was mutated to alanine in the PDZ domain construct,

Prepara’aon of 2~ ((5(6)-Tetramethylrhodamme)carboxylammo)ethyl Methanethiosulfonate
(TMR)-Lmked mDvl1 PDZ Domain. :

W1ld-type PDZ domain protein (without the Cys3 34Ala mutatlon) was produced -using
the standard procedure. Cy5334 1s the only cysteine in the protein, Punﬁed PDZ (40 uM) was .

dialyzed against.100 mM potassium phosphate buffer (pH 7.5) at 4 °C ovcr.mght to remove DTT,
which was added during protein purification steps to prevent disulfide bond formation. We then

dropwise added a 10-fold molar excess of TMR dlssolved in DMSO to the solution of the PDZ
domain while it was being stirred. After 2 hours of reactzon at room temperature excess TMR

and other reactants were removed by extensive dialysis against 100 mM potassium phosphate
buffer pH 7.5) at 4 °C.

Structuré-based Ligand Screening of Small Compounds Binding to the PDZ Domain, .

The UNITY™ module of the SYBYL™ sofiware package (Tripos, Inc.) was used to
screen the NCI small-molecule 3D database for chemical compounds that could fit into the
| peptlde-bmdmg groove of the Dvl PDZ domain (PDB code: 1L60) The candidate compounds
then were docked mto the binding groove by usmg the FlexX™ module of SYBYLTM (Tnpos
Inc.). The compounds that displayed the highest consensus binding scores were acquued from -

. the Drug Synthesis and Chemistry Branch, Developmental Therapeutics Program, Dmsmo of

- Cancer Treatment and Dxagnosxs, National Cancer Institute for further tests,

" NMR Spectroscopy. |

NMR “N-HSQC experiments were performéd by using a Varian Inova 600-MHz NMR
spectrometer at 25 °C. Samples consisted of the Dvl PDZ domain (concentration, ~0.3 mM) in
100 mM potassium phosphate buffer (pH 7.5), 10% D20, and 0.5 mM E’DTA. NMR spectra

13
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~ were processed with NMRpipe software and analyzed by using the pro gram Sparky™

Fluorescence Spectroscmpy

| We used a Fluorolog-3 spectroﬂuorometer (Jobin-Yvon, Inc.) was used to obtain the
fluorescence measurements of the interaction between the TMP-linked PDZ domain and the
. NCI668036 compound. Titration e:(penments -were performed at 25 °C in 100 mM potassmm’
phosphate ‘buffer (pH 7.5). The solution of NCI668036 (concentra‘uon 1 mM) was sequentially
injected into a fluorescence samplc cell that contained 2 ml 30 uM TMR-labeled PDZ domaln in
100 mM potassium phosphate buffer (pH 7.5). During the fluorescence measurement the
‘excitation wavelength was 552 nm, and the emission wavelength was 3579 nm. The fluorescence
data were analyzed by using the ORIGIN™ program (Microcal Software, Inc.). ThB.KD values .
were determined by using a double reciprocal plot of fluorescence changes against iﬁcfeasi;ig

compound concentrations.

Molecular Dyné'mics Simulation. |

MD simulation was performed by using the sander program in the software pabkége
AMBER 8™ with the parm99 force field. AM1-BCC charges were assigned to NCI668036 by
using the Antechamber module 47 in AMBER 8. ™ The starting structures of hgand—-protem
complexes were prepared by using the output from the FlexX™ docking studies, After

| neutralization, complexes were dissolved in a periodic rectangular TIP3P water box, with each

. side 10 A away from the edge of the system. The components of these MD systems are
~ summarized in Table 1 Systems were minimized by 1000-step steepest. descent’ minimization
followed by 9000-step conjugated gradient mirﬁmization. The MD simulations, wgré perfoi;’med
with, time step of 2 ps and non-bonded cutoff being set to 9.0 A. Both constant volume (NTV)
| and constant pressure (NTP) peri'od.ic boundary condijtions were applied to gradually felax the
N system. In detatl, the MD production run was carried out under the NPT condition forS ns after a
S0-ps NVT ensemble in which the temperature was increased from 100 K to 300 K, a 50-ps NPT
- ensemble in which solvent density was adjusted, and another 100-ps NPT ensemble in which
~ harmonic restraints were gradually reduced from 5.0 keal mol-l A-2t0 0. Snapshots were saved

every 5 ps during the production run, Other simulation parameters were set similarly to those
described in the work by Gohlke et al,

14



CA 02886314 2015-03-27

WO 2006/107719 PCT/US2006/011754

Binding Free Energy Calculatlon.
| Binding free energy was calculated by (1) for which the MM-PBSA approach was
implemented by usmg the mm _pbsa pl rhodule of AMBER 8™,
G = ot . Gorii - (Gmd (1)
where |
| G=Hat Heit G TS (2) -
G»fm;“"anwm+ Cu— ) B

(et = 7+ (4)

Wher'e gas phase energy, Hgss, 15 the sumn of internal (bond, angle, and torsion), van.der Waals,
and electrostatic energy.in the miolecular mechanical force ﬁalgi with no cutoff, as calculated by
.. .mdif;cular mechanics; Himnsirot i 3RT (R is the gas constant) because of six translational and .
* rotational degrees of freedom. Solvation free energy, Gsolvation, was calculated -by asing the PB
model. In PB calculations,' the polar salvation energy, G polar solvasion , W8S obtainad by solvi_ng the
~ PD equation byo' with the Delphi software using parse radius, parm94 chargas tfor the PDZ .

" domain and the Dapper peptide), and AM1-BCC charges (for the compound). The nonpolar

| contnbutlon was calculated by (4). Inthe equatlon A is the solvent accessible area calculated by

the Molsurf module in Amber 8™ and y (surface tension) and b (a constant) were 0.00542 kcal
 mol* Az and 0.92 kcal mol* respéctively. All of the above energy terms were averaged from 150
| | snapshots extracted every 20 ps, and entropy TS was estimated by normal mode analysis using
15 snapshots extracted every 200 ps during the last 3-ns production run.
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DETAILED DESCRIPTION OF THE FIGURES

Figure 1. Interaction between the mDvll PDZ domam and N01668036
”N-HSQC spectra of free NCI668036 (red contour lines) and of NCI668036 bound to the PDZ

domain of mDv!] (blue contour lines) are shown. The concentration of the PDZ domain was 0.3
- miM. The concentrations of NCI668036 was 7.8 mM (bound form) In the upper mset the SIgnals s
. from the same region W1th enlarged spectra were placed in smaller boxes. The inset also contains
~ an additional spectrum (green lines) from a different concentration of NCI668036 (2.4 mM). In
~ the worm representation of the bgckbonc structure of the mDvll PDZ domain (lower insef), the
- thickness of the worm is proportional to the weighted sum (in Hz) of the 'H and “N shiifts upon
binding by NCI668036 mcreasmg chemical-shift perturbation i is shown (blue, . low; red, high).
The ﬁgure was prepared by usmg the software Inmght ™ (Accelrys, Inc. )

Figure 2. ‘Binding affinity between mDvl1 PDZ and NCI668036 as determined from a

double reciprocal plot of fluorescence intensity quenching (F) against the concentration of

NC1668036
Fluorescence measurements were obtained by titrating NCI1668036 into a solution of the TMR-

PDZ domam The Kb value of the oomplex formed by NC1668036 and the: PDZ domain of
- mDvll was 237 £31 pM as extracted after linear fitting,

- Figure3.  The 30 docking conformations of compound NCI668036 generated'by using
the FlexX™ program were clustered into three groups. |

Group [ comprised 5 confonﬁations (red) with RMSDs between 0.46 and 0.77 A, group I had 13
- confonnatibns (yellow) with RMSDs between 1.44 and 1.73 A, and group III had 12
conformations -(blue) with RMSDs between 2.31 and 2.86 A.
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~ Figure 4, Backbone root mean square deviations (RMSDs, A) of the mDvll PDZ 3
domain bound to NC1668036 the mDvll PDZ domain bound to the Dapper peptlde, and
the starting structure and total potenhal.energles of the MD systems for S-ns ,expllcn

simulations. o
The 200-ps equilibration phase is not included.
A. Backbone RMSDs of the mDvll PDZ domain (purple) and NCI668036 (green) for a S-ns

| sumulation,
~ B. Backbone RMSDs of the Dvll PDZ domain (purple) and Dapper peptlde (green) for a S-ns
simulation, . .

'C. The total potential energy (ETOT) of the mDvl1 PDZ domain and NCI663036 (Water
- molecules included) during a 5.ns simulation ﬂuctuated between —44552.6 keal mol' and -
44344.2 keal mol*. The total potential energy (mean + standard deviation) was —44450.8 32,6
| kcal .mol"., |
D. The total potential energy of the Dvll PDZ domain (water molecules ineluded) and Dapper |
peptide daﬂng a 5-ns simulation fluctuated between —44349.8 kcal mol and -4-41‘22‘.3 kcal molt,
‘The total potential energy (mean # standard deviation) was —44233.8 = 31.3 keal mol”, |

Fig“re S. Conformatwn of NCI668036 docked into the PDZ domaln and of the
NC1668036—mDv11 PDZ domain complex.,
| A, NCI668036 and the Dapper peptide bound to the PDZ ‘domain in similar conformations.
. NCI66.8036 (blue) was docked into the Dvl PDZ .domain (ribbons and tubes in gray) by using
| FlexX™ (Tripos, Inc.). The Dapper peptide (oraage) 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 NCI668036 and 'that of Dapper peptide {only the 4 C-

terminal amino acids [MTTV] backbone atoms were used) was 1.49 A. |
- B. The binding conformation of NCI668036 at 4.905 ns durmg the 5-11S sunulauon. The PDZ

- domain js shown as gray ribbons and tubes. NCI668036 is represented accordmg to the bound . -

atom (green carbon; red oxygen and blue, nitrogen). Residues that formed a hydrogen bond
WIth the compound are shown in ball-and-stick format (black, carbon; red oxygen; blue

nitrogen); hydrogen bonds are represented by yellow dashed lines. Residues within 3.5 A of
130pr0pyl, methyl (those next to nitrogen atorns), and #-butyl groups of compound are in CPK
format (gray, carbon; red, oxygea; blue, aitro gen. In additi‘on, Leu258, I1e260, and Ile262 were
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| w1thln 3.5 A of the 1sopr0py1 group next to the carboxylate group., They are in ball-and-stick

format for clanty)

Figure6.  Eifect of NCI668036 on canonical Wnt signaling in Xeriop;ts embryos.

A. NCI668036 inhibited the canonical Wat baﬂiway induced by Wni3A but not by p-catenin.

RT-PCR was conducted to analyze the expression of the Xenopus Wnt target gene Siamois ‘in
ectodermal explants. Synthetlc mRNA corresponding to Wnt3A (1 pg) and. a-catemn (500 ng)
- ‘'were injected alone or with NCI668036 (180 ng) into the ammal-pole regton at the two-cell '

stage, and ectodermal explants were cultured unti] they reached the early gastrula stage, at Wthh
‘time they underwent RT-PCR analysis.

B. A control embryo: that received no injection.

C. An embryo that :received an injection of Wnt3A mRNA develoﬁed a complete seeonda;'-y .
axis. | | |

D. An embryo that received coinjections of Wnt3A mRNA, and NCI668036 developed a partial

" secondary axis.

Figure 7. Molecular structures of NCI & Sigma Aldrich compounds which were tested

for their ability to bind to the Dishevelled protein.
Compounds 221120, 107146, 145882 and 161613 were found to weakly bmd to Dvl whereas

compounds 108123, 339938, v8 878 and 579270 were found to not bind at all.

Figure 8. Molecular structures of Chem Div compounds which were tested for their .

. ability to bind to the Dlshevelled protein, |
Compounds 3237-0565, 3237-0713, 3237- 0430 8006-2560 0090-0031 and 2372-2393 were

foux_ld to bind to Dvl whereas 0136-01 81 did not..

Figure 9.  Molecular structures of Chem Div compounds which vrere tested for their

ability to bind to the Dishevelled protein. ,
Compounds 8004-1312, 3289-8625, 3289-5066, 3237-0719 bound to Dvl. Compounds 8003~

2178, C691-0030, 1'748-0253, 1108-0424, 2922-0102, 3379-2274 and 8003-4726 did not bind to
Dvl.
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Figure 10. - Molecular $tructure's of con'lcpou“nds‘ which were tested for their ability to -
bmd to the Dishevelled protein. | | ‘
Compounds 103673 145882, 3289- 5066 3289-8625, 337837, 7129, 3237-0719, 12517, pl,

142277 82569, 39869, p3, 46893, 661075 661080 661086, 661092, 661091,-84123 and 668036 -
‘were all found to bmd to Dvl.

- Figure11.  Structure-based alfgnment of the amino-acid sequences of the PDZ

demains of Dvl Homologs and other protems

Seoondary structiral elements are indicated above the sequences. Residues at the gly-hls (GH)
-posmons are in boldface type. The asterisk denotes the binding pocket for .the l1gand’s C

~ terminus, Sequence dlfferences among the PDZ domams are mdlcated by underhmng
Table 1. Information obout_atoms of simulated systems and dimensions of water boxes.

.Table 2. Bmdmg free energy components of compound NCI668036 and PDZ averaged over the

last 3 ns of'a 5-ns explicit sunulatlon

°Table 3. Binding free energy components of the PDZ domain and the Dapper pejatide averaged

over the last 3-ns of a 5-ns explicit simulation.

Table 4. Binding free energy components of the PDZ domain and NCI668036 and
" the PDZ domain and the Dapper peptide averaged over the last 3 ns of the S-ns explicit
simulation |
 Table 5. Hydrogen bonds observed between NCI668036 ond the PDZ domain and between the
~ Dapper peptide and the PDZ domain during 5-ns explicit' simulation®. |

Table 6. Effect of NCI668036 on formation of the. secondary axis 1nduoed by WntBA and f3-

catemn'

aVentfo'-vegetal injection of Wnt3A mRNA and B-catenin and of Wnt3A mRNA and NCI668036
at the two-cell stage, Experimental details are shown in Figure 6B through. D.

sDefined as the appearance of a second neural plate on the ventral side of early neurulae and
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~ ectopic eyes ‘and cement glands. Percentages indicate the proportion of embryos that met the
definition. | | '.

¢Total number of embryos that received inj ections in two independent experiments.
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

l. A use of a compound that binds to the peptide-binding cleft of a PDZ domain
of a Dishevelled (Dvl) protein to prevent the binding of the Dvl to a component of a
Wnt signaling pathway, wherein the compound is NCI107146, for the treatment of
Burkitt lymphoma, medulloblastoma, Wilms® tumor or neuroblastoma, wherein the

compound NCI107146 has the structure

‘ /N\ /N\ NH,
P |
OH ‘/\/ \/\N/Y
H
N NH,
O/J“\/ \”/\/\F
/ 7
HO/\O
2. The usc of claim 1, wherein the Dvl is outside of a living cell.
3. The use of claim 2, wherein the Dvl is inside of a living cell, and the

compound is suitable for administration to the cell to inhibit a Wnt pathway in the

cell.

4. The use of ¢laim 3, wherein the cell is a mammalian cell.

5. The use of claim 3, wherein the cell 1s in a mammal.

6. The use of any one of claims 1-5, wherein said component of a Wnt signaling

pathway is a Frizzled receptor.
7. A use of a compound that binds to the peptide-binding cleft of a PDZ domain

of a Dishevelled (Dvl) protein to prevent the binding of the Dvi to a component of a

Wnt signaling pathway, wherein the compound 1s NCI145882 and has the structure
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8. The use of claim 7, wherein the Dvl is outside of a living cell.
9. The use of claim 7, wherein the Dvl is inside of a living cell, and the

compound 1s suitable for administration to the cell to inhibit a Wnt pathway in the

cell.

10. The use of claim 9, wherein the cell is a mammalian cell.

1. The use of claim 9, wherein the cell is in a mammal.

| 2. The use of claim 9, wherein the cell 1s a cancer cell.

1 3. The use of claim 12, wherein the cancer ¢ell 1s in a mammal.

[4. The usc of claim 12 or 13, wherein the cancer cell 1s a Burkitt lymphoma, a

medulloblastoma, a Wilms’ tumor or a neuroblastoma cell.

15. The use of any one of claims 7-14, wherein said component of a Wnt signaling

pathway is a Frizzled receptor.

[6. A usc of a compound that binds to the peptide-binding clett of a PDD7 domain
of a Dishevelled (Dvl) protein to prevent the binding of the Dvi to a component of a
Wnt signaling pathway, wherein the compound 1s NCI145882, tor the treatment of
Burkitt lymphoma, medulloblastoma, Wilms™ tumor or neuroblastomé, wherein the

compound NCI145882 has the structure
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