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Abstract: Wnt-4 (wingless mouse mammary tumor virus integration site-4) protein is involved
in many crucial embryonic pathways regulating essential processes. Aberrant Wnt-4 activity
causes various anomalies leading to gastric, colon, or breast cancer. Wnt-4 is a conserved pro-
tein in structure and sequence. All Wnt proteins contain an unusual fold comprising of a thumb
(or N-terminal domain) and index finger (or C-terminal domain) bifurcated by a palm domain.
The aim of this study was to identify the best inhibitors of Wnt-4 that not only interact with
Wnt-4 protein but also with the covalently bound acyl group to inhibit aberrant Wnt-4 activity.
A systematic computational approach was used to analyze inhibition of Wnt-4. Palmitoleic acid
was docked into Wnt-4 protein, followed by ligand-based virtual screening of nearly 209,847
compounds; conformer generation of 271 compounds resulted from extensive virtual screen-
ing and comparative docking of 10,531 conformers of 271 unique compounds through GOLD
(Genetic Optimization for Ligand Docking), AutoDock-Vina, and FRED (Fast Rigid Exhaus-
tive Docking) was subsequently performed. Linux scripts was used to handle the libraries of
compounds. The best compounds were selected on the basis of having maximum interactions to
protein with bound palmitoleic acid. These represented lead inhibitors in further experiments.
Palmitoleic acid is important for efficient Wnt activity, but aberrant Wnt-4 expression can be
inhibited by designing inhibitors interacting with both protein and palmitoleic acid.
Keywords: thumb-index fold, comparative study, natural products, inhibitor searching, cancer,
molecular docking, virtual screening

Introduction
Wnt-4, or wingless mouse mammary tumor virus integration site-4, is a hydrophobic,
glycosylated, and acylated signaling protein that regulates many embryonic processes
in a paracrine manner.? When expressed normally, Wnt-4 regulates the polar cell
polarity pathway,’ the B-catenin pathway,* and the Ca?* pathway,> which collectively
affect regulation of neuronal axons,’ kidney formation,”” development of the mammary
glands,' eye development,'! and male to female sex reversal.'>!* Aberrant expression
of Wnt-4 may disturb these pathways, causing many abnormalities, including colon,
breast, and gastric cancers.'* Wnt-4 protein has a hydrophobic nature due to the presence
of a high number of hydrophobic amino acids. Palmitoylation not only amplifies the
hydrophobicity of Wnt-4, but is also functionally important. Non-palmitoylated Wnt-4
is not able to exit the endoplasmic reticulum.' Our lack of understanding of the intricate
nature of the Wnt family, makes it difficult to crystallize its members. Since the initial
discovery of the Int-1 protein,'® only two crystal structures has been resolved.!”!®
Wnhnt proteins are believed to be animal proteins because they are only present in
invertebrates and vertebrates.!” Wnt proteins are highly conserved in terms of their
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sequence and folding mechanism. Another distinctive feature
of the Wnt proteins is the presence of cysteine residues,
which exist mostly as cysteine-cysteine disulfide bonds that
are also conserved in number and position.'® The crystal
structure of Xwnt-8 reveals a highly unfamiliar fold with
a distinct geometry, which has not been seen in previous
protein structure studies. The protein is observed to mimic
a thumb and index finger bulging out of a palm, where the
thumb represents an N-terminal domain (NTD) and the
index finger represents a C-terminal domain (CTD). Both
the NTD and CTD contain fewer numbers of amino acids
with a hydrophilic nature, whereas the palm contains an
ample number of amino acids, mostly of a hydrophobic
nature. Palmitoleic acid is also present at the thumb domain,
and is important in the Wnt-frizzled interaction. According to
National Center for Biotechnology Information (http://www.
ncbi.nlm.nih.gov/protein/NP_110388.2) and UniProt (http:/
www.uniprot.org/uniprot/P56705) records, the Wnt-4 protein

contains a total of 351 amino acids, with the first 22 amino

acids operating as a signal peptide and the remaining 329

Distribution of residues in Wnt-4
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(23-351) amino acids operating as a mature peptide. Most
of the amino acid residues are hydrophobic (Figure 1). The
mature Wnt-4 peptide contains 24 cysteine residues that may
be involved in cysteine-cysteine disulfide bridges.

Wnt-4 pathway

The Wnt-4 signaling pathway is of key importance in the
development and progression of cancer in all animals. In
the course of this pathway, Wnts target nearly 125 proteins,
and this number is set to grow as research on these genes
continues (http://www.stanford.edu/group/nusselab/cgi-

bin/wnt/target genes). Wnt-4 invokes many pathways in

which there is a major contribution by frizzled receptors.
Wnt-4 is expressed in the embryonic and developmental
stages, and continues to be expressed in adulthood. The
most important pathways are canonical and non-canonical,
where the canonical pathway leads to gene transcription and
the non-canonical pathway maintains the cytoskeleton.®
Non-canonical Wnt-4 signaling is also important for the
development of the eye in Xenopus laevis.'"! Wnt-4 acts as
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Figure | Distribution of residues along mature peptide of Wnt-4 protein. Wnt proteins are usually very hydrophobic in nature with few hydrophilic characteristics. Wnt-4

also has more hydrophobic residues that make it a conserved protein.
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a signal for nearly 14 proteins that further regulate cellular
activity.?! After its translation, Wnt-4 is directed toward the
endoplasmic reticulum for post translational modification.
The most important post translational modifications include
glycosylation and acylation, which impart increased activity
to Wnt-4. PORCN is responsible for transferring the acyl
group and for palmitoylating Wnt-4. This palmitoylation
adds extra hydrophobicity, which enables Wnt-4 to survive
outside the cell. A multipass transmembrane, Wntless, is
responsible for transport and secretion of Wnt-4.

Despite its clinical importance in diagnosis and as a cru-
cial signaling protein, no direct inhibitors of Wnt-4 have as
yet been reported. It is quite difficult to directly inhibit Wnt-4
activity because of its high level of structural complexity.?
Most investigations have been aimed at Wnt-inhibiting mech-
anisms, ie, indirect inhibition of Wnt-4 activity by targeting
proteins involved in its pathway.”> Wnt-inhibiting mecha-
nisms involve signaling feedback to inhibit the activity of
Wnt, but may also induce other anomalies, since the targeted
protein might be significant in many biological processes.
There is only one example of direct in vivo inhibition of
What, ie, liposomally packed antagonists to mouse Wnt-3a.*
These antagonists could act as a template and provide a basis
for designing direct Wnt inhibitors.

In this study, we searched for direct inhibitors of Wnt-4
protein using computational techniques, including virtual
screening (VS) and comparative docking. For this purpose,
we used antagonists as a template for searching out potent
small-molecule inhibitors of Wnt-4 protein.

Computational studies have had some success in increas-
ing our understanding of complex biological processes,
including signaling pathways, structural dynamics, and
fold kinetics.?>* With advances in technology, new algo-
rithms are being developed for VS and docking, which
have increased the search space for discovery of bioactive
compounds and docking of large libraries of compounds
in a comparative fashion.”” VS identifies compounds by
screening large databases and employing knowledge about
protein structure (structure-based VS) or known bioactive
compounds (ligand-based VS). Docking enables prediction
of'the structure of a protein-inhibitor complex under equilib-
rium conditions.? Posing and ranking are the major outputs
of VS and docking techniques. The pose score measures the
ability of a ligand to fit into the active site of a protein, while
the rank score is more complex but attempts to estimate
binding energies.? !

In a previous study, we investigated the Wnt-4 thumb-
index fold by applying molecular dynamics simulation
techniques.* Simulation of molecular dynamics has provided

amethod for studying the time-dependent dynamic behavior
of biomolecules in an aqueous environment.** Simulation of
molecular dynamics integrates the Newtonian model into
all the molecules of a system and utilizes a model based
on the Ergodic hypothesis to generate images for each time
step.3*3% From our analysis, we argued that cysteine residues
are important for stabilization of the thumb-index fold of the
Wnt-4 protein. Whereas importance and physicochemical
properties of cysteine residues have also been reported in
a previous study.*> We also tend to find out the answer to a
question of Willert and Nusse® regarding the uncomplexed
structure of Wnt proteins.

The thumb-index fold and acylation are important
functional paradigms related to Wnt-4 activity. Acylation
functionally enhances Wnt-4 activity and enables Wnt-4 to
interact with frizzled receptors. Palmitoleic acid and palmitic
acid are two major candidates for acylation of Wnt proteins.
Wnt-4 was docked with both compounds to ascertain which
compound was the most probable acylating factor. The acy-
lated Wnt-4 was used in further experiment as a receptor. A
consistent approach was applied to search for Wnt-4 inhibi-
tors, including VS of 209,847 natural product compounds
from the ZINC database,* followed by comparative dock-
ing techniques. Large-scale searching for inhibitors by VS
with subsequent comparative docking would assist effective
discovery of the interrelationships between potent inhibitors,
and the structural, kinetic, and thermodynamic properties of
Wnt-4 protein.

Materials and methods

Due to limited availability of resources and the subtle nature
and increasing number of proteins, it is not always possible
to analyze proteins at a structural level. Further, atomic level
details of energy changes between folding and unfolding of
a protein are currently not possible to discover using in vivo
and/or in vitro techniques.’’° Therefore, for such proteins,
the application of computational techniques like homology
modeling and molecular dynamics simulation are the only
methods by which structural information can be obtained.**!
A systematic approach was defined and utilized that involved
acquiring the structure of Wnt-4 protein followed by VS and
docking to identify inhibitors (Figure 2). For the current
study, the Wnt-4 structure was retrieved from the Protein
Model Database (ID PM0078954), as previously identified
and submitted by Azam and Hammad.*? The structure of
Wnt-4 was used in further experimentation for molecular
docking of small molecules. The small molecules were
retrieved from the ZINC database. VS was performed to
identify the best compounds for docking.
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Figure 2 Flow diagram of virtual screening and docking of Natural Products. Major virtual screening was done using the OpenEye software package. Virtual screening was

led by docking through AutoDock-Vina, FRED, and GOLD.

Abbreviations: FRED, Fast Rigid Exhaustive Docking; GOLD, Genetic Optimization for Ligand Docking.

Virtual screening

Using the correct parameters, VS shortens the inhibitor search
time by screening large databases. VS was performed to
search for the most effective inhibitors that might stabilize
aberrant expression of Wnt-4. The most part of VS was
performed using the OpenEye scientific software package.*
The FILTER, ROCS, EON, and OMEGA tools from this

software package were used. Based on fast molecular filtering
and selection, FILTER heuristically accelerates compound
property calculation and removes undesirable compounds
prior to entering the VS step.* The FILTER tool was used
to filter the whole database of natural products. The filters
were applied such that molecules would follow Lipinski’s
rule of five and remove any metal-containing compounds.
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This filtering identifies the molecules having the most potent
drug-like activity. FILTER shortened the compound library
to 58,533 compounds, and ligand-based VS was performed
for Wnt-4 protein. Currently, no inhibitor is reported for
Wnt-4 protein, so an inhibitor for a closely related protein
was considered.

The antagonist of mouse Wnt-3a was used as a template
ligand for ROCS to search the library of compounds resulting
from the FILTER tool. The ROCS tool is used in ligand-based
VS for shape similarity and lead hopping.**#> ROCS was used
to screen compounds on the basis of the given template and
returned a library of 8,109 compounds. At the first attempt,
ROCS was used on eleven separate filtered natural product
libraries. These libraries were then merged and ROCS was
used a second time, resulting in 5,000 compounds. The
ROCS library was subjected to EON, which compares
electrostatic potential maps of preordinate compounds and
specifies Tanimoto measures for the comparison.* It ranked
the compounds on the basis of their Tanimoto and shape
scores. EON does not perform VS, but does accelerate it.
It is used with ROCS to sort and rank compounds accord-
ing to their electrostatic similarity.*”** Compounds having
an EON score >0.85 were considered to best match the
template or antagonist, and separated 271 compounds.*6#
To obtain the best results from the docking experiment,
conformers of compounds were generated. The OMEGA
tool is widely recognized for its high speed and its ability
to generate reliable multi-conformer ensembles encompass-
ing bioactive conformations of the library of compounds.®
The 271 compounds including the template were subjected
to OMEGA to generate an archive of conformers.’® A
maximum limit of 200 conformers was applied for each
compound (ringed compounds produce many more con-
formers due to the presence of a maximum rotatable bond).
OMEGA generated a library of 10,531 conformers with
distinct geometry.

Docking

In view of the importance of palmitoylation for Wnt-4
activity, the comparative docking step included protein
with palmitoleic acid bound at Ser190 (Supplementary
materials 1). In acylation of a protein, the acylated com-
pound is covalently attached to the protein. Therefore, the
Protein Data Bank (pdb) file of Wnt-4 was manually edited
to covalently attach palmitoleic acid through the CONECT
keyword. In the current study, the term “receptor” refers to a
protein with palmitoleic acid attached. Comparative docking
studies provide better results and deliver a consensus for a

particular study. Comparative docking was performed using
three different tools, ie, FRED, AD-VINA, and GOLD.

FRED

FRED (Fast Rigid Exhaustive Docking) is a fast and effective
docking tool with significantly more reliability and lower
variance.’' FRED scrutinizes all potential poses by perform-
ing an organized, extensive, and non-stochastic analysis of
compounds. Based on shape complementarity, compounds
are filtered, and based on pharmacophoric features, poses are
selected and optimized. The Chemgauss4 scoring function
is implemented to score and rank compounds.* In a three-
dimensional world, molecules may change their conforma-
tion during interaction, whereas FRED is better for rigid
docking. To overcome this issue, compounds were made
rigid and conformers of compounds generated by OMEGA
were used. Only the palmitoleic acid and Ser190 of the
Wnt-4 receptor were made flexible. After preparation of the
Wnt-4 receptor, a library of compounds was also prepared for
utilization in FRED. Preparation of a receptor and a library
of compounds improves the speed and efficiency of FRED.
Compounds were docked utilizing the Chemgauss4 scoring
function. A log file was generated, which ranked compounds
on the basis of the highest Chemgauss4 score.

AutoDock

AutoDock is designed to predict binding affinities of small
molecules, including substrates and drug candidates, for a
known three-dimensional protein structure. Currently, two
AutoDock generations are available, ie, AutoDock 4 (AD-4)
and AutoDock Vina (AD-VINA). While in comparison with
AD-4, AD-VINA has a higher average accuracy and speed,>
AD-VINA, like AD-4, uses pdbqt of protein and ligands.
The pdbqts are pdb files with added columns of Gasteiger
charges.’**> AD-VINA uses the Monte Carlo algorithm to
dock compounds and ranks compounds based on their bind-
ing affinity values.”” Linux scripts were prepared to convert
pdbs of the Wnt-4 receptor and library of compounds into
pdbqt format. As with FRED, AD-VINA is also better for
rigid docking, and performs docking efficiently if molecules
are kept rigid. Therefore, no compound was made flexible,
except for the palmitoleic acid and Ser190 of the Wnt-4
receptor, and previously generated conformers of OMEGA
were used for docking purposes. With default parameters,
AD-VINA docked a library of 10,531 compounds into
the binding site of the Wnt-4 receptor. Log files were
generated that ranked all compounds with the highest bind-
ing affinities.
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GOLD
For the purpose of acquiring the best compounds using the
comparative docking approach, the library of compounds
utilized for AD-VINA and FRED was also used for docking
through GOLD (Genetic Optimization for Ligand Docking).
GOLD has proven success in VS, lead optimization, and iden-
tifying the correct binding mode of bioactive compounds.>
It implements a genetic algorithm that incorporates the con-
cept of chromosomes for building the best models of com-
pounds involved in the docking process.’” Although GOLD
has an intrinsic ability to generate a library of conformers,
OMEGA conformers were used here and all small molecules
were made rigid. Palmitoleic acid and Ser190 were made
flexible to obtain a consensus in all the docking experiments.
The compounds were docked with the Wnt-4 receptor bind-
ing site using the Goldscore scoring function and redocked
using the Chemscore scoring function. This generated log
files that were used to sort and rank compounds on the basis
of Goldscore and Chemscore scoring functions.

OMEGA had identified 271 unique compounds including
a template and generated 10,531 conformers. Scripting was
drilled to isolate the best docked conformer of each compound
through all docking tools. Compounds were compared to
select the best inhibitor of the Wnt-4 protein. The comparison
was based primarily on the highest Chemgauss4 scores, the
binding affinity, and the Goldscore, and secondly; on the
ability and number of interactions made with the receptor
and inhibitor. Chimera and LigPlot2 were used to identify the
interactions of the compounds with the Wnt-4 receptor.

Results

The structure of Wnt-4 (ID PM0078954) was retrieved from
the Protein Model Database.*® Analysis of the structure of
Wnt-4 showed that it has two distinct domains: one lying
at the NTD and other at the CTD, with a region of hydro-
phobic residues in between. The two domains, NTD and
CTD, were comparable with the thumb and index finger
joined by a hydrophobic region resembling the palm. The
protein was observed to make an unusual thumb-index fold,
previously revealed in the crystal structure of XWnt-8."7
Analysis of the Wnt-4 structure also revealed the presence
of 24 cysteine residues, mostly lying near the thumb (NTD)
and index (CTD) domains (Figure 3). The cysteine residues
could exist in disulfide bridges and stabilize the unusual
thumb-index fold. Analysis of Wnt-4 with an XWnt-8
crystal structure also revealed that the point of acylation for
Wnt-4 is Ser190. Acylation is important for Wnt activity
because it enables Wnts to interact with frizzled receptors.

It also adds extra hydrophobicity to the Wnt molecule.'
Non-acylated Wnt may partially or completely lose its
activity, and in some cases be restricted to the endoplasmic
reticulum.>* If acylation is inhibited or the acyl compound
is restricted by another inhibitor compound, Wnt proteins
may not correctly interact with the frizzled receptor. There
is no evidence of a direct inhibitor of Wnt-4 protein in the
literature or the known databases. In the current study, an
attempt was made to inhibit aberrant Wnt-4 expression by
designing a small-molecule inhibitor for Wnt-4 including
an acyl group. For inhibitor searching, ligand-based VS was
performed utilizing an antagonist of mouse Wnt-3a as a tem-
plate. For acylation of Wnts, the most potent candidates are
palmitic acid (16-carbon) and palmitoleic acid (18-carbon).
Both compounds were comparatively docked to the Ser190
position through docking programs including FRED,
AD-VINA, and GOLD (Supplementary materials 1). The
comparison-based resulting compound, palmitoleic acid, was

covalently attached to Wnt-4 for further experiments.

Virtual screening

The Natural Products database was used for VS. Natural
products are always a source of good drugs for scientific
research and provide a better foundation for designing
new drug candidates.®%> Natural products also provide a
number of phytochemicals that are currently being used
as lead compounds in many drug design studies.®® The
Natural Products database consists of nearly 209,847 small
molecules from eleven different sources. Prior to VS and
docking, the Natural Products database was filtered for any
metal-containing compounds and heavy compounds with
multiple rings. The FILTER tool from the OpenEye package
was used for this purpose. Default parameters were used to
scrutinize 58,533 compounds, following Lipinski’s rule of
five. These compounds were subjected to the ROCS tool for
ligand-based screening of compounds against the template
antagonist. Ligand-based searching through ROCS resulted
in nearly 5,000 compounds based on the shape Tanimoto
score. Selection of compounds is an important step, and
requires better representation of compounds with correct
parameters. The EON tool from the OpenEye package was
used for this purpose, and not only sorted compounds based
on their shape Tanimoto score, but also considered their
charge properties. This combination score is known as the
ET Combo (coulombic electrostatic Tanimoto indices) and
has a maximum value of 1.4 All compounds with an EON
ET combo value =0.850 were selected.* ET Combo index-
ing of EON screened 271 unique compounds, including an
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Figure 3 Depiction of a Wnt-4 protein. The Wnt-4 protein contains two distinct thumb and index domains, separated by a palm domain. The cysteine residues are seen to
be scattered at the edges of the thumb and index domains and the line joining both domains.

Abbreviations: NTD, N-terminal domain; CTD, C-terminal domain.

antagonist. For better results and increased efficiency, con-
formers were generated using the OMEGA tool. OMEGA
produced 10,531 conformers from 271 unique compounds.

Docking

The Wnt-4 protein is highly hydrophobic in nature, and the
presence of an acyl compound (palmitoleic acid) at Ser190
makes it even more hydrophobic. This palmitoleic acid is
also important for correct attachment of Wnt-4 to the frizzled
receptor and the efficient activity of the Wnt-4 protein.>*%
Therefore, the docking step was performed in the presence
of palmitoleic acid to identify the inhibitor showing maxi-
mum interactions with regard to palmitoleic acid and protein

residues. Since it is important to make a consensus of com-
pound library for comparative docking experiments, selected
docking tools must use the same set of compounds. FRED
performs rigid, exhaustive, and non-stochastic molecular
docking and filters best molecular pose representing phar-
macophoric features. FRED was used to dock conformers
library of compounds to Wnt-4. This produced results based
on the highest Chemgauss4 scoring function values. Docking
through AD-VINA was applied on 10,531 conformers for 271
compounds. The conformers resulting from OMEGA were
also used for docking by GOLD. GOLD uses a genetic algo-
rithm to dock compounds, and ranks compounds on the basis
of their Goldscore.”” Linux scripts were made to highlight
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and separate the best docked conformer for each unique
compound. Scripting resulted in 271 unique compounds that
were ranked according to the highest Chemgauss4, binding
affinity, and Goldscore scores (Supplementary material 2).

The best compound was selected by comparing the
scores for all docking results. For this purpose, the first 15
compounds with the highest Chemgauss4, binding affin-
ity, and Goldscore scores were compared (Table 1). Five
compounds having ZINC IDs (ZINC 49543724, ZINC
85876388, ZINC 85876563, ZINC 85878497, and ZINC
85879688) were found to be common to all the docking
programs (Figure 4). These five compounds were evaluated
further on the basis of having more interactions with protein
and palmitoleic acid. The interactions were drawn through
LigPlot2% and Chimera.® LigPlot2 interactions were drawn
for the selected five compounds and showed that the inhibitor
is not only interacting with the protein but also with palmi-
toleic acid (Supplementary material 3). Only the interactions
of 85876365 from AD-VINA, FRED, and GOLD are shown
here (Figure 5). Hydrogen bond analysis was also done for the

five common protein-inhibitor complexes (Table 2). The major
Wnt-4 protein residues involved in these interactions were
Ser124, Pro125, GIn126, Gly127, Phe128, GIn129, Ser131,
Cys186, His187, Gly188, Val189, Ser190, Gly191, Glu194,
Vall95, and Thr197. Figure 4 confirms that hydrophobic
interactions are dominant, and that hydrogen bond and ionic
interactions are also present. The interactions for 85876365
were also drawn through Chimera (Figure 6). Inhibitor was
observed to show interactions between palmitoleic acid and
Wnt-4 residues, including Lys185, Cys186, His187, Gly188,
Vall89, Ser190, Gly191, and Ser192. Chimera interac-
tions showed more hydrophobic and less ionic interactions.
Palmitoleic acid itself adds extra hydrophobicity to the Wnt-4
protein and maximally supports hydrophobic interactions.
A higher degree of hydrophobic interactions might stabilize
the protein-inhibitor complex during its passage through the
cellular and extracellular environment.

Discussion

‘Wnt-4 protein shows many promising structural paradigms that
reflect the importance of not only Wnt-4, but also the whole
Whnt family. The presence of cysteine residues is a feature of
all Wats. Cysteine residues are very important because of their
ability to create cysteine-cysteine disulfide bridges, which
provide structural stability.” Cysteine residues are hydrophilic
in nature but have hydrophobic characteristics that enable
creation of cysteine-cysteine disulfide bonds.” Continuous
oxidation—reduction reactions in the cellular and extracellular
environment may destroy the protein structure, and disulfide

bridges could enable Wnt-4 to withstand a highly oxidative and
reductive environment and selectively preserve it even from
reactive oxygen species.’”? Reactive oxygen species readily
oxidize free thiol groups on cysteine residues, but if cysteine
residues are linked in disulfide bridges, reactive oxygen species
may not affect them.”’ Through molecular dynamics simula-
tion studies, it was observed that most of the cysteine residues
accumulate near the NTD and CTD, while others fall nearer
to the inward line joining the thumb and index domains. This
dynamic behavior suggests that cysteine residues are important
in the folding mechanism for Wnt-4 protein. The thumb and
index domains showed the most conformational variation,
while the palm domain show less structural variation.*

The thumb domain also has palmitoleic acid bound to
it, and is involved in the interaction between Wnt-4 and the
frizzled receptor. This finding suggests that the structural
importance of Wnt-4 may lie in the dynamic behavior of the
thumb-index fold. On the other hand, the activity of Wnt
can be indirectly inhibited by inhibiting one of the proteins
in the pathway for biosynthesis of Wnts. However, like the
Whnt signaling pathway, the Wnt biosynthetic pathway is
still poorly understood. The smooth endoplasmic reticulum
provides space for palmitoylation of all Wnts. The PORCN
enzyme palmitoylates Wnts by adding an acyl adduct. There
is no doubt that Wnts are highly conserved proteins, but it
has been observed that PORCN tends to add an acyl group
at cysteine residues, but that some of the Wnts, including
Wnt-4 and XWnt-8, are acylated at the serine residue.” Wnt-
inhibiting mechanisms (WIMs) are being used productively
to inhibit Wnt activity. A class of small molecules that were
found to disrupt Wnt palmitoylation and secretion along the
Wht/B-catenin pathway have been identified as inhibitors of
Wnt production (IWP).7%” Wnt activity can be successfully
inhibited by inhibiting PORCN through IWPs.”® A negative
feedback mechanism can also be initiated that might inhibit
Wnt activity; for example, excessive addition of Dickkopf
protein,” negatively dominant Disheveled or transcription
factors/lymphoid enhancer-binding factor,’*#! overexpression
of intact auxin, or overexpression of full-length glycogen
synthase kinase®® may inhibit Wnt activity in specific cir-
cumstances. Another way to inhibit aberrant Wnt activity is
to target any of the proteins involved in the signaling and/or
biosynthetic pathways for Wnt is to target RNA interference.®
All of the proteins involved in the Wnt-inhibiting mechanisms
discussed above show general activity, and not a single pro-
tein is specific for Wnts. No doubt all these methods can be
utilized to inhibit Wnt aberrant expression, but in doing so
may have deleterious effects on overall functioning of the cell,
and may even cause cancer, and in extreme cases, death of
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Table | The best |15 compounds selected from AD-VINA, FRED, and GOLD

Compound name AD-VINA-BE Compound name FRED Chemgauss4 Compound name GOLD
score Goldscore

ZINC 33834133 -7.7 ZINC 85876563 831026 ZINC 85876563 52.08
ZINC 85879688 -7.3 ZINC 85876388 8.075899 ZINC 85878497 50.38
ZINC 31034672 -7.3 ZINC 85879688 7.865263 ZINC 85879688 50.06
ZINC 70454311 =72 ZINC 36378994 7.576962 ZINC 85876388 49.54
ZINC 31167205 7.1 ZINC 00856791 7.548942 ZINC 85875407 48.45
ZINC 85876563 -7 ZINC 08876343 7.468904 ZINC 13409788 48.08
ZINC 00856791 -7 ZINC 49543724 7.025389 ZINC 13692706 47.3
ZINC 27415691 -7 ZINC 12900963 6.767407 ZINC 31034672 46.87
ZINC 49543724 -7 ZINC 12296500 6.7456 ZINC 49543724 46.44
ZINC 12296700 -7 ZINC 31156927 6.451456 ZINC 48057042 44.85
ZINC 14512189 -7 ZINC 02101408 6.419558 ZINC 01645309 44.8
ZINC 35465238 -6.9 ZINC 85875407 6.373603 ZINC 72326031 44.74
ZINC 85876388 —6.8 ZINC 12899484 6.141479 ZINC 14814670 44.67
ZINC 85878497 —6.8 ZINC 85878497 6.12505 ZINC 03852034 44.59
ZINC 36378994 —6.8 ZINC 04073174 6.106562 ZINC 03843264 44.56

Notes: Values in the table are sorted on the basis of AutoDock binding energy, FRED Chemgauss4, and Goldscore values from top to bottom. It was evident that five compounds
were common through all docking programs. These five compounds were then analyzed further to determine out their interactions with palmitoleic acid and Wnt-4 protein.
Abbreviation: BE, binding energy; AD-VINA, AutoDock-Vina; FRED, Fast Rigid Exhaustive Docking; GOLD, Genetic Optimization for Ligand Docking.

the cell. Therefore, targeting the complete organism would
not be a good choice unless no other option is available.
Liposomally packed antagonists were the first inhibitors
designed to directly inhibit aberrant expression of mouse
Wnt-3a. It is still not known where these inhibitors bind and
what could be the active site of Wnts. In this experiment, we

O NH

49543724

OH

O 85876388

primarily targeted acylated Wnt-4, so that our inhibitors could
interact with not only the thumb domain but also with palmi-
toleic acid. During our experiments, pan-assay interference
compounds (PAINS)®” were also considered for selection of
any ambiguous compounds. Our inhibitors accomplished this
task, and readily interacted with Wnt-4 protein, including

0
/

85879688 85878497

_O 85876563

Figure 4 Compounds that resulted from virtual screening and docking analysis. After analyzing the interactions of compounds with Wnt-4 protein, the selected compounds

could serve as lead compounds for designing potent drugs.
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Figure 5 Interaction diagram from GOLD, AutoDock-Vina, and FRED. The inhibitor (ZINC 85876563) interacts with protein residues as well as with palmitoleic acid. The

receptor is shown to bind covalently with palmitoleic acid.

Abbreviations: AD-VINA, AutoDock-Vina; FRED, Fast Rigid Exhaustive Docking; GOLD, Genetic Optimization for Ligand Docking.

palmitoleic acid, by dominantly making hydrophobic interac-
tions. These results suggest that our selected inhibitors may
serve as lead compounds for further screening, inhibitor
searching, and experimentation with Wnt-4 protein. If used
in aberrant conditions, the contribution of interactions of our
inhibitors with Wnt-4 protein and palmitoleic acid would
inhibit Wnt-frizzled signaling cascades.'**

Table 2 Hydrogen bond analysis

Conclusion

Wnt proteins show quite different behavior due to high
hydrophobicity and number of cysteine — cysteine disulfide
bonds, which makes them difficult to study. Computational
methods need to be implemented to study the behavior of
these proteins, which are diverse and have a distinctive
nature. We focused on studying the dynamic behavior of

ZINC ID AD-VINA (H bond) FRED (H bond) GOLD (H bond)

residues residues residues
49543724 (0): 0): (I): Glyl88
85876388 (I): Glyl127 0): (I): Glyl88
85876563 (I): Glyl27 0): (I): Ser190
85878497 (2): Ser190, Hiel87 0): (2): Ser190, Gly188
85879688 (4): Ser190, Thr197, 0): (0):

Cys186, Hiel 87

Notes: Hydrogen bond analysis was done through UCSF Chimera and LigPlot. Both tools provided the same hydrogen bond results. The residues, Gly127, Ser190, Hiel87,

Gly188, Thr197, and Cys186 were hot residues for interaction with our inhibitors.

Abbreviations: AD-VINA, AutoDock-Vina; FRED, Fast Rigid Exhaustive Docking; GOLD, Genetic Optimization for Ligand Docking.
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Figure 6 Interactions of the five best compounds with protein and palmitoleic acid. The downward direction of arrow in diagram points to interactions of one selected
inhibitor. The interactions of the inhibitor may render Wnt-frizzled activity due to unavailability of palmitoleic acid at the frizzled receptor.

Wnt-4 protein with and without bound inhibitor. Our find-
ings indicate that our inhibitors, selected through VS and
comparative docking methodologies, could be the better
lead compounds. They can also be useful experimentally
as potent drugs. The involvement of an inhibitors with
protein residues as well as palmitoleic acid could inhibit
Wnt-frizzled pathway. These compounds could also be used
to make more active compounds or drugs, particularly in
association with Wnt-4 in the canonical and non-canonical

signaling cascades. Time-dependent dynamic studies of
Wnt-4 revealed many important paradigms of the thumb-
index fold and behavior of Wnt-4 protein. The cysteine
residues in the thumb-index fold might be important in
stabilization of protein, leading to a successful Wnt-4
pathway. Studies incorporating computational and wet
laboratory techniques could provide a means for describing
the Wnt pathways, designing new inhibitors, and combating
irregularities in Wnt.
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