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Most solid tumors have their own cancer stem cells (CSCs), which are resistant to
standard chemo-therapies. Recent reports have described that Wnt pathway plays
a key role in self-renewal and tumorigenesis of CSCs. Regarding the Wnt/β-catenin
pathway, Dvl (mammalian Disheveled) is an attractive target of drug discovery. After
analyzing the PDZ domain of human Dvl1 (Dvl1-PDZ) using NMR, we subjected it to
preliminary NMR titration studies with 17 potential PDZ-binding molecules including
CalBioChem-322338, a commercially available Dvl PDZ domain inhibitor. Next, we
performed virtual screening (VS) using the program GOLD with nine parameter sets.
Results were evaluated using the NMR-derived docking performance index (NMR-
DPI). One parameter set of GOLD docking showing the best NMR-DPI was selected
and used for the second VS against 5,135 compounds. The second docking trial
identified more than 1,700 compounds that exhibited higher scores than CalBioChem-
322338. Subsequent NMR titration experiments with five new candidate molecules
(NPL-4001, 4004, 4011, 4012, and 4013), Dvl1-PDZ revealed larger chemical shift
changes than those of CalBioChem-322338. Finally, these compounds showed partial
proliferation inhibition activity against BT-20, a triple negative breast cancer (TNBC) cell.
These compounds are promising Wnt pathway inhibitors that are potentially useful for
anti-TNBC therapy.

Keywords: Wnt signaling, protein–protein interaction inhibitor, NMR-derived docking performance index, virtual
screening, triple negative breast cancer

INTRODUCTION

Poor therapeutic outcomes of chemotherapy against several solid tumors pose a challenge to anti-
tumor drug discovery and development. Cancer stem cells (CSCs) are believed to have a pivotal role
in malignancy, survival against chemotherapy, and self-renewal of those tumors (Tannishtha et al.,
2001). Consequently, CSCs are attractive targets for cancer chemotherapy development (Visvader
and Lindeman, 2008). The Wnt/β-catenin pathway, along with Notch and Hedgehog pathways, are
important in several CSCs (Reya and Clevers, 2005). In fact, the Wnt pathway has been commonly
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regarded as the key signaling pathway of self-renewal and
anti-differentiation of normal tissue stem cells. Accordingly,
proliferation and self-renewal of several CSCs have been
demonstrated as dependent on the Wnt pathway. For that reason,
Wnt pathway is an attractive target for anti-CSC chemotherapy
(Takebe et al., 2011; Holland et al., 2013).

The Wnt/β-catenin pathway is activated by Wnt ligands.
Frizzled (Fzd)/LRP co-receptors coordinately bind Wnt, and
transduce the signal to cytosolic downstream components
including Axin, APC, GSK3β, and CK1. Accordingly, a
transcription factor β-catenin is accumulated to induce target
gene expression. This signaling system is carried out by a
constitutive process of proteasomal degradation of β-catenin
at the “Wnt-off” state. Specifically, β-catenin degradation is
initiated by phosphorylation by GSK3β. At “Wnt-on” state,
then the interaction between Dvl, and Axin inhibits GSK3β,
thereby accumulating β-catenin in the cytoplasm and the
nucleus. Dvl, a 75 kD multi-domain adaptor protein with
Disheveled-aXin (DIX), Post synaptic density-95, Disc large, and
Zonular occludens-1 (PDZ), and Disheveled-Egl10-Pleckstrin
(DEP) domains (Figure 2A), plays a central role in both
canonical (β-catenin-dependent) and non-canonical (β-catenin-
independent) pathways of Wnt signaling (Gao and Chen, 2010).
There are three mammalian Disheveled orthologs, Dvl-1, 2, and
3, in human genome, with functional redundancy. The PDZ
domain of Dvl (Dvl-PDZ) specifically interacts to the C-terminus
of Fzd (Wong et al., 2003) upon Wnt binding to the extracellular
domain of Fzd. Accordingly, Dvl-PDZ is an attractive target
for exploring small molecule inhibitors (Figure 2B), and has
been characterized extensively. For instance, the binding mode
of the tripeptides VVV and VWV against Dvl-PDZ has been
reported (Lee et al., 2009a). The complex structure of peptide-
derived inhibitors and Dvl2-PDZ has also been reported (Zhang
et al., 2009). In addition, several reports have described Dvl-PDZ
inhibitors, including a peptide-mimic compounds NSC668036
(Shan et al., 2005), 1H-indole-5-carboxylic acid derivative FJ9
(Fujii et al., 2007), sulindac (Lee et al., 2009b), N-benzoyl-
2-amino-benzoic acid derivative CalBioChem-322338 (Grandy
et al., 2009), and phenoxyacetic acid analogs (Choi et al., 2016).
The present study specifically examines N-benzoyl-2-amino-
benzoic acid analogs including CalBioChem-322338 because 2-
amino-benzoic acid moiety is independently proposed as a key
moiety of group-specific inhibitors against several PDZ domains.
Therefore, it represents a potential pharmacophore (Tenno et al.,
2013). During our research exploring new inhibitors against
Zonular Occludens-1 PDZ1 domain (Umetsu et al., 2011), we
obtained several N-substituted-2-amino-benzoic acid analogs
that are chemically similar to CalBioChem-322338 (Figure 3
and Supplementary Figure S1). The present study evaluates the
affinities of those compounds against human Dvl1 PDZ domain
(hDvl1-PDZ) using solution NMR experiments (Figure 2D).

Virtual screening (VS) of drug candidates, known as
high-throughput protein–ligand docking, is a powerful
approach. Commercial applications are widely used, such
as Glide (Friesner et al., 2004), FRED (McGann, 2011),
MOE/ASEDock (Goto et al., 2008), and GOLD (Verdonk et al.,
2003), as well as academic applications such as AutoDock

(Goodsell et al., 1996), AutoDock-VINA (Trott and Olson,
2010), and Sievegene (Fukunishi et al., 2005). According their
increasing convenience and availability, another practical issue
has arisen: VS experiments with different algorithms, different
parameter settings, and different target 3D structures might
produce disparate results. Consequently, the benchmarking of
docking algorithms has come to represent an important issue
(McGaughey et al., 2007; Lindh et al., 2015). For the present
study, we decided to use GOLD because GOLD is recognized
as having acceptably high performance in comprehensive
benchmarking throughout several VS programs (Wang
et al., 2016). Moreover, results have demonstrated that the
experimental tuning of parameter sets and/or the selection of
target model structures might greatly improve performance and
provide higher accuracy of prediction (Huang and Wong, 2016).
Encouraged by that idea proposed by Huang et al., we introduced
the idea into our project as a simplified index for evaluating nine
docking scoring functions of GOLD. For this study, the index
is designated as the NMR-based docking performance index
(NMR-DPI).

First, 17 potential PDZ-binding molecules as well as
CalBioChem-322338, all of which are N-substituted-2-amino-
benzoic acid analogs, were analyzed using NMR chemical shift
perturbation (CSP) experiments. We believe that the NMR-
CSP experiment is among the easiest and most robust assay
methods to compare the affinities of a series of compounds
against 15N-labeled small protein (Williamson, 2013). Second,
these 17 potential PDZ-binding molecules were docked against
hDvl2-PDZ using GOLD with nine different scoring functions.
Third, out of the nine scoring functions, we identified the one that
is most consistent to the CSP experiments of the 17 compounds.
This optimized scoring function was used for a new VS with
our in-house focused library, which is a subset of the library
LIGANDBOX (Kawabata et al., 2013) containing commercially
available 5,135 N-substituted-2-amino-benzoic acid analogs.
From the top hit compounds after the new VS experiment, 13 new
molecules were purchased: NPL-4001 – NPL-4007, and NPL-
4011 – NPL-4016 (Figure 1). Our seven original compounds
induced markedly larger chemical shift changes upon hDvl1-PDZ
than those induced by CalBioChem-322338. The compounds
were evaluated further by the cell-based assays as potential Wnt
pathway inhibitors. The validity and possible limitations of NMR-
DPI were also assessed.

MATERIALS AND METHODS

Preparation of Protein Samples
The expression vector for the recombinant GST-tagged form
of prototype hDvl1-PDZ∗ domain (residues 244–342) was
constructed using the PRESAT-vector methodology (Goda et al.,
2004). The vector for the GST-tagged hDvl1-PDZ domain
(residues 246–340, four amino acids shorter construct) was then
produced using the standard PCR cloning technique with pGEX-
6P3 plasmid (GE Healthcare, Little Chalfont, United Kingdom).
The GST-tagged hDvl2-PDZ domain (residues 262–356) was
constructed similarly. Two PDZ domains, residues Cys-Trp near
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FIGURE 1 | Schematic overview of optimization of the GOLD scoring function by using NMR-DPI and the subsequent virtual screening of Dvl inhibitors.

the C-termini (residues 338–339 and 354–355, respectively, for
hDvl1, and hDvl2) were substituted to Ala-Thr to increase
protein stability. Since the position of these residues was
opposite side to the ligand binding site, we assumed that the
mutations affected to neither its affinity nor binding mode to
the inhibitors. Isotopically labeled proteins for NMR experiments
were generated, respectively, in E. coli BL21 (DE3) grown in 1 L
M9 minimal medium culture at 37◦C in the presence of [15N]-
NH4Cl and [13C]-glucose (if needed) as the sole nitrogen and
carbon sources. The protein expression was induced by addition
of final 1 mM of isopropyl-β-D-galactoside, with immediate
lowering of the temperature to 20◦C. The cells were harvested
20 h after IPTG induction. The harvested cells were then re-
suspended in lysis buffer (50 mM Tris–HCl, pH 7.2, and 150 mM
NaCl), disrupted by sonication, and clarified by centrifugation.
The supernatant was applied to a DEAE–SepharoseTM Fast Flow
(GE Healthcare) column. It was then affinity-purified using
resin (GST-AcceptTM; Nacalai Tesque Inc., Kyoto, Japan). The
GST tag was removed by PreScission protease on beads. The
protein solution was loaded on a Superdex 75 HR 26/60 column
(GE Healthcare) equilibrated with 50 mM Tris–HCl (pH 7.2)
and 150 mM NaCl. The purified proteins were concentrated
to 0.1 mM (for NMR titration experiment) and were dialyzed
against 100 mM potassium phosphate buffer (pH 7.4) containing
0.5 mM EDTA supplemented with 10% D2O and 5% d6-
dimethyl sulfoxide. After comparing 1H-15N HSQC spectra of
hDvl1 and hDvl2 PDZ domains, we decided to continue further

study of hDvl1-PDZ because of its sharp and well-dispersed
HSQC signals. For triple resonance experiments, 0.65 mM
of 15N /13C-labeled hDvl1-PDZ was solubilized into 90 mM
potassium phosphate buffer (pH 7.4) containing 0.45 mM EDTA
supplemented with 10% D2O. 15N-labeled mouse ZO-1 first PDZ
domain (residues 18–110, mZO1-PDZ1) was prepared according
to an earlier report (Umetsu et al., 2011).

NMR Experiments
For this study, NMR experiments were conducted using NMR
spectrometer (600 MHz, Bruker Avance III; Bruker Analytik
GmbH, Karlsruhe, Germany) equipped with a cryogenic triple-
resonance probe. For assignment of backbone 1H, 13C, and
15N resonances, HNCA, HNCACB, CBCA (CO) NH, HNCO,
HN (CA) CO, and 3D 15N-edited-NOESY-HSQC spectra were
recorded. For NMR titration experiments, 0.1 mM PDZ domain
sample was dissolved in 250 µL of 85 mM potassium phosphate
buffer (pH 7.4) containing 0.42 mM EDTA supplemented with
10% D2O and 5% d6-dimethyl sulfoxide (DMSO). Then the
1H–15N HSQC spectra were obtained with and without ligands.
In each titration experiment, the final concentration of the
compound at 0.2 mM was added to the proteins. All NMR
spectra were recorded at 298 K. All spectra were processed
using NMRPipe (Delaglio et al., 1995) and were analyzed using
the program Sparky 3.114 (Goddard and Kneller, 2004). All
chemical shift changes in the 1H–15N HSQC spectra were
calculated as 1δnormalized = {1δ(1H)2

+ [1δ(15N)/6]2}1/2. The
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FIGURE 2 | PDZ domain of Dvl as a drug target for Wnt pathway. (A) Domain architecture of three human Disheveled orthologs. DIX, DIsheveled-aXin domain, PDZ,
Post synaptic density-95, Disc large and Zonular occludens-1domain, DEP, Disheveled-Egl10-Pleckstrin domain. (B) Ribbon representation of PDZ domain of Dvl2
(PDB code: 3CBY). A green ellipsoid indicates the position of Fzd binding cleft. (C) Multiple sequence alignment of the core region of PDZ domain of human Dvl1
(residues 251–323) and Dvl2 (residues 267–339). Identical amino acids are represented by asterisks. (D) A portion of the 1H–15N HSQC spectrum of hDvl1-PDZ
illustrating a number of the assigned backbone amide resonances.
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FIGURE 3 | Selected compounds that may bind PDZ domains. Diclofenac and flufenamic acid bind several PDZ domains. CalBioChem-322338 is an example of
Dvl-PDZ inhibitors. NPL-1010, 1011, and 3009 are an example of potential hDvl1-PDZ binding compounds.

chemical shift changes were then mapped onto the corresponding
residues of the structure of hDvl2-PDZ using PyMol graphic
software (Schrödinger, 2015). 1δave is the sum of 1δnormalized
divided by the total residue number with their residue-specific
assignment except the residues with broadened-out signals. After
Signals showing marked chemical shift changes were selected,
the normalized chemical shift changes were calculated. Non-
linear least-squares fitting was applied to estimate the dissociation
constant KD as

∆δnormalized =∆δsaturated × (([R]total + [L]total + KD)−

sqrt(([R]total + [L]total + KD)
2
− 4[R]total

[L]total))/2[L]total (1)

where 1δsaturated represents the normalized chemical shifts at
the saturated point. In addition, [R]total and [L]total, respectively,
denote the concentrations of PDZ domain and the compound.
KD and1δsaturated values for the selected residues were optimized
simultaneously by using SOLVER function in Microsoft Excel
(Microsoft Corp.).

Docking and Virtual Screening
Experiments
Prior to the VS experiments, a focused library was constructed
by filtering compounds with carboxylic acid moieties, which
play a crucially important role in canonical peptide recognition

by many PDZ domains. A focused library was constructed as
a subset of the compound database (LIGANDBOX ver. 1306)
(Kawabata et al., 2013) based on our earlier observation that
diclofenac and flufenamic acid bound several PDZ domains in
a group-specific manner (Tenno et al., 2013). We selected and
pooled 5,135 compounds of N-substituted 2-amino-benzoic acid
and N-substituted 2-amino-benzeneacetic acid. Subsequently,
software GOLD suite (ver. 5.32) (Verdonk et al., 2003) was
used for molecular docking of the compounds into the structure
of hDvl2-PDZ [PDB entry 3CBY (Zhang et al., 2009)]. The
GOLD software is based on a genetic algorithm for generating
configurations of ligands with the two scoring modes, “simple
scoring” and “consensus scoring.” Simple scoring uses just a
single function out of the four fitness functions. Consensus
scoring combines two of four scoring functions, respectively, for
initial docking and re-scoring. The present study examined the
three scoring functions of ChemScore (CS), GoldScore (GS), and
ChemPLP, in the simple scoring mode and the consensus scoring
mode, thereby examining nine scoring methods.

Cell-Based Viability Assay
The newly found Dvl-PDZ inhibitors were tested to assess their
effectiveness against TNBC cell lines (BT-20) on cell proliferation
and viability. For that purpose, luciferase-expressing stable cell
lines were chosen, although we did not perform luciferase-based
biochemical experiment in this report. The TNBC cell lines
BT-20 (BT-20/CMV-Luc, JCRB-1438) were obtained from the
JCRB Cell Bank, National Institute of Biomedical Innovation,
Health, and Nutrition (Osaka, Japan). The cells were grown in
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Minimum Essential Medium Eagle (Earle’s salts containing with
L-glutamine and sodium bicarbonate; Sigma-Aldrich Corp.),
supplemented with 10% fetal bovine serum (FBS) (Biosera,
Boussens, France), and 1% Penicillin/Streptomycin antibiotics
(Gibco, Grand Island, NY, United States). Cell lines were
cultured in a 37◦C incubator with a humidified atmosphere
of 5% CO2. Cells were seeded at 15,000 cells/well into 96-well
plates. After overnight incubation, cells were treated with d6-
DMSO or 100 µM of each Dvl-PDZ inhibitor (CalBioChem-
322338, NPL-4001, 4002, 4007, and 4011–4013) for 96 h.
During culture, the media with or without corresponding
inhibitors was refreshed every 48 h. After 4 days of culture
with the compounds, the cell growth rate was ascertained using
WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium] colorimetric assay with a kit
(Cell Counting Kit-8 R©; Dojindo Molecular Technologies Inc.,
Kumamoto, Japan) according to the manufacturer’s instructions.
Cell viability was also ascertained after 4 days (Cytotoxicity LDH
Assay Kit-WST; Dojindo Molecular Technologies Inc., Japan).
The sample absorbance was measured using a microplate reader
(EnSpire; PerkinElmer Inc., Waltham, MA, United States). All
experiments were performed in triplicate. Each measurement was
repeated twice. Statistical tests were performed using Microsoft
Office R© Excel program.

RESULTS

NMR Analysis of hDvl1-PDZ With
Prototype N-Substituted
2-Amino-Benzoic Acid Compounds
Before analyzing the interaction between hDvl1-PDZ and the
compounds, we completed assignment of the backbone amide
signals of hDvl1-PDZ because few signal assignments for hDvl1-
PDZ have been published or deposited in the public NMR
database (BioMagResBank). The backbone signal assignment
was done according to the standard method (Ikura et al.,
1990) using software MARS (Jung and Zweckstetter, 2004). The
assignment was further confirmed using several inversely 14N-
labeled samples (Hiroaki et al., 2011). Out of the 98 residues, 79
residues (81%) were assigned, although seven NH signals at the
loop between β1 and β2 strands were missing, probably because
of intermediate dynamic motion in the solution. The assignments
were labeled on the HSQC spectra (Figure 2D).

Subsequently, we performed NMR titration experiments using
17 prototypical N-substituted 2-amino-benzoic acid compounds
(NPL-1010, 1011, and 3001–3015) (Figure 3). In an earlier
study, we found from bioinformatics prediction of the eF-seek
analysis of all PDZ domains in human genome (Kinoshita et al.,
2007; Motono et al., 2011), that flufenamic acid and diclofenac
bound several PDZ domains (Tenno et al., 2013). Moreover, we
identified the structure of the mouse Zonula ocludens-1 (ZO1)-
PDZ1 domain (Umetsu et al., 2011) (PDB: 2RRM) and mouse
ligand of numb X1 (LNX1)-PDZ2 domain (PDB: 3VQG, 3VGF,
manuscript in preparation). These structures were subjected
to VS using GOLD and LIGANDBOX to discover novel PDZ

TABLE 1 | Normalized total CSPs of hDvl1-PDZ induced by 2.0 equations of the
prototypical Dvl1-PDZ binding compounds.

Compound ID (NPL-) 1δave/ppm Compound ID (NPL-) 1δave/ppm

1010 0.022 3008 0.032

1011 0.022 3009 0.044

3001 0.021 3010 0.027

3002 0.007 3011 0.022

3003 0.003 3012 0.021

3004 0.012 3013 0.022

3005 0.023 3014 0.015

3006 0.019 3015 0.017

3007 0.022 CalBioChem-322338 0.018

domain inhibitors. During that study, we identified the first
two prototypical mLNX1-PDZ2 binders (NPL-1010 and 1011),
for which direct binding to mLNX1-PDZ2 was confirmed using
NMR experiments (manuscript in preparation). Surprisingly,
the chemical structure of NPL-1010 closely resembled that
of CalBioChem-322338 (Figure 3). Accordingly, we proceeded
to collect 15 related compounds (NPL-3001–3015) to analyze
affinities against both mLNX1-PDZ2 and mZO1-PDZ1 by the
combined use of VS and solution NMR. Subsequently, our
collected N-substituted 2-amino-benzoic acid compounds (NPL-
1010, 1011, and 3001–3015) were examined to elucidate whether
they bind directly to hDvl1-PDZ, or not. Finally, we found that 12
of 17 compounds tested in this study showed substantial chemical
shift changes of amide protons of hDvl1-PDZ larger than that of
CalBioChem-322338. All results of chemical shift changes were
normalized and were averaged per residue. They are presented in
Table 1 according to descending order of the CSPs. Examples of
the chemical shift perturbations are presented in Figure 4.

Introduction and Calculation of
NMR-Derived Docking Performance
Index
Greatly inspired by the idea of fine-tuning of VS parameters and
setting them with experimental data to improve VS performance
(Huang and Wong, 2016), we modified that original idea to fit the
use of our experimental data of NMR titration (CSP) study. For
this purpose, we designed a strategy to tune VS parameters with
our original NMR-derived docking performance index (NMR-
DPI, Figure 1). First, NMR titration experiments of hDvl1-PDZ
were performed with all 18 compounds as described above.
Second, we docked all the 17 N-substituted 2-amino-benzoic acid
compounds to the hDvl2-PDZ structure (PDB: 3CBY) using the
GOLD software. Note that the core region of PDZ domains of
human Dvl1 and Dvl2 are 92% identical in amino acid sequences
(Figure 2C). At that time, the nine docking scoring methods
were tested with different combinations of scoring functions,
as presented in Table in Figure 5A. In our experience, these
GOLD scoring functions mutually differ to a great degree. For
that reason, it is difficult to determine one of them robustly
for any new VS project. Third, the final fitness score of each
scoring method was normalized to a value between 0 and 1 as the
docking score D(i, j), where i is the index of the scoring methods
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FIGURE 4 | Examples of NMR titration of PDZ domains with compounds (A,C) and their normalized chemical shift changes (B,D). (A,B) NPL-3009. (C,D)
NPL-3003. (A,C) each overlaid spectrum was derived from 0.1 mM hDvl1-PDZ with (red) and without (black) the 0.2 mM of compound. The signals with markedly
large CSPs were boxed and indicated with the residue numbers. (B,D) normalized chemical shift changes 1δ is plotted against residue numbers. Gray residues are
missing or unassigned residues, and white residues indicate Pro. The secondary structure of hDvl1-PDZ is shown at the top of the figures, whereas α2 and β2 are
shown in black.

and j is the name of the compounds. Similarly, the averaged
normalized NMR chemical shift change, N(j), was calculated.
Finally, NMR-DPI was defined as

NMR_DPI(i) = sqrt

 j∑(
D
(
i, j
)
−N

(
j
))2

 (2)

The heat map representation of all docking scores of the
17 compounds with nine scoring functions in GOLD and
the normalized averaged NMR chemical shift change for 18
compounds is shown in Figure 5B. A bar graph of NMR_DPI is
portrayed in Figure 5C. The lowest NMR_DPI, which represents
the best correlation between the docking score and the NMR
CSP experiments, was achieved when the consensus scoring of
GS followed by CS was selected.

Advanced Virtual Screening of
hDvl1-PDZ Domain Inhibitors
Consensus scoring GS-CS in this order was chosen to perform
the advanced VS experiment with GOLD and the specified

library, including approximately 5,135 N-substituted-2-amino-
benzoic acid compounds. We obtained a list containing 1,770
compounds with scores higher than that of CalBioChem-322338
(score = 59.9). After the selected compounds were purchased
(Figure 6), they were assessed using NMR-CSP experiments
to ascertain whether they were able to bind hDvl1-PDZ.
Among them, nine compounds (NPL-4001, 4002, 4004, 4007,
and 4011–4016) induced substantial chemical shift changes
when added to hDvl1-PDZ: 7 out of 13 (69%) compounds
had reasonable affinity against hDvl1-PDZ (Supplementary
Table S1). Some HSQC spectra are presented in Supplementary
Figure S2 with their chemical structures. The hit rate (69%) is
remarkably high, emphasizing the benefit of introducing NMR-
DPI combined with VS.

Assessing Physicochemical Properties
of the Most Potent hDvl1-PDZ Inhibitor:
NPL-4011
Among the 13 newly examined compounds, four (NPL-
4007, 4011, 4012, and 4013) possessed a common molecular
architecture, with two 2-amino-benzoic acid moieties connected
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FIGURE 5 | Full list of GOLD scoring functions used in this study (A), a heat map representation of the corresponding GOLD docking scores of NPL-30XX
compounds (B), and their NMR-DPIs (C). Similarity and difference are represented as a heat map. Each normalized score of NMR chemical shift perturbation (CSP)
and GOLD scoring functions (a–f, same as in (A) are colored with red (score = 1.0) to navy (score = 0.0). The GOLD scoring functions are in the order of similarity.

at the 5-position directly or with a single methylene linker
(Figure 6). NPL-4011 showed a large GOLD VS docking score
as well as CSP. Therefore, we determined its KD further against
hDvl1-PDZ using NMR titration experiments (Figure 7A and
Supplementary Figure S3A). First we selected the residues
surrounding the ligand binding pocket: D315, V318, L321, R322,
and V325. The normalized chemical shift changes of these
residues were subjected to non-linear curve fitting to find KD

(Figure 7B), which was 34.5 ± 6.6 µM. Then we compared
this value to the commercially available control compound
CalBioChem-322338 under the same condition and obtained
the value of 954 ± 403 µM (Supplementary Figures S3C,D).
This KD value of CalBioChem-322338 is larger than its reported
value for mouse Dvl1-PDZ (10.6 ± 1.7 µM) (Grandy et al.,
2009) for reasons that remain unknown. Results show that
NPL-4011 is a stronger inhibitor than CalBioChem-322338
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FIGURE 6 | Chemical structure of newly found Dvl-PDZ inhibitor candidates.

when compared under identical conditions using hDvl1-
PDZ.

Next, we carefully assessed the docking model of NPL-4011
and Dvl-PDZ generated by GOLD (Figure 7C). In the model,
the crescent-shaped molecule NPL-4011 is well suited to the
long shallow cleft of the ligand binding site of Dvl-PDZ. The
residues of hDvl2-PDZ which contact to NPL-4011 are consistent

with the residues that showed substantial CSPs at the NMR
titration experiments (Figure 7D). We examined this binding
model further. The lower half part of the symmetrical NPL-4011
molecule fits to the lower half part of the ligand binding cleft
of Dvl-PDZ, which corresponds to the “canonical” C-terminal
binding pocket common for all other PDZ domains. The upper
half part of NPL-4011 also fits to the cleft between two loops:
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FIGURE 7 | NMR titration experiment of hDvl1-PDZ with NPL-4011. (A) Expanded region of 1H–15N HSQC spectra of hDvl1-PDZ with 0 equation. (black), 0.25
equation. (pink), 0.5 equation. (navy), 0.75 equation. (green), 1.0 equation. (orange), 1.2 equation. (yellow), and 2.0 equation. (red) of NPL-4011 were overlaid. The
assignments of the signal series are labeled. (B) Normalized chemical shift changes of the selected hDvl1-PDZ residues upon titration with NPL-4011. Solid lines
indicate the non-linear fitting curves of each signals based on the single-site binding model. (C) Example of docking models of hDvl2-PDZ with NPL-4011 predicted
by GOLD. The Dvl-PDZ unique cleft is boxed and colored yellow (inset). (D) CSPs induced by NPL-4011 binding are mapped on the surface structure of hDvl2-PDZ.
(E,F) Surface representations of hDvl2-PDZ (E) and mouse ZO-1 PDZ1 (F) clipped by a front plane. The clipping size is 13.5 Å and the clipped position is 6.5 Å.
Many PDZ domains do not possess the groove corresponding to Dvl-PDZ unique cleft which was clearly seen in (E).

β1–β2 loop and α2-β6 loop. This upper cleft is unique to Dvl-
PDZ domain (Figures 7D,E), which might accommodate binding
to “non-canonical” ligands such as the cytosolic regions of Fzd,
the physiological partner of Dvl. Figure 7F is an example of
a close-up view of the representative “canonical” class-III PDZ
domain, the first PDZ domain of mouse ZO-1 (mZO1-PDZ1,

PDB:2RRM). The domain does not possess the cleft above the
canonical ligand binding pocket because the loop between β1–β2
bends upon and contacts to the end of α2-helix.

This structural difference between Dvl-PDZ and mZO1-PDZ1
invites our speculation that, because of steric crash between the
half part of the ligand and the bended β1–β2 loop, NPL-4011
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FIGURE 8 | Cell proliferation inhibition of BT-20 triple negative breast cancer cell with indicated compounds, NPL-40XX and CalBioChem-322338. The cells were
incubated with 100 µM indicated compounds including final 0.1% d6-DMSO. Control cells was incubated with the medium containing 0.1% d6-DMSO. NPL-4011
was examined in the presence of 0.19% d6-DMSO. The results of normalized absorbance of WST-8 assay with standard deviation were indicated. ∗∗∗p < 0.001 vs.
comtrol (0.1 or 0.19% DMSO), ##p < 0.01 vs. CalBioCHem-322338, and #p < 0.05 vs. CalBioCHem-322338, respectively.

(and probably its related molecules, NPL-4007, 4012, and 4013)
might not bind mZO1-PDZ1. Instead, the smaller prototype
Dvl-PDZ inhibitor CalBioChem-322338 can bind mZO1-PDZ1
because it might only occupy the canonical ligand binding pocket
of mZO1-PDZ1 without steric stress. In other words, NPL-
4011 is among the more Dvl-specific PDZ domain inhibitors.
In order to confirm this speculation, we further performed
additional NMR-CSP experiments of mZO1-PDZ1 titrated with
NPL-4011 and CalBioChem-322338 (Supplementary Figure S4).
Assignment of backbone signals were taken from our previous
study (Umetsu et al., 2007). In the presence of two equivalent
of NPL-4011, mZO1-PDZ1 did not show any chemical shift
changes. In contrast, the signals from the residues surrounding
the canonical binding site of mZO1-PDZ1 showed substantial
CSP upon CalBioChem-322338. Thus, the unique molecular
shape of NPL-4011 confined its binding to Dvl-PDZ in more
specific manner.

Assessment of Biological Activities of
NPL-40XX Compounds
We assessed the inhibitory activity of the selected NPL-40XX
compounds toward Wnt signaling pathways in the cultured-cell-
based assay. For this purpose, we used BT-20 cell, a triple negative
breast cancer (TNBC) cell line. Activation of Wnt signaling
pathway is often observed in many cancers. Therefore, Wnt
pathway inhibition is a potential therapeutic strategy (Polakis,
2012). Reportedly, activation of Wnt/β-catenin pathway has been
observed in TNBC (Geyer et al., 2011; King et al., 2012a,b). For
BT-20 cell, overexpression of Fzd 7 (Fzd7) has been reported;
shRNA against Fzd7 suppresses the proliferation of BT-20
efficiently (Yang et al., 2011).

We applied cell-based proliferation inhibition assay to
concentrations of 100 µM of the compounds, including
NPL-4001, 4002, 4004, 4007, 4011–4013, and the control

compounds CalBioChem-322338 (Figure 8 and Supplementary
Figure S5). After 4 days of culture with 100 µM of the
compounds, NPL-4001 and NPL-4004 showed approximately
80% inhibition of BT-20 cell proliferation, although NPL-4002,
4007, 4012, and 4013 showed no remarkable inhibitory activity.
The stronger inhibitor NPL-4011 showed only 60% inhibition,
which is less potent to 4001 and 4004. In this condition,
the positive control CalBioChem-322338 showed better
proliferation inhibitory activity, as 90% inhibition. The results
demonstrated that our compound NPL-4011 must provide
further improvement in terms of cell-based anticancer activity,
although affinity against the target domain was highly optimized.

DISCUSSION

Experimental Aspect of the NMR-Derived
Docking Performance Index (NMR-DPI)
for Dvl-PDZ Domain Inhibitor Screening
A common tradeoff that arises is that between accurate prediction
of binding free energy 1G in VS and the speed of calculation.
Researchers must always confront the dilemmas of “rapidity–
inaccuracy” and “sluggishness–accuracy” to process as many
compounds as possible during a given period, simplified scoring
functions should be chosen rather than the first principle-based
force field in simulations between the target protein and ligands.
In doing so, although such simplified scoring functions might
all be equally inaccurate, eventually some scoring function can
be expected to behave better than another for the specified
library of the specified compounds. This study demonstrated an
experimental strategy to select a better scoring function from the
options presented by the GOLD program suite.

For this study, we used the averaged normalized chemical
shift changes, 1δave, instead of KD for each of 17 training set
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molecules: 89% (15/17) of them bound to hDvl1-PDZ. According
to theory, the maximum value of CSP should be recorded at
the saturation point of titration by compounds. At that time,
the maximum CSP might vary depending on the chemical
structure of ligands. For example, aromatic rings in the ligand
might induce larger CSPs upon binding because of the ring
current effect. Another important shortcoming of CSP is that it
is sensitive to the allosteric conformational changes of the target
protein upon ligand binding. Consequently, generally, it is not
recommended to use 1δave (or other CSP-derived parameters)
as an indication of KD. Irrespective of those shortcomings
of CSP, however, we used 1δave for this study based on the
following two criteria. (1) Only compounds with similar chemical
structure were analyzed and compared using 1δave. (2) Under
the experimental conditions we used, the affinity of most ligands
was weak. Moreover, they did not saturate to bind against hDvl1-
PDZ at 1:2 molecular equivalence. We carefully assessed our
experimental system using these two criteria. Finally, we inferred
that if the criteria are satisfied, then the use of 1δave as an
indication of KD is convenient. Note that it was not feasible to
use thermal shift assay to infer the affinity of the compounds
in our case because many PDZ domains including hDvl1-PDZ
showed no sharp Tm transition curve. In addition, although the
CSP experiment requires stable-isotope labeling, the experiment
is less troublesome than those of the surface plasmon resonance
experiment because it is unnecessary to immobilize the protein to
the chip. Accordingly, information of amide NMR signals enables
us to discern specific binding from non-specific binding.

Comparison of Biological Activities of
NPL-40XX Compounds
Results show that NPL-4011 has stronger affinity against hDvl1-
PDZ in vitro, but it was a less potent cell growth inhibitor against
BT-20 cell than CalBioChem-322338 was. To elucidate this
observation in terms of bioavailability, we compared Lipinski’s
drug-likeness parameters (Lipinski, 2000). The molecular weight
of NPL-4011 (580.593) is greater than that of CalBioChem-
322338 (373.388). The numbers of H-bond donors are equal (2),
although the number of H-bond acceptors of NPL-4011 (8) is
double that of CalBioChem-322338 (4). These two parameters
violate Lipinski’s rule of five. Although the calculated logP-value
(1.53 for NPL-4011 and 2.59 for CalBioChem-322338) is the only
merit of NPL-4011, it did not contribute to overcoming the other
shortcoming. Therefore, we infer that the poor biological activity
of NPL-4011 is attributable to its bioavailability. This assumption
is partially supported by our other observation. As described
above, NPL-4001 and 4004 showed comparable growth inhibition
activity to CalBioChem-322338. They are better than NPL-4011.
Their Lipinski parameters are, respectively, 402.224 and 403.414
(MW), 1.75, and 2.05 (logP), 2 and 2 (H-bond donors), and 4 and
5 (H-bond acceptors). The numbers of donors and acceptors of
H-bond are known to be crucially important to infer biological
activity from the cell-based assay.

By contrast, NPL-4011 is expected to be more selective for
Dvl-PDZ than the other PDZ domains in human cells because
the crescent-shaped molecule fits to the unique cleft of Dvl-PDZ

domains. The PDZ domain is the most abundant modular
domain in human cell cytosol. Therefore, design of highly specific
molecules to one specified PDZ domain might become crucially
important. To satisfy both the specificity and the biological
activity in terms of bioavailability, a good starting point is our
new pharmacophore: bis-benzoic acid moiety. Screening smaller
analogs such as NPL-4007 as the seed is better to improve the
biological activity of this group of compounds. By contrast, a
prodrug strategy starting from NPL-4011 is not recommended
because it has already exceeded the drug-likeness parameters.

CONCLUSION

In conclusion, we demonstrated a series of new class of
compounds with higher affinity against hDvl1-PDZ. We
proposed NMR-DPI as a useful experimental indication to
optimize VS in the early stages of drug discovery.
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