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a b s t r a c t

Dishevelled (Dvl) plays a crucial role in Wnt signaling by interacting with membrane-bound receptors
and downstream molecules through its PDZ domain. CXXC5 is one of the key molecules that interacts
with Dvl and negatively regulates the Wnt/b-catenin pathway in osteoblast differentiation. Recently, the
Dvl-CXXC5 interaction has been identified as an excellent target for osteoporosis treatment. Therefore, it
is desirable to have detailed structural information for the Dvl-CXXC5 interaction. Although solution
structures of the Dvl1 PDZ domain have been reported, a high-resolution crystal structure would provide
detailed sidechain information that is essential for drug development. Here, we determined the first
crystal structure of the Dvl-1 PDZ domain at a resolution of 1.76 Å, and compared it with its previously
reported solution structure. The Dvl1 PDZ domain crystal belonged to the space group H32 with unit-cell
parameters a ¼ b ¼ 72.837, c ¼ 120.616, a ¼ b ¼ 90.00, g ¼ 120.00. The crystal structure of Dvl1 PDZ
shared its topology with the previously reported structure determined by nuclear magnetic resonance
(NMR); however, the crystal structure was quite different from the solution structure in both the sec-
ondary structural region and the ligand-binding pocket. Molecular modeling based on NMR and X-ray
crystallographic data yielded detailed information about the Dvl1/CXXC5 interaction, which will be
useful for designing inhibitors.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Wnt signaling is a signal transduction pathway that regulates
development and tissue homeostasis in animals [1e5]. The Wnt
pathway can be characterized into three categories, canonical, non-
canonical (planar cell polarity), and non-canonical Wnt/calcium
pathways [6]. The Dishevelled (Dvl) protein plays important roles in
both canonical and non-canonical Wnt signaling pathways by
associating with a variety of signaling molecules and receptors
[7,8]. Dvl is composed of three conserved domains, namely an N-
terminal DIX domain involved in Dvl polymerization, as well as a
central PDZ domain and a C-terminal DEP domain, which are both
essential for the binding of Dvl to other signal transduction
ry, College of Life Science and
, Seodaemoon-Gu, Seoul 120-
molecules. Among these domains, the PDZ domain plays a crucial
role in binding to the membrane-bound receptor Frizzled and to
other signal transduction molecules in the cytoplasm. The ability of
the Dvl PDZ domain to distinguish between suitable binding part-
ners makes it an interesting therapeutic target for Wnt-signaling-
associated diseases such as cancer and osteoporosis [9e12].
Recently, Dvl has been shown to be co-localized with CXXC finger
protein 5 (CXXC5) in the cytoplasm by co-immunoprecipitation
experiments [13]. More recently, we showed that the interaction
of Dvl with CXXC5 regulates bone formation in pre-osteoblasts and
that CXXC5 inhibits osteoblast differentiation by binding to Dvl
[14]. CXXC5 is a member of a small family of proteins that contain
CXXC-type zinc-finger domains, and it is localized in the cytosol of
neural stem cells and interacts with Dvl to inhibit the Wnt/b-cat-
enin pathway. Three Dvl homologues have been identified in
humans and mice (Dvl1, 2, and 3). A solution structure of Dvl1 PDZ
has previously been determined by nuclear magnetic resonance
(NMR) spectroscopy [10,15]. Here, we report the first high-
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Table 1
Data collection and refinement statistics.

Dvl1 PDZ

Data collection
Space group H32
Cell dimensions
a, b, c (Å) 72.837 72.837 120.616
a20.616 (ns) 90.00 90.00 120.00

Resolution (Å) 30.00e1.76 (2.07e2.00)a

Rsym or Rmerge 0.072 (0.155)
I/s(I) 42.49 (3.05)
Completeness (%) 99.2 (92.5)
Redundancy 8.1 (4.8)
Refinement
Resolution 30.00e1.76 (2.006)
No. reflections 1187
Rwork/Rfree 0.1778/0.2254
N.o atoms
Protein 718
Water 0

Root mean square deviations
Bond lengths 0.019
Bond angles 1.944

a Values in parentheses are for highest-resolution shell.
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resolution crystal structure of the mouse Dvl1 PDZ domain and
propose a model for the interaction between the Dvl1 PDZ domain
and the binding region of CXXC5 based on the crystal structure.

2. Materials and methods

2.1. Cloning, over-expression, and purification of the Dvl1 PDZ

The Dvl1 PDZ domain from mouse Dvl1 was amplified by po-
lymerase chain reaction. The amplified cDNA fragments were sub-
cloned into the modified expression vector pET21b (Novagen,
Madison, WI) with a fused hexa-histidine tag and a Tobacco etch
virus (TEV) protease recognition site at the N-terminus. The
resulting plasmid was transformed into Escherichia coli (strain BL21
DE3). Dvl1 PDZ domain expressing cells were grown in Lur-
iaeBertani media at 37 �C until they reached an OD600 of 0.7, at
which time 0.5 mM isopropyl b-D-thiogalactopyranoside (IPTG)
was added and the cells were cultured for a further 15 h at 18 �C.
Cells were harvested by centrifugation and stored at �80 �C. Har-
vested cells were disrupted by sonication in lysis buffer [25 mM
sodium phosphate, 100 mM NaCl, 5 mM b-mercaptoethanol, and
protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO), pH 7.8]
The (His)6-tagged fusion proteinwas purified by immobilizedmetal
affinity chromatography on a Ni-NTA column (Amersham Phar-
macia Biotech, Little Chalfont, UK) and the (His)6 tag was cleaved by
incubation with TEV protease for 12 h at 25 �C. The purified Dvl1
PDZ was then further purified by size exclusion chromatography
using a HiLoad™ Superdex™ 75 preparative grade column
(Amersham Pharmacia Biotech). Final buffer [10 mM HEPES (pH
7.5), 100 mM NaCl, and 2 mM dithiothreitol] was used as a mobile
phase during the chromatography and protein eluted with this
buffer was used for crystallization. Isotope-labeled proteins for
NMR experiments were over expressed in M9 minimal media
overnight under the 1 mM IPTG, 25 �C condition using U-13C-
glucose and/or 15NH4Cl as sources of carbon and nitrogen,
respectively.

2.2. Crystallization

The purified Dvl1 PDZ in the final buffer was concentrated to
5 mg/mL. Crystallization screening was carried out with a mos-
quito® crystallization robot (TTP Labtech, Melbourn, UK) using
commercial screen kits from Hampton Research (Aliso Viejo, CA)
and Rigaku (Tokyo, Japan). The initial crystal was observed in 0.5 M
ammonium sulfate, 0.1 M sodium citrate tribasic dihydrate pH 5.6,
and 1.0 M lithium sulfate monohydrate. By simply increasing the
volume of the crystallization drop, we could obtain a crystal of a
suitable size for diffraction. Equal volumes of protein solution and
mother liquor (2 mL þ 2 mL) were mixed in a 24-well sitting drop
plate and crystals were grown at 15 �C.

2.3. Data collection and processing

Crystals soaked in crystallization solutionwith an additional 17%
(v/v) ethylene glycol added for cryo-protectionwere flash-cooled to
100 K in liquid nitrogen. Diffraction data were collected using an
ADSC Q270 CCD detector on the 7A beamline at the Pohang
Accelerator Laboratory (PAL), Pohang, Korea. The distance from
detector to crystal was 210 mm and a total of 360 images were
collected with oscillation widths of 1�, exposing the crystal to the
beam for 1 s per image. Data were integrated and scaled using the
HKL2000 package [16]. The diffraction data were collected at a
maximum resolution of 1.76 Å. Data collection statistics are sum-
marized in Table 1.
2.4. Structure determination and refinement

The phase problem was solved by molecular replacement using
the structure of the Dvl2 PDZ domain (PDB: 2REY) as a search
model with the Phenix software suite [17]. Model re-building and
refinement was performed iteratively with Coot [18] and Molrep in
the CCP4 suite [19], respectively. Structural statistics after refine-
ment are summarized in Table 1.
2.5. Molecular docking

A model of the molecular docking between Dvl1 PDZ and the
binding region of CXXC5 (Dvl-binding motif [DBM] peptide) com-
plex was generated using the FlexPepDock server implemented
within the Rosetta framework [20,21]. The high-resolution crystal
structure of Dvl1 PDZ determined in this study was prepared and a
flexible 13-amino-acid DBM peptide was used as an input model to
dock into the conventional Dvl1 PDZ peptide binding site. The
model with the highest score based on the Rosetta generic full-
atom energy function was selected [22]. The predicted structure
of the complex was visualized and figures were created using the
PyMOL program (DeLano Scientific LLC, San Carlos, CA).
2.6. NMR spectroscopy

NMR experiments were performed at 298 K on a Bruker
600 MHZ spectrometer equipped with a z-shielded gradient triple
resonance cryoprobe. Sequential resonance assignment was
executed by experiments of 1He15N HSQC [23], 3D HNCACB,
CBCACONH, HBHACONH, and HNCA [24]. To investigate the dy-
namic properties of the Dvl1 PDZ domain upon CXXC5 binding,
heteronuclear 1H,15N nuclear Overhauser effects (XNOE) (ref) were
measured with and without DBM peptide. Unsaturated and satu-
rated XNOE spectra were acquired by interleaving pulse sequences
and were separately processed using the XWINNMR program. The
XNOE datawere performed for t2� t1 dimensions with a 5-s recycle
delay.



Fig. 1. Domain organization of mouse Dvl1 (mDvl1) and multiple sequence alignment of the Dvl1 PDZ domains. (A) The sequence of the PDZ domain located at the center of mDvl1
was aligned with the sequences of the PDZ domains from the human, Xenopus, and Drosophila Dvl homologues (aligned using the T-Coffee server and drawn using ESPript 3.0). (B)
The overall crystal structure of the mDvl1 PDZ is presented as a cartoon representation. The conventional peptide-binding region of the PDZ domain is depicted in green color. The
front view of the peptide-binding region is shown on the left. The top view of the region is shown on the right. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 2. Structural comparison of the two mDvl1 PDZ domains. (A and B) The solution structure (PDB: 1MC7) and the crystal structure of mDvl1 were superimposed and shown as
ribbon (A) and cylinder (B) models. Solution structures are colored red and crystal structures are colored blue. Secondary structures are labeled on the crystal structure. (C) The
lengths of the secondary structural elements of the Dvl1 PDZ crystal structure (blue) and solution structure (red) are compared. Regions with large differences between the two
structures are shown in red dotted boxes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. Results and discussion

3.1. Crystal structure of Dvl1 PDZ domain

Dvl1 is composed of five conserved domains: DIX, Dishevelled
domain, PDZ, DEP, and C-terminal domain (Fig. 1A). Among the five
domains of Dvl1, the PDZ domain plays an important role in protein
interaction and lies at the center of the Dvl1 protein, comprising
residues 247e341. The PDZ domain is well conserved among the
Dvl proteins with sequence identities of 99% (human Dvl1) and 89%
(Xenopus). Crystals of Dvl1 PDZ were diffracted to 1.76 Å resolution
at the synchrotron beamline 7A at PAL and their structure was
successfully solved by themolecular replacementmethod using the
crystal structure of the Dvl2 PDZ domain (PDB: 2REY) as a search
model. The structure of the Dvl1 PDZ is an a/b fold with five anti-
parallel b strands flanked by two a helices (Fig. 1B). As previously
reported, aB and bB were found to form a cleft in the conventional
peptide binding site [25]. Dvl PDZ folds into a compact globular
structure with a diameter of about 28 Å. A loop connecting bA and
bB forms a well-ordered structure that was clearly visible in the
electron density map. However, residues 273e275 in the loop be-
tween bB and bCwere not visible in the electron densitymap due to
the flexibility of that region. One glycine residue at the N-terminus,
which is a remnant of the fusion tag after its cleavage, and residues
26e27 in the loop region were not visible in the electron density
map, but the entire C-terminal chain could be built in the clear
density map. Matthew's coefficient and the solvent content calcu-
lated from CCP4i were 2.87 and 57.13%, respectively, with one
molecule per asymmetric unit.
3.2. Comparison of the crystal structure with the solution structure

The crystal structure of the Dvl1 PDZ domain has the same
amino acid sequence as the solution structure (PDB: 1MC7), except



Fig. 3. The predicted docking model of the Dvl1 PDZ domain in complex with CXXC DBM. (A) Multiple sequence alignment of human and mouse Idax and CXXC5. The conserved
DBM sequence is shown in a green dotted box. (B) DBM peptide docked in the conventional peptide-binding site of the Dvl1 PDZ. The DBM peptide was shown as a ball-stick model
and Dvl1 PDZ is presented as a surface model colored in blue, with the hydrophobic residues comprising the binding pocket represented in a wheat color. (C) Interactions between
Dvl1 PDZ and DBM peptide in zoomed view. I290 (in the black dotted circle) at the center of the DBM peptide was well docked into the hydrophobic pocket composed of I264, I266,
L318, L321, and L325 in the Dvl1 PDZ. (D) A hydrogen bond between the backbones of I290 of CXXC5 and I266 in Dvl1 PDZ and the pi-interaction between H283 of CXXC5 and F261
of Dvl PDZ stabilize the CXXC5/PDZ interaction. I266 and F268 in PDZ are colored in green and the hydrogen bond and pi-interaction are enclosed in red dotted circles. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



Fig. 4. Dynamics of the structure of mDvl1 PDZ. (A) Heteronuclear nuclear Overhauser effects (XNOEs) of both the free Dvl1 PDZ and its complex form with CXXC5 peptide were
plotted for each residue and the corresponding secondary structures were drawn above the panel. The peptide binding sites bB and aB are shown in the blue and gray shaded boxes,
respectively, and the peptide-bound state is indicated by black dots, while the peptide-free state is indicated by red dots. (B) XNOE values of the peptide-unbound state of the Dvl1
PDZ are labeled on the Dvl1 PDZ crystal structure. Residues with values higher than 0.7 are colored in blue and those with values lower than 0.6 are colored in red. Values between
0.6 and 0.7 are colored in wheat. (C) B-factor putty representation of the crystal structure of Dvl1 PDZ. Residues with high B-factors are depicted by a wider tube with a red color and
low B-factors by a narrower tube with a blue color. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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that it lacks five additional residues at the N-terminus, including
one glycine remaining from the cleaved fusion tag. The crystal
structure of Dvl PDZ was superimposed with that of the solution
state (PDB: 1MC7), and subtle differences were identified in both
secondary structures and the peptide-binding region (Fig. 2A). The
overall backbone root mean square deviation on Ca atoms was
calculated as 2.43 Å between the two structures. Notably, differ-
ences between the solution and crystal structures were observed in
the conventional peptide-binding site formed by b2 and a2. The
position of the Ca of Ile264 in b2, which is located in the peptide-
binding pocket, was moved approximately 2.07 Å backward,
causing b3 to be twisted in the opposite direction to the binding
site. Structural differences were clearly seen from the cylindrical
cartoon representation, where aB, which is involved in peptide
binding, is shifted about 12.9� (Fig. 2B). A summary of the differ-
ences between the solution and crystal structures in the secondary
structural regions is shown in Fig. 2C. For example, bD spans from
298G to 304V in the crystal structure, whereas it spans from 299D
to 304V followed by a short additional strand (bE: 307Ve308N) in
the solution state (Fig. 2C). In addition, the precise spatial co-
ordinates of a loop located between b1 and b2 fluctuated by about
9 Å, indicating that regions of the peptide-binding pocket may have
dynamic conformations. A characteristic feature of PDZ domains is
the plasticity of their ligand interactions, creating a versatile
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interaction module in multicellular organisms [26]. This confor-
mational flexibility in the peptide-binding pocket likely allows the
ligand-binding pocket to accommodate diverse ligands, which is a
general feature of PDZ domains [27].

3.3. Interaction between Dvl PDZ and CXXC5

A 13-residue peptide with the sequence RKTGHQICKFRKC in the
zinc finger domain has been identified from the Idax (CXXC5)
protein as a DBM peptide and the primary sequence is well
conserved at the C-terminus of the CXXC5 proteins and Idax
(Fig. 3A). The docking of the DBM peptide derived from CXXC5 with
the crystal structure of Dvl1 PDZ was assessed using the FlexPep-
Dock web server [20,21]. The results showed that the DBM peptide
binds onto the peptide-binding pocket of the Dvl PDZ (Fig. 3B).
Residues of I264, I266, V318, L321, and V325 of the Dvl PDZ formed
a hydrophobic binding pocket and I285 of the DBM peptide was
well accommodated onto the pocket (Fig. 3C). Especially, the
backbone carbonyl oxygen of I285 of CXXC5 and the amide nitrogen
of I266 of Dvl PDZ stabilize the interaction via forming a hydrogen
bond (Fig. 3D).

3.4. Dynamic profile of Dvl1 PDZ

The protein dynamics of the Dvl1 PDZ in solutionwas measured
by XNOE experiments. The average values for XNOEs were 0.6644
and 0.7003 for the peptide-free and bound states, respectively
(Fig. 4A). Data of XNOE experiments indicate that the global
structure of the Dvl PDZ becomes rigid upon peptide binding.
Especially, XNOEs in the residues in bB involved in the peptide-
binding interaction were found to change dramatically upon pep-
tide binding (Fig. 4A and B). Most of the residues in aA, aB, bA, bB,
bD, and bE showed high XNOE values in the absence of DBM pep-
tide. However, residues located at the portal of the peptide-binding
pocket (at the beginning of bB and bC) had lower XNOEs, indicating
the flexibility of the protein. B-factors of Dvl1 PDZ in the crystal
structure suggest that PDZ domain is relatively rigid in most of the
secondary structural regions (shown in green color in Fig. 4C).
However, a loop between bA and bB, and aB, which are involved in
peptide binding, showed higher values (shown in red color in
Fig. 4C), showing that this region is dynamic (Fig. 4C). Our data
provide detailed information about the Dvl1/CXXC5 interaction and
the dynamic profile of Dvl PDZ, which will be useful for designing
an inhibitor of Dvl1.
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