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Abstract

Dishevelled (Dvl) is the essential signal transduction component of both canonical and non-canonical Wnt signaling pathways.
The cysteine-rich protein Idax acts as a negative regulator of Wnt signaling in mammals by interaction with Dvl in the region of the
PDZ domain. In an effort to clarify the structural basis of this interaction, we used nuclear magnetic resonance spectroscopy to
study the interaction of the Dvl PDZ domain with Idax. We first confirmed that the C-terminal region of Idax consisting of residues
109-198 binds to the PDZ domain of mouse Dvl-1 at the conventional C-terminal peptide-binding groove. However, instead of the
C-terminus of Idax, we showed that a peptide of an internal sequence of Idax containing a KTXXXI motif is important in the inter-
action with a binding affinity estimated at 56 uM. Such internal motif identified in this study suggests a new type of sequence motif

recognition for Dvl PDZ domain.
© 2004 Elsevier Inc. All rights reserved.
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The Wnt family of extracellular signaling proteins
plays a crucial role in the developmental processes of
metazoan animals [1,2]. In vertebrates, Wnt signaling
controls cell fate and specification in developmental pro-
cesses which include organ development, axis formation,
limb development, and gastrulation [3,4]. Aberrant Wnt
signaling is found in a range of tumor types and notably
in about 80% of colorectal cancers [5-8]. The Wnt sig-
naling pathway has also been implicated in Alzheimer’s
disease [9].

In the mammalian canonical B-catenin branch of the
Wnt signaling pathway, interaction of Wnt with the
Frizzled (Fz) receptor enhances the ability of the cyto-
plasmic Dishevlled (Dvl) protein to inhibit the activity
of glycogen synthase kinase 3p (GSK-3B) [1]. GSK-3
exists in the cytoplasm in complex with the scaffold pro-
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tein Axin and tumor suppressor protein adenomatous
polyposis coli (APC) [10] and functions to phosphory-
late B-catenin thereby marking it for ubiquitinylation
and subsequent degradation. Wnt signaling causes cyto-
solic B-catenin levels to increase allowing translocation
to the nucleus resulting in transcription of the target
genes which include c-myc, fra, jun, and cyclin DI
[11,12]. In Drosophilia and Xenopus, there is a non-ca-
nonical branch of Wnt signaling pathway which diverges
from the B-catenin branch at the level of Dsh or Xdsh
(the respective Dvl homologues in these species) and
specifies planar polarity [13]. The molecular mechanism
by which Dsh/Dvl distinguishes signals from a common
upstream receptor and activates these divergent signal-
ing pathways is as yet unclear.

Dvl proteins are ~750 aa in size and characterized
by three highly conserved domains; an N-termi-
nal DIX (Dishevelled-Axin) domain, a central PDZ
(Post Synaptic Density-95, Discs Large and Zonula
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Occludens-1) domain, and a C-terminal DEP (Dishev-
elled-EGL-10-Pleckstrin) domain [14,15]. The central
conserved PDZ domain of Dvl is ~90 amino acids in
size and has a role, if somewhat unclear, in both the
PCP and B-catenin branches of the Wnt signaling path-
way [13]. Several of the many Dsh/Dvl Associated Pro-
teins (DAPs) that modify Wnt signaling at the level of
Dsh/Dvl bind to Dvl fragments that include the PDZ
domain [16-20]. However, interpretation of these results
is made difficult by the fact that some of the constructs
contain an adjacent basic region with putatively phos-
phorylated residues whereas others do not [20]. More-
over, these studies give no insight into the mechanism
of binding. The specific mechanisms of binding of the
Dvl PDZ domain to DAPs have relevance in the search
for targeted cancer therapies as certain DAPs have been
shown to have an inhibitory effect on the Wnt signaling
pathway. One of these proteins is Idax (for Inhibitor of
the Dvl and Axin complex).

Idax was isolated as a Dvl-1 PDZ-binding protein in
yeast two-hybrid screens of rat brain cDNA [16]. Rat
Idax (rIdax) encodes a 198 amino acid cysteine-rich pro-
tein, which has been shown to antagonize Wnt/B-catenin
signaling when levels are increased in tissue culture cells.
The rIdax shows 100% identity to mouse and human
Idax (mldax and hldax) and 83% identity to Xenopus
Idax (xIdax) (Fig. 1). BLAST analysis has revealed addi-
tional Idax-related sequences in invertebrate and verte-
brate genomes [16]. Although it has been established
that there is a biologically significant interaction be-
tween rldax and the PDZ domain of Dvl-1, the struc-
tural mechanism of its binding is as yet undefined [16].
In this study we used nuclear magnetic resonance spec-
troscopy (NMR) to investigate the interaction of the
PDZ domain (residues 251-342) of mouse Dvl-1
(mDvlI-1) with rat Idax (rIdax). By use of peptides corre-
sponding to short stretches of the Idax, the amino acid
sequence motif important to binding was characterized.
This study will be useful to understand the Wnt signal-
ing pathway and to identify the PDZ-binding motif of
the other Dsh/Dvl associated proteins.

Materials and methods

Production of '’ N-labeled mDvl-1 PDZ domain. The PDZ construct
used represented a 94 amino acid fragment of the mouse Dvl-1 protein
starting from residue 244 and extending to residue 341 of the overall
protein as described before [15]. The transformed cells were grown 1 L
MOPS cultures containing '’NH,4CI as the sole source of nitrogen at
37 °C with shaking at 225 rpm until the absorbance at 600 nm reached
~0.7. Protein expression was chemically induced by the addition of
isopropyl-1-thio-p-p-galactoside (IPTG) to a final concentration of
1 mM and the cells were harvested 6 h later by centrifugation.

Production of unlabeled rat Idax. The Idax construct used was the
C-terminal half of the protein running from residue 109 to the C-ter-
minus. This was subcloned into pET28b (Novagen) and transformed
into Escherichia coli strain BL21(DE3)-RP. The transformed cells were

grown in 1 L LB cultures at 37 °C with shaking at 225 rpm until
absorbance of the cells at 600 nm reached ~0.7. Protein expression was
chemically induced with 1 mM IPTG and approximately 4 h later the
cells were harvested by centrifugation.

Purification procedure. The cell pellets were resuspended in lysis
buffer (20 mM phosphate, 150 mM NaCl, and 1 mM EDTA, pH 7.8)
containing a cocktail of protease inhibitors and lysed by mechanical
lysis using a French press. The cell lysate was separated by centrifu-
gation and Promega Ni-NTA beads were added to the supernatant
and incubated overnight at 4 °C with rocking. After incubation the
beads were pelleted out of the supernatant by centrifugation. The
beads were then transferred to a column and washed with wash buffer
(20 mM phosphate, 150 mM NaCl, and 1| mM EDTA, pH 7.8) con-
taining 50 mM imidazole. The His-tagged protein was eluted off the
beads with 200 and 500 mM imidazole containing wash buffer and
collected in 15 ml fractions. The protein containing fractions were
dialyzed into 100 mM phosphate, 100 mM NaCl, ] mM EDTA, and
2mM DTT (pH 7.8) before being further purified by fast performance
liquid chromatography (FPLC) in a Superdex 75-pg column (Amer-
sham Pharmacia) at 4 °C. Centrifugal spin concentrators (Vivascience)
were used to concentrate the protein before NMR.

Peptide synthesis and purification. A number of short synthetic
peptides were designed including putative-binding motifs based on our
previous work. Acetyl groups were attached to the N-terminus of each
peptide and amino groups attached to the C-terminus. The peptides
were synthesized by the Hartwell Center for Bioinformatics and Bio-
technology at St. Jude Children’s Research Hospital and purified by
reverse-phase high performance liquid chromatograph.

NMR spectroscopy. NMR experiments were performed at 25 °C
using a Varian INOVA 600-MHz spectrometer. Samples consisted of the
PDZ domain (0.5-1 mM) in 100 mM phosphate (pH 7.5), 100 mM
NaCl, | mM EDTA, and 2 mM DTT with the addition of Idax or
peptides. ’N-HSQC experiments were performed to detect chemical
shift perturbation in the spectra of PDZ indicative of binding. NMR
spectra were processed using NMRpipe [21] software and analyzed by
SPARKY [22].

Curve fitting for determination of binding affinity using NMR. >N
and '"H chemical shift values for the moving peaks in the titration
experiment were determined in SPARKY for each of the successive
titration points. The averaged chemical shift change for the moving
peaks was calculated by subtracting the reference spectrum (the free
protein spectrum) from chemical shift values of the titration points and
then averaging the '°N and 'H values using Eq. (1) [23].

(AON/5)” + AGH?

Adyyy = 3 , (1)

AON is the chemical shift change of the amide nitrogen and AJH is the
chemical shift change of the amide proton [23-25]. The division of the
amide chemical shift by 5 accounts for the difference in chemical shift

scales of the nitrogen and proton dimensions.
The averaged chemical shift change was plotted against the molar

ratio of the peptide to the PDZ domain. A two-parameter nonlinear least
squares regression curve fitting was performed in Origin version 6.1
(Microcal Software, Northampton, MA) using a one-site binding model
which corrects for the dilution effect of adding the ligand to the protein.
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In this equation R is the [KTXXXI]:[lSN-PDZ] ratio, Adpinding is the
chemical shift change relative to the free protein when titrating the li-
gand, Ad.x is the chemical shift change for R — oo, P is the concen-
tration of >N-PDZ at the beginning of the titration, C is the stock
KTXXXI peptide solution concentration, and K, is the association
constant [23].
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A hIdax MHHRNDSOQRLGKAGCP PEPSLOMANTNFLSTLSPEHCRPLAGECMNKLKCGAAEAEIMNL 60
rIdax MHHRNDSQRLGKAGCPPEPSLQOMANTNFLSTLSPEHCRPLAGECMNKLKCGAAEAEIMNL 60
mIdax MHHRNDSQRLGKAGCP PEPSLQMANTNFLSTLSPEHCRPLAGECMNKLKCGAAEAEIMNL 60
xIdax -MHRNDSQRLGKPGGAPE-SLOMANNNFL STLSPEHCRPLAGECMNKLKCGAAEAEIMNL 58

LR L EL R R RS _* . % *Ehi it .**********************************
hIdax PERVGTFSAIPALGGISLPPGVIVMTAL HSPAAASAAVTDSAFQIANLADCPQNHSSSSS 120
rIdax PERVGTFSAIPALGGISLPPGVIVMTAL HSPAAASAAVTDSAFQIANLADCPQNHSSSSS 120
raldax PERVGTFSAIPALGGISLPPGVIVMTAL HSPAAASAAVTDSAFQIANLADCPQNHSSSSS 120
xIdax PERVGTFSAIPALGGISLPPGVIVMTAL HSPAAASAAVTDSAFQIANLADCPQNNSS——-- 115
******************************************************:**
hIdax SSS GGAGGANPAKKKRKRCGVCYPCKRL INCGVCSSCRNRKTGHQICKFRKCEELKKKPG 180
rIdax CELKKKPG 180
rIdax S5S GGAGGANPAKKKRKRCGVCVPCKRL INCGVCSSCRNRKTGHQICKFRKCEELKKKPG 180
xIdax —=—-GAGG-NPAKKKRKRCGVCVPCKRL INCGVCSSCRNRKTGHQICKFRKCEELKKKPG 170
EEE S R SIS LIS RS E RS SRR RS R R R SRR E R R SRS X R R R R
hIdax TSLERTP 198
rIdax TSLERTP 198
mIdax TSLERTP 198
xIdax TSLEVRGDDSFFPCLASSLIPPFSPPFQCFLSPFKMHHSFSESPSRL 217
*d+ * * : .*: *:
B rIdax = =  ————————— PSLOMAN————-— TNF LS TLSPEHC RFLAGECMNELKC GALE AETMNLPER 63
O5TEVS ESGIISEFLNES LRRSRPLSHYSSF GS3GGIGGGISIMGGESADEATA AL LD AST,L ANGHD 120
wEL Ta T - HIS R T B
rIdax VGETFSATP ALGGISLPPGV IV MTAL HSPAARSAAVTDS AF QT ANLAD———————CPCNHS 116
O8TEVS Lo MaVDESNP TSEKHESGAY ASLLSKAERATEL AARGQLTL QOF AQSTEMLERVWOEHL 150
. . . * * . - . 0 - - TR
rIdax SS808325G —GAGGINP 131
O5TE7S PLMSEAGAGLPDMEAVAGAEALNGOSDFPYLGAFPINPGLF INTPAGVFLAESAL HMAGL 240
. W ww
rIdeax - - ——————————— L FFEFREERCGTCVPCKRL INCGYC SSCRMRETGHOICKFRECEELE 176
O8TE79 AEYPMOCELASA ISSCGKEKREKRCGMC APCRRRINCEQCSSCRNRETGHQICKFRECEELK 300
LJEEEFFEE N F AH . AEF Eolr o i
rldax E¥PGTSLERTPVPSAEALAFRUFF 198
O8TE7S FFPSAALERVMLPTGALFRUFQ 322

whE_ sakEa | ake FEEEN

Fig. . Amino acid sequential alignments (A) of hldax, rldax, mIdax, and xIdax, (B) and of rIldax and a putative MAPK or NF-kB-binding protein
(Q8TB79) by using Cluster W. Dashes show a gap by alignment. The red line shows the construct of Idax (109-198) that we made. The blue box is the
minimum region of Idax that is necessary for binding to Dvl PDZ domain. (*) indicates that residues are identical in the alignment; (:) indicates that
conserved substitutions have been observed; and (.) indicates that semi-conserved substitutions are observed.

Fluorescence spectroscopy. A Jobin-Yvon Fluorolog-3 spectrofluo-
rometer (Jobin-Yvon) was used to obtain the fluorescence measure-
ments of the interaction between the PDZ domain of mDvll and the
rldax peptide. Titration experiments were performed at 25°C in a
phosphate buffer (0.1 M potassium phosphate; 0.5 mM EDTA, pH
7.5). The peptide ligand (2.1 mM) was injected into the 2.0-mL sample
cell that contained either the PDZ domain (25 pM). The excitation
wavelength was 290 nm (slit width, 5 nm), and the fluorescence emis-
sions from 320 to 370 nm (slit width, 5 nm) were recorded (Fig. 4A)
during the titration of rIdax peptide, whose concentrations ranged from
2 t0 90 pM. The fluorescence data were analyzed by using the ORIGIN
program (Microcal). The Kp value was calculated from a reciprocal
plot of fluorescence intensity quenching (AF) against the concentration
of the rldax peptide for two sets of titration data (Eq. (3))

1 1 Kp 1
E7Fmax Fmax.@) (3)

AF is the change of fluorescence intensity and [S] is the solute
concentration.

Results and discussion

The C-terminal half of the rIdax protein is necessary
for both association with Dvl and inhibition of canonical
Wnt signaling, the minimal region of rldax required for
binding to Dvl remains to be clarified [16]. Thus, we first
made the rIdax (109-198) construct representing its C-ter-
minal half from residue 109 to 198 as shown in Fig. 1A.
Although itis reported that rldax (109-198) interacts bio-
logically with the Dvll PDZ domain, we confirmed this
interaction with NMR spectroscopy at the atomic level.

Fig. 2A shows the '>’N-HSQC spectra of mDvl PDZ in
the presence of rldax (109-198) at the 1:1 concentration.
The interaction between the PDZ domain and rldax
(109-198) could be analyzed by comparison of
SN-HSQC spectra between a reference spectrum of the
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Fig. 2. The C-terminal half of rIdax directly binds to mDvll PDZ domain. (A) 15SN-HSQC of the mDvll PDZ domain alone (green) with Idax (109—
198) (red) in 1:1 molar ratio at pH 7.8 and 25 °C. (B) The enlarged spectrum of 1:1 PDZ:rIdax (109-198) complex is corresponding to the residues of
the a-helix B and p-sheet B regions in the PDZ domain. (C) Peptide-binding '’N-HSQC spectrum of mDvll PDZ during the titration, showing the
similar change of chemical shift as protein-binding HSQC spectrum. (D) The averaged chemical shift change was plotted against the molar ratio of

the peptide to the PDZ domain.

ligand-free protein and a similar spectrum acquired in
the presence of ligand. Information on binding can be
obtained from the chemical shift change between the
two spectra [25]. Fig. 2B is the enlarged spectrum of
1:1 PDZ:rIdax (109-198) protein which represents the
amino acid residues of PDZ-binding site, showing the
interaction between two proteins. Based on resonance
assignment of '>’N-PDZ domain of mDvl-1, we found
that the rIdax (109-198) protein bound at the same site
as Frizzled peptide on the C-terminal peptide-binding
groove between o-helix B and B-sheet B (Fig. 3A) of
PDZ domain comprising six f stands (BA to PF) and
two a-helices (2A and oB) [15]. Connolly surface plotting
based on the lyphophilic potential of the amino acids
(Fig. 3B) reveals that the peptide-binding groove is situ-
ated in a hydrophobic pocket.

Idax does not contain the canonical C-terminal PDZ
domain-binding motif (S/TXV) found in other PDZ-
binding proteins. Also, the C-terminal amino acids of

Idax are not conserved in all species, e.g., xIdax (Fig.
1A). This suggests that the C-terminal amino acids are
not important to the interaction with the PDZ domain.
Because the PDZ-binding site of rldax (109-198) is same
with that of Frizzled, we reasoned that an internal se-
quence of rldax (109-198) protein would be involved
in this interaction. Previously, we found that the con-
served KTXXXW internal sequence of Frizzled associ-
ates with the mDvl-1 PDZ domain [15]. Based on this
finding, we designed peptide that has a similar mDvll
PDZ-binding motif, which has a KTXXXI motif (Ac-
RKTGHQICKFRKC-NH,) (see Fig. 1A, blue box).
To verify whether this peptide binds the mDvl-1 PDZ
domain, we obtained the 'N-HSQC spectra of the
PDZ domain during the titration of the rldax peptide
as a function of concentration (Fig. 2C). As shown in
Fig. 2C, the chemical shift changes of peptide-binding
SN-HSQC spectra are similar to that of rldax (109-
198) protein-binding one (Fig. 2B). This indicates that
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Fig. 3. The binding site of PDZ is located at the a-helix B and B-sheet B regions. (A) A ribbon representation of the backbone of structure of the
PDZ domain. The thickness and color of the ribbon is proportional to the weighted sum (in ppm) of the proton and amide chemical shifts upon
binding of Idax (red, high; blue, low) (B) a Connolly rendered surface representation of the mDvl-1 PDZ domain. Residues for which the weighted
sum of the chemical shift values was greater than 0.01 on binding of Idax are marked in red.

rldax peptide indeed associates with the mDvl-1 PDZ
domain such as the rIdax (109-198) protein, implying
that a KTXXXI motif of rIdax peptide is a minimum re-
gion required for PDZ binding.

To obtain an insight into the binding event between
the mDvl-1 and rldax protein, we obtained the binding
affinity (Kp) between PDZ and rldax peptide by using
NMR spectroscopy. By plotting of the averaged chemi-
cal shift change (Ad,,,) against the molar ratio of the
peptide to the PDZ domain, the Kp value of about
5mM was obtained (Fig. 2D) [23]. Since the Kp value
for (calculated by the same method as in this study)
Fz7 interaction with the PDZ domain of mDvll was
1 mM, the low Kp value for rldax peptide suggests that
Idax would not be an effective inhibitor.

Although NMR is useful for the study of weak pro-
tein—protein interactions in solution, it is not the best
method for calculating dissociation constants due to
the high interference of removing the protein solution
from the NMR tube each time the peptide is added
and replacing it. Thus, dissociation constants calculated
by this method can only be treated as the upper limit for
the interactions [26]. Therefore, we used another method
to obtain the binding affinity of rldax peptide and
mDvll PDZ domain; by measuring the fluorescence of
PDZ domain. The binding of rIdax peptide quenched
the intrinsic tryptophan fluorescence of the Dvl PDZ
domain as a function of concentration (Fig. 4A). By
monitoring such changes in fluorescence intensity,
we determined the binding affinity between the rldax
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Fig. 4. (A) Fluoresce spectra of mDvll PDZ domain during the titration of the peptide. The binding of the peptide quenched the intrinsic tryptophan
fluorescence of the PDZ domain. (B) The binding affinity between PDZ and Idax peptide was determined from a reciprocal plot of fluorescence

intensity quenching (AF) against the concentration of the Idax peptide.
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peptide and the PDZ domain that was 56 uM (Fig. 4B).
Compared with the binding affinity of PDZ domain for
the Dpr/Frodo or Fz7 peptide obtained before [15], the
rldax peptide weakly binds to the PDZ domain, how-
ever, we expect that this interaction would be sufficient
to disturb the PDZ-related interaction.

Given that rIdax appears to bind at the same site on
the PDZ domain of Dvl-1 as the cell surface receptor that
activates it, the question is raised as to how binding of Fz
results in the signaling being relayed downstream and
binding of Idax results in inhibition of Wnt signaling. It
is possible that in vivo, Idax acts as a competitive inhibi-
tor, blocking the interaction between Fz7 and the PDZ-
binding site of Dvl, and then inhibiting Wnt signaling.
The other explanation is also possible. Because several
proteins such as CKlIe, AXIN, and Nkd also associate
with the Dvl protein [18,20,27,28], these proteins may
bind to the same site on the PDZ domain. Thus, an alter-
native hypothesis is that different binding affinities of
these proteins and Dvl PDZ domain are related to the
resultant up- or downregulatory effect on Wnt signaling.

In these experiments the minimal region of Idax re-
quired for binding to the mDvl PDZ domain was iden-
tified to be a short peptide containing a KTXXXI motif.
This is consistent with our previous work in which a
peptide containing a conserved KTXXXW motif of
the Frizzled receptor bound to mDvl-1 PDZ at same site
[15]. The results suggest that the hydrophobic properties
of the final amino acid in the motif are important to
binding rather than the exact residue. Thus, the motif
may in fact be KTXXX® (where @ is any hydrophobic
residue), implying that several of the many Dsh/Dvl
associated proteins (DAPs) also have a similar binding
motif.

A Blast program search of the full length Idax amino
acid sequence revealed that the C-terminal region shares
homology with a putative MAPK (mitogen-activated
protein kinase) activating protein and NF-kB activating
protein (Q8TB79) with the region of exact homology
being centered around the KTXXXI motif (Fig. 1B)
[29]. This implies that these proteins may be able to bind
to the PDZ domain of mDvl-1 and shows possible cross
talk between the Wnt signaling pathway and these other
major pathways mediated through the PDZ domain of
mDvl. Our collaborator is examining a possibility of
the cross talk between two pathways. Recently, Michiue
et al. [30] suggested that the C-terminal half of xIdax was
homologous with the CXXC-zinc finger motif including
two leukemia-associated genes, LCX and MLL. The re-
sults imply that Idax proteins may play several roles in
signaling pathways.

In summary, we identified and characterized the pro-
tein—protein interaction between rldax and Dvl PDZ
domain by using NMR spectroscopy. The PDZ-binding
site of rIdax (109-198) is the conventional C-terminal
grove region. Given that the KTXXXW motif of Friz-

zled directly binds to Dvl PDZ domain, we could iden-
tify the minimum region of rldax that is necessary for
binding. This was verified with NMR and fluorescence
spectroscopy. Although several Dsh/Dvl, especially
PDZ domain, associated proteins have been identified,
the essential region required for binding remains un-
known. The KTXXXI motif identified in this paper rep-
resents novel internal PDZ-binding motif. Coupled with
the KTXXXW motif identified for the Frizzled receptor
[15], the motif KTXXX(hydrophobic,®) could represent
a new type of PDZ ligand. Thus, this study could be
helpful to identify the PDZ-binding motif of Dsh/Dvl
associated proteins and to understand the Wnt signaling
pathway in more detail.
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