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ABSTRACT: Nogo-A has been extensively demonstrated to play key roles in inhibiting central nervous
system regeneration, regulating endoplasmic reticulum formation, and maintaining the integrity of the
neuromuscular junction. In this study, an E3 ubiquitin ligase WWP1 was first identified to be a novel
interacting partner for Nogo-A both in vitro and in vivo. By using CD, ITC, and NMR, we have further
conducted extensive studies on all four WWP1 WW domains and their interactions with a Nogo-A peptide
carrying the only PPxY motif. The results lead to several striking findings. (1) Despite containing an
unstructured region, the 186-residue WWP1 fragment containing all four WW domains is able to interact
with the Nogo-A(650—666) peptide with a high affinity, with a dissociation constant (Ky) of 1.68 uM. (2)
Interestingly, four isolated WW domains show differential structural properties in the free states. WW1
and WW2 are only partially folded, while WW4 is well-folded. Nevertheless, they all become well-
folded upon binding to Nogo-A(650—666), with Ky values ranging from 1.03 to 3.85 uM. (3) The solution
structure of the best-folded WW4 domain is determined, and the binding-perturbed residues were derived
for both WW4 and Nogo-A(650—666) by NMR HSQC titrations. Moreover, on the basis of the NMR
data, the complex model is constructed by HADDOCK 2.0. This study provides rationales as well as a
template Nogo-A(650—666) for further design of molecules to intervene in the WWP1—Nogo-A interaction
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which may regulate the Nogo-A protein level by controlling its ubiquitination.

Nogo is a member of the reticulon (RTN) family of
proteins named after their main subcellular localization in
the endoplasmic reticulum (ER). Three major protein variants
(Nogo-A, -B, and -C) are derived from the Nogo gene by
both alternative splicing and promoter use (/, 2). Among
them, the 1192-residue Nogo-A (human) is the largest and
has attracted intense research in recent years because of its
role in the inhibition of CNS' regeneration. Nogo-A has been
demonstrated to be a potent neurite growth inhibitor and
plays a key role both in the restriction of axonal regeneration
after injury and in the structural plasticity of the CNS of
higher vertebrates (3—8). In vivo neutralizing Nogo-A by
its antibody has been shown to enhance sprouting and
functional recovery after cervical lesion in rat (9) and adult
primates (/0). In addition, Nogo-A was also identified to be
essential for the tubular network formation of ER (/7). Most
recently, a role of Nogo-A in synapse integrity has also been
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suggested, and overexpression of Nogo-A led to destabiliza-
tion and retraction of nerve termini (/2).

So far, three distinct regions of Nogo-A were shown to
be important for its known functions (7): (1) an N-terminal
region (amino acids 1—172) involved in the inhibition of
fibroblast spreading, (2) a stretch (amino acids 544—725)
encoded by the Nogo-A-specific exon that restricts neurite
outgrowth and cell spreading and induces growth cone
collapse, and (3) a C-terminal region (Nogo-66) with growth
cone collapsing function. The segment spanning residues
544—725 displays the most potent inhibitory effect. In
addition, it has been proposed that the two Cys residues (at
positions 575 and 676) within the Nogo-A-specific region
are very important for shaping of ER as well as ER tubule
formation (/7).

! Abbreviations: CNS, central nervous system; WWP1, WW domain
containing E3 ubiquitin protein ligase 1; MAG, myelin-associated
glycoprotein; OMgp, oligodendrocyte myelin glycoprotein; GST,
glutathione S-transferase; IPTG, isopropyl 5-D-1-thiogalactopyranoside;
EDTA, ethylenediaminetetraacetic acid; SDS—-PAGE, sodium dodecyl
sulfate—polyacrylamide gel electrophoresis; PVDF, polyvinylidene
fluoride; CD, circular dichroism; ITC, isothermal titration calorimetry;
HADDOCK, High Ambiguity Driven protein—protein Docking; HPLC,
high-performance liquid chromatography; NMR, nuclear magnetic
resonance; HSQC, heteronuclear single-quantum correlation; TOCSY,
total correlation spectroscopy; NOESY, nuclear Overhauser enhance-
ment spectroscopy; COSY, correlation spectroscopy; NOE, nuclear
Overhauser effect.
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FIGURE 1: Identification of the novel binding of WWP1 to Nogo-A. (a) Schematic representation of the human Nogo-A protein, with the
fragment used as the bait indicated. (b) Schematic representation of the human WWP1 protein, with two fragments used for the pull-down
experiments indicated. (c) Sequence alignment of the four human WWP1 WW domains. (d) Pull-down of endogenous Nogo-A in N1E115
cells by the GST-fused WWP1(252—388) fragment and GST-fused WW1(352—388) but not by GST alone. (¢) Co-immunoprecipitation of
WWP1 with endogenous Nogo-A. N1E115 cells were transfected with Flag-tagged mutant WWP1 (C890A). Cell lysates were incubated
with anti-Flag antibody, and the immunoprecipitates were analyzed with anti-Nogo-A antibody.

Because of its multifunctional nature, Nogo-A has been
thought to have the capacity to interact with many different
protein partners. However, so far, only NgR was functionally
validated to be the receptor for Nogo-66 (/3), a C-terminal
extracellular loop highly conserved among all three Nogo
members which adopts an unusual helical structure (14, 15).
NgR is also found to interact with other myelin-associated
proteins such as MAG and OMgp (/6). Therefore, it is of
significant interest to identify new interacting molecules
(receptors or intracellular binding partners) engaged in
Nogo-A processing and signaling.

Previously, we have systematically mapped out the
structural properties of all three Nogo variants (14, 15, 17),
as well as identified a novel interaction between Nogo-A
and Nck2 (/8). In this study, we used one human Nogo-A-
specific fragment over residues 567—774 (Figure 1a) previ-
ously constructed (/7) as a bait for screening its binding
partner from the human cDNA library displayed on T7 phage
capsids. This led to the identification of WWPI, an E3
ubiquitin ligase (Figure 1b), as a novel binding partner of
Nogo-A. Both proteins were further demonstrated to be
physiologically associated in vivo by immunoprecipitation.

Consequently, we further conducted extensive characteriza-
tions of all four WWP1 WW domains, as well as their
interactions with Nogo-A by use of circular dichroism (CD),
isothermal titration calorimetry (ITC), and NMR spectroscopy.

MATERIALS AND METHODS

T7 Phage Library Screening. An aliquot of a T7 phage
display library of human brain cDNA (Novagen) was
precleared with 100 ug of GST protein immobilized on
glutathione-Sepharose beads (Amersham Biosciences) by
incubating them together for 2 h at room temperature. The
supernatant was then incubated overnight at 4 °C with 100
ug of GST-fused Nogo-A(567—774) immobilized on glu-
tathione-Sepharose beads. All binding experiments were
performed in the presence of 1% bovine serum albumin.
Unbound phages were washed four times with TBST [0.1%
Tween in 10 mM Tris (pH 7.4) and 150 mM NacCl]. The
bound phages were amplified in Escherichia coli BL5615
(Novagen) which was preinduced with 1 mM IPTG for 20
min at 37 °C. After cell lysis, the phage lysate was clarified
by centrifugation at 8000g for 10 min and stored at 4 °C for
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use in the next selection round. Five rounds of selection were
carried out in total. PCR analysis was performed on amplified
phages using a pair of T7 primers to ascertain the enrichment.
Plaque assays were again used to confirm the binding of
selected phage clone with the bait. A pool of phages from a
single phage clone was plated, and the plaques were
transferred to a hydro bond C membrane. The membrane
was then incubated with the GST-fused Nogo-A-specific
fragment (2 ug/mL) overnight at 4 °C. After four washes
with PBST (0.1% Tween in PBS), the binding between
phage-displayed protein and the GST-fused Nogo-A-specific
fragment was detected by the anti-GST antibody followed
by alkaline phasphatase (AP)-conjugated secondary antibody.

GST Pull-Down Assays. N1E115 cells were lysed in NP-
40 lysis buffer [1% Nonidet P-40, 20 mM Tris-HCI (pH 7.5),
150 mM NaCl, 5 mM EDTA, and protease inhibitors from
Roche] for 10 min at 4 °C, and insoluble materials were
removed by centrifugation at 15000g and 4 °C for 10 min.
GST fusion proteins (5 #g) of the WWP1 fragments (amino
acids 252—388) and (amino acids 352—388) containing only
the first WW domain (Figure 1b) were added to cell lysates
generated from ~1 x 107 cells and incubated for 2 h at 4
°C, followed by addition of 50 uL of glutathione-Sepharose
beads for 1 h. Precipitates were washed four times with NP-
40 lysis buffer and subjected to SDS—PAGE (8%) and
immunoblotting with anti-Nogo-A antibody.

In Vivo Immunoprecipitation. Mouse N1E115 neuroblas-
toma cells and Mouse NIH3T3 cells were grown in Dul-
becco’s modified Eagle’s medium with high glucose (Invit-
rogen) supplemented with 10% fetal bovine serum at 5%
CO,. The transfections of plasmids (range of 3—10 ug) on
NI1E115 cells were carried out with lipofect AMINE2000
transfection reagent (Invitrogen) according to the manufac-
turer’s protocol.

Cell lysates were incubated with antibodies (1 ug)
overnight at 4 °C, followed by addition of 50 mL of protein
A/G Plus-Sepharose beads (Santa Cruz Biotechnology) for
an additional 2 h at 4 °C. Immunoprecipitates were washed
four times with Nonidet P-40 lysis buffer and boiled in 30
mL of 2x Laemmli buffer. Samples were subjected to 6 or
8% SDS—polyacrylamide gel electrophoresis (PAGE) analy-
sis and electrotransferred onto PVDF membranes. Mem-
branes were probed with the indicated primary antibodies,
followed by horseradish peroxidase-conjugated secondary
antibodies. Membranes were then washed and visualized with
an enhanced chemiluminescence (ECL) detection system
(Amersham Pharmacia Biotech). When necessary, mem-
branes were stripped by incubation in 62.5 mM Tris-HCI
(pH 6.7), 100 mM 2-mercaptoethanol, and 2% SDS for 1 h
at 50 °C with constant agitation, washed, and then reprobed
with other antibodies as indicated.

Cloning and Generation of Various Recombinant Proteins
and/or Peptides. DNA fragments encoding different WWP1
and Nogo-A regions were obtained by amplification PCRs.
Subsequently, the DNA fragment encoding the protein
containing all four WW domains (corresponding to WWP1
residues 346—531 and designated as fWW) was cloned
into vector pET32a (Novagen) as previously described
(18), while the others were cloned into vector pGEX-4T1
(Pharmacia Biotech), which include those encoding four
isolated WW domains designated WW1, WW2, WW3, and
WW4  (corresponding to WWP1 residues 346—385,
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380—417,453—491, and 494—531, respectively), as well
as the Nogo-A(650—666) peptide with a sequence of
KHEPENPPPYEEAMSVS. Constructs containing Flag-
WWP1 were kindly provided by Dr. Miyazawa from the
University of Tokyo (Tokyo, Japan) (19).

For bacterial expression of the recombinant proteins, the
vectors were transformed into E. coli BL21 cells. The cells
were then cultured at 37 °C until the ODgy value reached
0.6. Subsequently, IPTG was added into the broth to a final
concentration of 0.3 mM to induce protein expression for
12 h at 20 °C. Cells were harvested by centrifugation and
lysed by sonication in PBS buffer. The recombinant GST-
fused WW1—4 proteins and Nogo-A peptide were purified
by affinity chromatography with glutathione-Sepharose 4B
beads (Pharmacia Biotech) under native conditions. Four
individual WW domains and Nogo-A(650—666) were re-
leased from their GST fusion proteins by on-gel thrombin
cleavage at room temperature for 3 h. The released WW
domains and Nogo-A(650—666) peptide were further purified
by HPLC on a reverse-phase Cg column (Vydac). The fWW
protein was overexpressed in E. coli BL21 cells but found
in the inclusion body. Consequently, it was purified with Ni-
NTA agrose (QIAGEN) under denaturing conditions fol-
lowed by a further HPLC purification on a reverse-phase Cy4
column (Vydac). To isotope label fWW, WW1—4 proteins,
and Nogo-A(650—666) required for heteronuclear NMR
experiments, recombinant proteins were prepared with a
similar protocol except the cells were grown in M9 medium
with addition of (*NH,),SO, for "N labeling and ("’NH,4),SO,/
[*Clglucose for double labeling, respectively (20).

CD, NMR Sample Preparation, and Characterization. CD
and NMR samples were prepared by dissolving proteins or
peptides in 5 mM phosphate buffer (pH 6.2). For NMR
samples, 10% D,0O was additionally added for spin lock.

CD experiments were performed on a Jasco J-810 spec-
tropolarimeter equipped with a thermal controller as de-
scribed previously (/8). The far-UV CD spectra of the fWW
and WW1—4 domains were collected at a protein concentra-
tion of ~20 uM at 25 °C, using a 1 mm path length cuvette
with a 0.1 nm spectral resolution. Data from three indepen-
dent scans were added and averaged.

All NMR experiments were conducted on an 800 MHz
Bruker Avance spectrometer equipped with pulse field
gradient units at 25 °C as previously described (18, 20—22).
The NMR spectra acquired for both backbone and side chain
assignments included HNCACB, CBCA(CO)NH, BC-edited
H(CCC)-TOCSY, NOESY, 'H—"N HSQC, ""N-edited
HSQC-TOCSY, and HSQC-NOESY. For structural deter-
mination, two-dimensional 'H TOCSY spectra, NOESY
spectra in D,O, and DQF-COSY spectra in H,O were
acquired to extract NOE distance and dihedral angle con-
straints. NMR data were processed with NMRpipe (23) and
analyzed with NMRview (24).

Isothermal Titration Calorimetry (ITC) Characterization.
All isothermal titration calorimetric (ITC) experiments were
performed using a Microcal VP ITC machine as previously
described (18, 20). Titrations of the binding of fWW and
WW1—4 to the Nogo-A(650—666) peptide were conducted
in the same buffer [S mM phosphate buffer (pH 6.2)] and at
the same temperature (25 °C). The fWW and WW1—4
samples were placed in a 1.8 mL sample cell, while the
Nogo-A(650—666) sample was loaded into a 300 uL syringe.
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The samples were degassed for 15 min to remove bubbles
before titrations were initiated. A control experiment with
the same parameter setting was also performed to subtract
the contribution of the peptide dilution. The titration data
after the results of the control experiment had been subtracted
were fitted using the built-in software ORIGIN to yield the
thermodynamic binding parameters listed in Table 1.

NMR Characterization of Binding. To NMR characterize
the binding of the Nogo-A(650—666) peptide to fWW or
WW1—4, two-dimensional '"H—'"N HSQC spectra of the
N-labeled WW domains were acquired at a protein
concentration of ~100 uM in the absence or presence of
Nogo-A(650—666) at different molar ratios. By superimpos-
ing the HSQC spectra of the ’N-labeled WW domains in
the absence and presence of Nogo-A(650—666), we could
identify the shifted HSQC peaks as previously described
(I8, 25). Similarly, the binding interactions were also
assessed by monitoring HSQC peak shifts of the ’N-labeled
Nogo-A(650—6606) peptide. Similarly, the binding-perturbed
peaks were mapped out by superimposing the HSQC spectra
of the N-labeled Nogo-A(650—666) peptide in the absence
and presence of the WW domains. The degree of binding-
induced chemical shift difference (CSD) was represented by
an integrated chemical shift index calculated by the formula
[((A'H)? + (AN/4)’]"2 ppm (I8, 25).

NMR Structure of the WW4 Domains in the Free and
Complexed States. To determine the three-dimensional
structure of the best-structured WW4 domain, a set of
unambiguous NOE restraints extracted from three-dimen-
sional "'N HSQC-NOESY and two-dimensional 'H NOESY
spectra were input to calculate initial structures with CYANA
(26) together with dihedral angle restraints derived from
3Jeun—Nu coupling constants from a two-dimensional DQF-
COSY spectrum as well as predicted by TALOS on the basis
of chemical shift values (27). With the availability of the
initial structure, more NOE cross-peaks in the two NOESY
spectra were assigned with the assistance of CYANA
followed by a manual confirmation. The 10 structures with
lowest target functions accepted by CYANA were selected
and assessed by PROCHECK (28) and subsequently ana-
lyzed by using MolMol (29) and Pymol (http://www.pymol.
org). The structural statistics are presented in Table 2. The
structural coordinates of the WWP1 WW4 domain was
deposited in the Protein Data Bank as entry 20P7, and NMR
data were deposited with the RCSB as entry RCSB041415.

The model of the WW4 domain in complex with the
Nogo-A peptide was constructed by the computational
docking with the well-established program HADDOCK?2.0
(High Ambiguity Driven protein—protein Docking), which
makes use of chemical shift perturbation data to drive the
docking while allowing various degrees of flexibility (25, 30).
The docking procedure was performed in three steps: (1)
randomization and rigid body energy minimization, (2)
semiflexible simulated annealing, and (3) flexible explicit
solvent refinement. To avoid being trapped, Nogo-A(650—666)
segments K650-H651 and A662-M663-S664-V665-S666
that showed no detectable shift in the HSQC titration were
not included in molecular docking. Consequently, according
to the HADDOCK definition, the accessible residues with
large chemical shift difference (CSD) values were set as
active residues, which include Trp9—Ilel1, Tyr20—Lys32
of the WW4 domain, and Glu652—Glu661 of Nogo-A.

Table 1: Thermodynamic Parameters of the Binding Interactions of the Nogo-A(650—666) Peptide with fWW and Four Individual WW Domains
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Table 2: Structural Statistics for the 10 Selected NMR Structures of the
WWP1 WW4 Domain

experimental constraints
for structure calculation
no. of NOE restraints

total 263
intraresidue 119
sequential 49
medium-range 17
long-range 78
no. of dihedral angle constraints
total 54
¢ 29
Y 25
CYANA target function 0.63 £ 0.035
no. of distance violations of >0.20 A 0
no. of dihedral angle violations of >5° 0
Ramachandran statistics (%)
most favored 71.0
additionally allowed 22.6
generously allowed 6.5
disallowed 0.0
root-mean-square deviation
A) (secondary structure regions)
all atoms 1.37
heavy atoms 1.12
backbone atoms 0.25

Initially, 1000 structures were generated in the rigid body
docking, and subsequently, the 100 best structures were
selected for further semiflexible simulated annealing. Only
the 20 best structures were subjected to the final refinement
in explicit water. On the basis of the overall HADDOCK
score, the best structural solution was selected for detailed
analysis and display.

RESULTS

Identification of WWPI as a Novel Binding Partner for
Nogo-A. A Nogo-A-specific fragment (residues 567—774)
was fused to GST and used as the bait in a phage display
screening (31, 32). The screening was performed on a human
brain cDNA library displayed by a T7 phage vector for five
rounds of affinity selection. The enrichment after each round
of selection was analyzed by performing PCR using T7
primers. A single PCR product was clearly emerging after a
third round of selection. The phage display of this specific
protein becomes dominant in the fourth and fifth selection.
Sequencing of this PCR product revealed that this cDNA
encoded a WWP1 fragment containing residues 252—388.

Examination of the WWP1 fragment selected from phage
screening revealed that it contained the first WW domain,
which has been extensively documented to bind the proline-
rich consensus sequences with the motif PPxY. Indeed, the
Nogo-A(567—774) fragment used as the bait in this experi-
ment did contain a PPPY motif (residues 656—659) which
is the only PPxY motif in the complete Nogo-A sequence.
In this regard, it is highly likely that the WWP1 and Nogo-A
proteins interact with each other through binding between
WW domains and the PPPY motif. To verify this, we
mutated Tyr659 to Ala in the GST-fused Nogo-A(567—774)
peptide. A plaque assay again was used to assess the binding
between mutated Nogo-A(567—774) (Y/A) and WWPI1
fragment. Strikingly, the result indicated that the binding was
completely abolished by the Tyr659 to Ala mutation.

WWPI Interacts with Nogo-A in Vivo. N1E115 neuro-
blastoma cells were used to detect whether WWP1 was
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indeed associated with the endogenous Nogo-A. The binding
interaction was first assessed by a GST pull-down assay using
the GST-WWP1 fragment (residues 252—388) and GST-
WWI1 domain (residues 352—388). More specifically, lysates
of N1E115 cells were incubated with the respective GST
proteins, and the precipitates were then analyzed with anti-
Nogo-A antibodies. As seen in Figure 1d, both the GST-
WWPI fragment (residues 252—388) and the GST-WW1
domain (residues 352—388) were able to pull down the
endogenous Nogo-A from N1E115 cells.

The immunoprecipitation was further performed to ex-
amine whether WWP1 and Nogo-A were physiologically
associated in vivo. The Flag-tagged WWP1 (C890A with
the well-established catalytic Cys at residue 890 replaced
with an Ala) was transfected into N1E115 cells. The rationale
for using this mutated construct is to prevent the degradation
of Nogo-A mediated by WWP1 and thus to facilitate
detection of the interaction. As shown in Figure le, the
immunoprecipitation (IP) of Flag-tagged WWP1 (CA)
resulted in co-IP of Nogo-A which was subsequently detected
with the anti-Nogo-A antibody. This result clearly indicates
that Nogo-A is indeed physiologically associated with
WWPI.

Preliminary CD and NMR Characterization. The in vitro
and in vivo experiments described above have clearly
demonstrated that the first WW domain in the WWPI1
fragment interacted with the PPPY motif in the Nogo-A
fragment. However, as seen in Figure 1b, WWP1 contains
four WW domains over residues 346—531, with a ~40-
residue linker between the second and third WW domains.
To study the structural properties and assess whether all four
WW domains are capable of interacting with the PPPY motif
in the Nogo-A fragment, we have cloned the His-tagged
WWPI fragment containing all four WW domains (fWW)
over residues 346—531, as well as the four individual WW
domains (WW1—4), as GST fusion proteins with their
sequences shown in Figure 1c. On the other hand, we also
cloned and expressed the Nogo-A(650—666) peptide con-
taining the only PPxY motif of Nogo-A for the binding study.

The fWW recombinant protein was overexpressed but
presented in the inclusion body. Consequently, it was
obtained by Ni**-agarose affinity column purification under
denaturing conditions followed by HPLC purification on a
reverse-phase C4 column. On the other hand, the recombinant
proteins of four individual WW domains and the Nogo-
A(650—666) peptide were released by the in-gel thrombin
cleavage of the GST fusion proteins followed by HPLC
purification on a reverse-phase C;g column.

The structural property of the fWW protein was first
assessed by far-UV CD spectroscopy. As seen in Figure 2a,
the protein had a far-UV CD spectrum with a positive signal
at ~230 nm and a maximal negative signal at ~205 nm, but
without any positive signal below 200 nm. This observation
implies that the fWW protein consists of the S-turn secondary
structure, together with some random coil (33, 34).

We have prepared "N isotope-labeled fWW protein and
subsequently acquired its 'H—""N HSQC spectrum. The
fWW protein had a relatively dispersed HSQC spectrum,
with some peaks even located at ~9.5 ppm (Figure 2b).
However, only ~80 resonance peaks could be detected in
the spectrum, much fewer than its number of residues (186).
In particular, of these peaks, ~40 had very strong intensities
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FIGURE 2: Structural and binding characterization of the fWW protein. (a) Far-UV CD spectra of fWW and four isolated WW domains at
protein concentrations of ~20 uM in 5 mM phosphate buffer (pH 6.2) at 25 °C. (b) Superimposition of the HSQC spectra of the 'SN-
labeled fWW protein in the absence (blue) and presence (red) of Nogo-A(650—666) at a molar ratio of 1:4 (fWW:peptide). Spectra were
acquired in 5 mM phosphate buffer (pH 6.2) at 25 °C on an 800 MHz Bruker NMR spectrometer. (c¢) ITC titration profiles of the binding
reaction of the fWW protein with Nogo-A(650—666). (d) Integrated values for reaction heats with subtraction of the corresponding blank
results normalized by the amount of ligand injected vs the Nogo-A:fWW molar ratio. The detailed conditions and setting of the ITC
experiments are presented in Materials and Methods as well as Table 1.

while the rest had much weaker intensities. This observation
implies that the strong HSQC peaks may result from the
~40-residue linker region between the second and third WW
domains which might be highly unstructured. Nevertheless,
as seen in Figure 2b, upon addition of the Nogo-A(650—666)
peptide, many HSQC peaks of the fWW protein shifted
significantly, indicating that it was able to interact with Nogo-
A. Unfortunately, due to the very limited manifestation of
the HSQC peaks as well as a strong tendency to aggregate
at a high concentration, detailed NMR study is not feasible
for the fWW protein. However, as presented in panels ¢ and
d of Figure 2 and Table 1, the thermodynamic parameters
for the binding of fWW to the Nogo-A peptide were
successfully obtained by using the ITC titration. Interestingly,
the fWW protein containing all four WW domains is capable
of binding to Nogo-A with a dissociation constant Ky of 1.68
UM.

To assess their structural properties, far-UV CD spectra
were collected for all four isolated WW domains. As seen
in Figure 2a, all four WW domains had a positive CD signal
at ~230 nm and a negative one at ~208 nm, indicating that
all of them possess f-turn/sheet secondary structures, in
agreement with the notion that all WW domains adopt a
conserved three-stranded f3-fold. Interestingly, only WW4
has a positive CD signal at ~200 nm, indicating that WW4
may be the best-structured with tight tertiary packing. To
further visualize detailed structural properties of the four
isolated WW domains by NMR spectroscopy, they were all
5N isotope-labeled and purified by HPLC for collection of
'"H—'N HSQC spectra. Interestingly, as judged from their
HSQC spectra, it appears that four WW domains owned very

different structural features. WW1 and WW2 were only
partially folded which had narrowly dispersed HSQC spectra
with only approximately half of the resonance peaks detect-
able (Figure 3a,b). On the other hand, as seen in Figure 3d,
consistent with the CD result, WW4 is the best-folded with
uniform HSQC peak intensities in a well-dispersed spectrum
(~3 ppm for 'H and 26 ppm for '°N dimensions). With
regard to WW3, although it was well folded as evident from
its widely dispersed HSQC spectrum, its peak intensities were
not uniform and some peaks have minor doublets (Figure
3c), indicating that some regions might undergo intermediate
or slow conformational exchanges.

The binding interactions between four WW domains and
the Nogo-A(650—666) peptide were assessed by NMR
HSQC titrations. Very interestingly, although as shown
above, the four WW domains had very different HSQC
spectra, addition of Nogo-A(650—666) induced dramatic
HSQC peak shifts for all of them (Figure 3), indicating that
they were able to bind the Nogo-A(650—666) peptide. In
particular, for WW1 and WW2 domains, the introduction
of Nogo-A(650—666) resulted in manifestation of HSQC
peaks for almost all non-proline residues in well-dispersed
HSQC spectra, clearly indicating that upon binding, the
WWI1 and WW2 domains underwent significant conforma-
tional changes from partially folded to well-folded states.

We have compared the HSQC spectrum of the free fWW
with the spectrum generated by adding four HSQC spectra
of the free WW1—WW4 domains. Interestingly, most HSQC
peaks were not superimposable. A similar situation was also
observed when the HSQC spectrum of the complexed fWW
was compared to that generated by adding four HSQC spectra
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FIGURE 3: Binding of four '"N-labeled WW domains with Nogo-A(650—666). Superimposition of the HSQC spectra of '"N-labeled WW 1
(a), WW2 (b), WW3 (c), and WW4 (d) in the absence (blue) and presence (red) of Nogo-A(650—666) at a molar ratio of 1:4 (WW:
peptide). All spectra were recorded in a 5 mM phosphate buffer (pH 6.2) at 25 °C on an 800 MHz Bruker NMR spectrometer. The doublets

of some HSQC peaks of the complexed WW3 domain are indicated.

of the complexed WW1—WW4 domains. On the other hand,
for both the free and complexed states, most HSQC peaks
of the summed spectra of the isolated WW1—WW4 domains
could be superimposed with those of the spectra collected
on the equal molar mixture of four individual WW domains
(spectra not shown). This implies that the linker regions in
the fWW protein might play a role in constraining or
mediating the interactions among four WW domains or/and
between four WW domains and Nogo-A peptide.

To quantitatively characterize binding interactions between
four WW domains and Nogo-A(650—666), isothermal
calorimetric titrations were conducted to determine their
thermodynamic binding constants. The raw titration data are
shown in Figure 4, while binding parameters obtained by
data fitting are presented in Table 1. Very strikingly, although
four WW domains possessed very differential structural
characteristics, they had very similar binding affinities for
the Nogo-A(650—666) peptide, with dissociation constants
of 1.03 uM for WW1, 3.85 uM for WW2, 1.85 uM for
WW3, and 1.50 uM for WW4. Judging from the previous
reports (35—38), the binding interactions between the WWP1
WW domains and Nogo-A can be ranked within a high-
affinity category among previously documented WW—ligand
interactions. Interestingly, as seen in Table 1, the thermo-

dynamic parameters for the fWW protein are not the averages
of those of four individual WW1—WW4 domains. This
implies that the interaction of fWW with Nogo-A might be
slightly different from those of four isolated WW domains
with Nogo-A, completely consistent with the NMR results
described above.

NMR Characterization of Binding Interactions. The de-
tailed binding of Nogo-A(650—666) to fWW and four WW
domains was also characterized by monitoring the HSQC
peak shifts of the '*N-labeled Nogo-A(650—666) peptide
induced by a gradual addition of different WW domains.
Unfortunately, due to the poor solubility of the fWW protein,
its interaction with the '’N-labeled Nogo-A(650—666) pep-
tide could not be investigated in detail. On the other hand,
however, four WW domains induced very similar shift
patterns for the HSQC peaks of Nogo-A(650—666), indicat-
ing that they interacted with Nogo-A in a similar manner.
As a consequence, extensive NMR studies were performed
on the interaction between the best-folded WW4 domain and
the Nogo-A(650—666) peptide. As seen in Figure 5a, upon
addition of the WW4 domain at a 4-fold excess, the HSQC
peaks of the characteristic Tyr659 residue with its neighbor-
ing residue Glu660 totally disappeared, indicating the binding
would induce dramatic conformational exchanges on the
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with Nogo-A(650—666). Integrated values for reaction heats with subtraction of the corresponding blank results normalized by the amount
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microsecond to millisecond time scale (/8, 20, 25). It is worth
noting that residues Glu652, Glu654, and Asn655 N-terminal
to the PPPY motif also underwent significant shifts, indicat-
ing that these residues might also play an important role in
mediating the binding affinity and specificity.

Three-Dimensional Structure and Binding Interface of the
WW4 Domain. It would be most relevant if the three-
dimensional structure of fWW containing all four WWP1
WW domains could be determined in complex with the
Nogo-A peptide. However, as shown above, the poor quality
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FIGURE 5: Binding of ’N-labeled Nogo-A(650—666) with the WW4
domain. (a) Superimposition of the HSQC spectra of the '"N-labeled
Nogo-A(650—666) peptide in the absence (black) and presence (red)
of the WW4 domain at a 1:4 peptide: WW4 molar ratio. All spectra
were recorded in a 5 mM phosphate buffer (pH 6.2) at 25 °C on
an 800 MHz NMR spectrometer. The sequential assignments of
Nogo-A(650—666) were made by analyzing heteronuclear HSQC-
TOCSY and HSQC-NOESY spectra. The sequence of Nogo-
A(650—666) was included, and the two residues (Tyr659 and
Glu660) with HSQC peaks that completely disappeared upon
binding are labeled in red. Residues Glu652, Glu654, and Asn655
with significant peak shifts upon binding are labeled in cyan. (b)
Residue-specific chemical shift difference (CSD) of Nogo-
A(650—666) induced by binding to the WW4 domain. The bar
values were calculated from the shifts observed in Figure 5a using
the formula described in Materials and Methods. The characteristic
WW domain binding PPPY motif in Nogo-A(650—666) is boxed.

of the HSQC spectrum and low solubility of the fWW protein
made the detailed NMR study impossible. On the other hand,
WWI1 and WW?2 are only partially folded while WW3 also
undergoes extensive conformational exchanges and is, thus,
not suitable for structure determination in the free state. We
have also attempted to determine the WWI1 structure in
complex with the Nogo-A peptide but failed because many
Co and Cf resonance peaks were undetectable even in the
triple-resonance HNCACB and CBCA(CO)NH experiments.
Furthermore, as shown in Figure 5a, when Nogo-A binds to
isolated WW domains, the HSQC peaks of the key Nogo-A
residues completely disappeared, suggesting that it was
impossible to determine the complex structure by identifying
intermolecular NOE connectivities. Therefore, in this study,
we decided to determine the solution structure of the best-
folded WW4 domain in the free state and subsequently
derived its complex model by the well-established HAD-
DOCK procedure which makes use of the NMR HSQC
titration data.

Figure 6a shows the 'H—'°N HSQC spectra of the WW4
domain in the absence and presence of Nogo-A(650—666)
at a 1:4 WW4:peptide ratio, while Figure 6b presents the
residue-specific chemical shift difference (CSD). Interest-
ingly, the significantly perturbed residues (with a shift index
of >0.2 ppm) were located over two regions, one over Trp9-
Glul0-Ile11 and another over Thr28-Thr29-Thr30. This result
is in agreement with the notion that for the WW domains,
two discrete regions were mainly responsible for binding to
the ligand, one centralized around the first Trp residue and
another around the second Trp residue. However, it is very
interesting to note that in WW4, the most-perturbed residues
were centralized around Thr28-Thr29-Thr30 but not Phe31
corresponding to the second Trp in other WW domains.
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FIGURE 6: Binding of the '"N-labeled WW4 domain with Nogo-
A(650—666). (a) Superimposition of the HSQC spectra of the °N-
labeled WW4 domain in the absence (blue) and presence (red) of
Nogo-A(650—666) at a 1:4 WW4:peptide molar ratio. All spectra
were acquired in 5 mM phosphate buffer (pH 6.2) at 25 °C on an
800 MHz NMR spectrometer. The sequential assignments of WW4
were made by analyzing heteronuclear HSQC-TOCSY and HSQC-
NOESY spectra. The residues with significant peak shifts upon
binding are labeled in the spectra. (b) Residue-specific chemical
shift difference (CSD) of WW4 induced by binding to Nogo-
A(650—666). The bar values were calculated from the shifts
observed in Figure 7A using the formula described in Materials
and Methods. Red was used for coloring residues with changes
larger than 0.6, pink for residues with changes larger than 0.2 but
smaller than 0.6 if on the third 3-strand, and green for residues on
the first 5-strand.

By using experimental NMR distance and dihedral angle
constraints, the three-dimensional structure of the WW4
domain was determined. Figure 7a shows the 10 solution
structures with the lowest target functions, while Table 2
presents their structural statistics. As seen in Figure 7a, the
WW4 domain adopts an antiparallel three-stranded [3-sheet
fold common to all WW domains (35—37), with the first
p-strand over residues Gly8—Tyrl3, the second over
Arg19—His24, and the third over Thr28-Phe31. Interestingly,
in the WWP1 WW4 domain there is a short C-terminal 3,-
helix formed over residues Pro34—Asn36 which is not
conserved in the classic WW fold. In the 10 WW4 solution
structures, the secondary structure regions are well-defined,
with rms deviations of 1.37 A for all atoms, 1.12 A for the
heavy atoms, and 0.25 A for the backbone atoms.

On the basis of the HSQC titration data for both the WW4
domain and the Nogo-A peptide, we have constructed the
model of the WW4 domain in complex with the Nogo-A
peptide by the well-established HADDOCK 2.0 program
with the best structural solution shown in panels b and ¢ of
Figure 7. As seen in panels a and b of Figure 7, the Nogo-A
peptide binds to the WWP1 WW4 domain in a manner very
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FIGURE 7: Structures of the free and complexed WW4 domains.
(a) Superimposition of the 10 selected NMR structures of the WW4
domain having the lowest target functions in ribbon mode. (b) Best
docking solution of the WW4 domain (gray) in complex with the
Nogo-A peptide (yellow). The side chains of the binding-important
residues are displayed as sticks and labeled for both the WW4
domain and Nogo-A peptide. (c) Surface representation of the WW4
domain in complex with the Nogo-A peptide in stick mode. The
binding-perturbed WW4 residues are colored as in Figure 6b.
Additional residue His24 is colored purple and Tyr20 brown.

similar to those previously reported for other WW—PPxY
complexes (39—44). Briefly, the major WW4 residues in
contact with the Nogo-A peptides include two aromatic
residues (Tyr20 and Phe31), Val22, His24, and Thr29 which
are highly conserved and thus thought to be common residues
critical for ligand binding. On the other hand, residue Glu10
located in the first S-strand also has a close contact with the
Tyr659 side chain. Interestingly, in WW domains such as
from Yap and Rsp proteins, the position corresponding to
Glul0 is occupied by the negatively charged Glu residue.
By contrast, in some other WW domains from Ykb2, Db10,
and Yfxl proteins, this position resides in a positively
charged Lys residue. As seen in Figure 6, upon binding to
Nogo-A, Glul0 in the WW4 domain is also significantly
perturbed, implying that it may play an important role in
the binding of the WWP1 WW4 domain to Nogo-A. The
result that the mutation of Tyr659 completely abolished the
binding ability of the Nogo-A peptide strongly highlights
the critical role of Tyr659 in binding with the WWP1 WW4
domain. Indeed, as seen in Figure 7c, the Tyr659 side chain
deeply inserts into a pocket formed by residues Glul0 and
His24, thus explaining why WW4 residue Glul0 was
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significantly perturbed by binding to the Nogo-A peptide
(Figure 6). Furthermore, in the complex model, Nogo-A
residue Pro656 has a close contact with WW4 residue Thr29,
thus rationalizing the observation that upon binding to the
Nogo-A peptide, the residues centralizing Thr28-Thr29-
Thr30 were significantly perturbed (Figure 6).

DISCUSSION

Nogo-A is a multifunctional protein which has been
implicated in a variety of diverse and important biological
processes, including inhibition of neural regeneration (8),
participation in ER shaping (/1), and stabilization of neu-
romuscular junction (/2). In particular, changes in the
intracellular Nogo-A protein level have been directly as-
sociated with stroke (45) as well as other neurodegenerative
diseases such as amyotrophic lateral sclerosis (ALS) (46, 47)
and Alzheimer’s disease (48). These observations clearly
indicate that the Nogo-A protein level represents a critical
factor in regulation of its functions. However, so far how
the Nogo-A protein level is regulated in cells remains
unknown. On the other hand, Nogo-A is extensively believed
to interact with many other proteins, and consequently,
identification of such novel binding partners holds key
implications in understanding the functional roles of Nogo-A
as well as designing molecules of therapeutic interest.

In this study, we first successfully identified WWP1 to be
a novel binding partner of Nogo-A. In particular, our results
demonstrate that WWP1 forms a complex with the endog-
enous Nogo-A both in vitro and in vivo. WWP1 belongs to
the E3 ubiquitin ligase family which is the critical component
that provides specificity to the Ub system. More specifically,
WWP1 utilizes its WW modular domains to specifically bind
to the PPxY motif in the substrate and consequently promotes
ligation of ubiquitin to the substrate (49—54). Currently, we
have obtained the in vivo results revealing that WWP1 indeed
binds Nogo-A to promote Nogo-A ubiquitination, thus
regulating the Nogo-A protein level (to be published
elsewhere). Given the critical role of the Nogo-A protein
level in various human diseases, the Nogo-A—WWPI
interaction interface may represent a promising target for
developing molecules of medical interest.

So far, no structural study has been reported for the WWP1
WW domains. Given the crucial role of the interaction
between the WWP1 WW domains and PPxY motif in its
substrates (49—54), we further conducted extensive inves-
tigations on all four WWP1 WW domains as well as their
interactions with the Nogo-A(650—666) peptide carrying the
only Nogo-A PPxY motif by using ITC, CD, and NMR
spectroscopy. The results show that despite containing a large
unstructured region in the 186-residue fWW protein consist-
ing of all four WW domains, it is able to bind to the Nogo-
A(650—666) peptide with a high affinity, with a K, of 1.68
uM. On the other hand, surprisingly, the CD and NMR
characterization reveals that four isolated WWP1 WW
domains have differential structural properties. While the
fourth WW domain is well-folded, the first and second WW
domains undergo extensive conformational exchanges on the
microsecond to millisecond time scale, likely due to a slight
unfolding as we previously discovered (55, 56) or/and a slight
dynamic aggregation, which causes many HSQC peaks to
be undetectable. Nevertheless, as revealed by ITC measure-
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ments, all four WWP1 WW domains are capable of binding
to Nogo-A(650—666) with similar affinities, with Ky values
ranging from 1.03 to 3.85 uM, which can be ranked within
a high-affinity category among previously documented
WW-—ligand interactions (35—38). Very interestingly, as
shown by NMR characterization, the partially folded WW 1
and WW2 domains suddenly undergo significant conforma-
tional transitions to become well-structured upon binding to
Nogo-A(650—666). This phenomenon is rarely observed for
the native WW domains, and previously, only one engineered
Trpl7-to-Phe mutant of the YAP WW domain was found
to be partially unfolded in the free state but became structured
upon binding to the PPxY ligand (43).

Further structure determination of the best-folded WW4
domain by NMR spectroscopy shows that it adopts a
common WW fold with an antiparallel three-stranded
[-sheet, with an additional C-terminal 3jo-helix. Detailed
HSQC titrations indicate that the Nogo-A binding interface
of the WW4 domain is mostly constituted by residues
centralized over the Thr28-Thr29-Thr30 sequence on the
third S-strand and over the Trp9-Glul0-Ile11 sequence on
the first strand. Furthermore, the complex model generated
from molecular docking suggests that the Nogo-A peptide
binds to the WW4 domain in a mode very similar to those
previously reported. More importantly, the complex model
rationalizes the HSQC titration results as well as the mutation
result that Tyr665 of Nogo-A(650—666) is absolutely in-
dispensable for the binding to the WW4 domain. Recently,
we have demonstrated that the whole 1016-residue N-
terminus of human Nogo-A was intrinsically unstructured
(17). Therefore, in vivo this WW-binding motif of Nogo-A
might be already accessible to WWP1 without needing to
be further unfolded.

In conclusion, we have identified WWP1, an E3 ubiquitin
ligase, as a novel binding partner for Nogo-A which may
regulate the Nogo-A protein level in vivo. With consideration
that the protein level of Nogo-A is a key factor regulating
its functions, and in particular correlated with human
diseases, the interaction interface between the WWP1 WW
domains and the Nogo-A PPPY motif might represent a
promising target for design of molecules of significant
medical interest. In this regard, this study also provides
rationales as well as a template Nogo-A(650—666) for further
drug design.
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