THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 40, pp. 27393-27401, October 2, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Semaphorin3A Signaling Mediated by Fyn-dependent
Tyrosine Phosphorylation of Collapsin Response Mediator

Protein 2 at Tyrosine 32°

Received for publication, March 2, 2009, and in revised form, July 31,2009 Published, JBC Papers in Press, August 3, 2009, DOI 10.1074/jbc.M109.000240

Yutaka Uchida®™', Toshio Ohshima®?, Naoya Yamashita®, Miyuki Ogawara®, Yukio Sasaki**, Fumio Nakamura®,

and Yoshio Goshlma*:H3

From the *Department of Molecular Pharmacology and Neurobiology, Yokohama City University Graduate School of Medicine,
Yokohama 236-0004, Japan, the '"Department of Life Science and Medical Bioscience, Waseda University, Shinjuku-ku 169-8555,
Japan, the §Laboratory for Developmen tal Neurobiology, Brain Science Institute, Institute of Physical and Chemical Research
(RIKEN), Wako 351-0198, Japan, andCore Research for Evolutional Science and Technology (CREST), Japan Science and

Technology Agency, Kawaguchi 332-0012, Japan

Collapsin response mediator protein 2 (CRMP2) is an intra-
cellular protein that mediates signaling of Semaphorin3A
(Sema3A), a repulsive axon guidance molecule. Fyn, a Src-type
tyrosine kinase, is involved in the Sema3A signaling. However,
the relationship between CRMP2 and Fyn in this signaling path-
way is still unknown. In our research, we demonstrated that Fyn
phosphorylated CRMP2 at Tyr>? residues in HEK293T cells.
Immunohistochemical analysis using a phospho-specific anti-
body at Tyr*?> of CRMP showed that Tyr*>-phosphorylated
CRMP was abundant in the nervous system, including dorsal
root ganglion neurons, the molecular and Purkinje cell layer of
adult cerebellum, and hippocampal fimbria. Overexpression of
anonphosphorylated mutant (Tyr?? to Phe??) of CRMP2 in dor-
sal root ganglion neurons interfered with Sema3A-induced
growth cone collapse response. These results suggest that Fyn-
dependent phosphorylation of CRMP2 at Tyr>? is involved in
Sema3A signaling.

Collapsin response mediator proteins (CRMPs)* have been
identified as intracellular proteins that mediate Semaphorin3A
(Sema3A) signaling in the nervous system (1). CRMP2 is one of
the five members of the CRMP family. CRMPs also mediate
signal transduction of NT3, Ephrin, and Reelin (2—4). CRMPs
interact with several intracellular molecules, including tubulin,
Numb, kinesinl, and Sral (5-8). CRMPs are involved in axon
guidance, axonal elongation, cell migration, synapse matura-
tion, and the generation of neuronal polarity (1, 2, 4, 5).
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CRMP family proteins are known to be the major phospho-
proteins in the developing brain (1, 9). CRMP2 is phosphoryla-
ted by several Ser/Thr kinases, such as Rho kinase, cyclin-de-
pendent kinase 5 (Cdk5), and glycogen synthase kinase 33
(GSK3pB) (2, 10-13). The phosphorylation sites of CRMP2 by
these kinases are clustered in the C terminus and have already
been identified. Rho kinase phosphorylates CRMP2 at Thr>>°
(10). Cdk5 phosphorylates CRMP2 at Ser®>?, and this phospho-
rylation is essential for sequential phosphorylations by GSK33
at Ser®'®, Thr°'*, and Thr*®® (2, 11-13). These phosphoryla-
tions disrupt the interaction of CRMP2 with tubulin or Numb
(2, 3, 13). The sequential phosphorylation of CRMP2 by Cdk5
and GSK3p is an essential step in Sema3A signaling (11, 13).
Furthermore, the neurofibrillary tangles in the brains of people
with Alzheimer disease contain hyperphosphorylated CRMP2
at Thr®%®, Ser®'®, and Ser®?? (14, 15).

CRMPs are also substrates of several tyrosine kinases. The
phosphorylation of CRMP2 by Fes/Fps and Fer has been shown
to be involved in Sema3A signaling (16, 17). Phosphorylation of
CRMP2 at Tyr*”® by a Src family tyrosine kinase Yes regulates
CXCL12-induced T lymphocyte migration (18). We reported
previously that Fyn is involved in Sema3A signaling (19). Fyn
associates with PlexinA2, one of the components of the
Sema3A receptor complex. Fyn also activates Cdk5 through the
phosphorylation at Tyr'® of Cdk5 (19). In dorsal root ganglion
(DRG) neurons from fyn-deficient mice, Sema3A-induced
growth cone collapse response is attenuated compared with
control mice (19). Furthermore, we recently found that Fyn
phosphorylates CRMP1 and that this phosphorylation is
involved in Reelin signaling (4). Although it has been shown
that CRMP2 is involved in Sema3A signaling (1, 11, 13), the
relationship between Fyn and CRMP2 in Sema3A signaling
and the tyrosine phosphorylation site(s) of CRMPs remain
unknown.

Here, we show that Fyn phosphorylates CRMP2 at Tyr>?
Using a phospho-specific antibody against Tyr*?, we deter-
mined that the residue is phosphorylated in vivo. A nonphos-
phorylated mutant CRMP2Y32F inhibits Sema3A-induced
growth cone collapse. These results indicate that tyrosine
phosphorylation by Fyn at Tyr®*? is involved in Sema3A
signaling.
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EXPERIMENTAL PROCEDURES

Antibodies and Chemicals—Antibodies used were: anti-Myc
antibody (9E10, Sigma), anti-phosphotyrosine antibodies
(PY99, Santa Cruz Biotechnology, and 4G10, Cell Signaling
Technology), anti-Fyn antibody (3) (Fyn, Santa Cruz Biotech-
nology), anti-GFP antibody (B2, Santa Cruz Biotechnology),
anti-NeuN (Chemicon), anti-Tujl (COVANCE), anti-calbi-
ndin-D-28K antibody (Sigma), Alexa Fluor 488-labeled goat
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FIGURE 1. CRMP family proteins are phosphorylated by Fyn in HEK293T
cells. Each CRMP family member was transfected into HEK293T cells with or
without FynCA. Myc-epitope tagged CRMPs were immunoprecipitated (/P)
with anti-Myc antibody and immunoblotted with anti-phosphotyrosine anti-
body (top). The same membrane was reprobed by anti-Myc antibody (mid-
dle). The expression of FynCA in the cell lysates was confirmed by the immu-
noblotting with anti-Fyn antibody (bottom). All members of the CRMP family
(CRMP1-5) are tyrosine-phosphorylated in the presence of Fyn (top).

A AN B
ST
CRMP2-Myc <> ¥ &~ - 1
Fyn CA + + + +
97.3K 't' o 213-572
53.5K .9..N 415-572
Myc IP i
PY-99 blot  3/-2K 4 I
203K ™|,
20.4K_|
97.3K'
B K o -«
Myc IP —
Myc blot 37.2K—
29, 3K-{ " -—— |
—
20.4K st

FIGURE 2. CRMP2 is phosphorylated by Fyn in the region of 1-212. A, identification of the region of CRMP2
phosphorylated by Fyn. CRMP2 full-length or CRMP2 partial fragment 1-212, 231-572, or 415-572 was trans-
fected into HEK293T cells with FynCA. The fragments were immunoprecipitated (/P) and subjected to immu-
noblotting with anti-phosphotyrosine antibody (PY-99) or anti-Myc antibody. The N-terminal region of
CRMP2-(1-212) was well phosphorylated by Fyn. Asterisks indicate phosphorylated or intact bands of CRMP2.
Arrowheads indicate nonspecific bands. The two bands in Myc blot of CRMP2-(213-572) and CRMP2-(415-572)

may be caused by proteolysis. B, summary of the results shown in A.
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anti-rabbit IgG antibody and Alex Fluor 568-labeled goat anti-
mouse IgG1 and IgG2a antibodies (Invitrogen). Anti-CRMP2
monoclonal antibody (C4G) was kindly provided by Dr. Yasuo
Thara (Doshisha University). Anti-pCRMP (Y32), the rabbit
polyclonal antibody against CRMP2 phosphorylated at Tyr>?,
was raised against synthetic phosphopeptide (CNDDQSFpY-
ADIYME: amino acids 26 —38 plus cysteine for conjugation).
The antiserum and preimmune serum were purified with pro-
tein A beads. The purified preimmune serum was used as neg-
ative control for antiserum. TO-PRO-3 iodide (Invitrogen) was
used for nuclei staining.

Plasmid Construction—Rat CRMP2 mutants were con-
structed by PCR-based mutagenesis. Each mutant was gener-
ated with two primers as follows: CRMP2Y32F (5'-atctacatg-
gaagatgggttgat-3’ and 5'-atctgcaaagaaggactggtcatcattcac-3’'),
CRMP2Y36F (5'-atcttcatggaagatgggttgatcaag-3’ and 5'-atctg-
catagaaggactggtcatcattcac-3'), CRMP2Y182F (5'-tcttcgaag-
tactgagcgtgatccg-3' and  5'-acttcgaagatctgggaatccgtcag-3'),
and CRMP2Y479F (5'-gactggctgagctgaggggggtcect-3' and
5'-gactccttgecttgatgegtttgaacacaaagtcagggaa-3’). The mutated
codons (Tyr to Phe) are bold. The underlines show a new gen-
erated restriction site to distinguish the mutants from wild-type
(wt) (Y32F and Y36F:EcoRV, Y182F:Csp45I, and Y479F:Sall).
PCR was performed using Myc-tagged CRMP2 as the template
DNA and 5’-phosphorylated primers. After finishing the reac-
tion, the template DNA was restricted by Dpnl. The PCR prod-
ucts were self-ligated. In the Y182F mutant, the Dpnl-digested
PCR fragment was restricted by Csp450 and self-ligated.
CRMP2Y32F/Y36F was generated using CRMP2Y36F with the
CRMP2Y32F primer set. CRMP2Y32F/Y182F was generated
using the CRMP2Y182F mutant as
the template and the Y32F primer
set. CRMP2 deletion mutants and
N-terminal GST fusion vectors of
CRMP2wt and the Y32F mutant
were also constructed by PCR. GFP-
Fes expression vector was kindly
provided by Dr. Yanagi (Tokyo Uni-
versity of Pharmacy and Life
Science).

Cell Culture and Immunopre-
cipitation—HEK293T cells were
seeded at 5 X 10> cells/6-cm dish.
After 2 days, the cells were trans-
fected with 1 ug of expression vec-
tors. After 1-2 days of incubation,
the cells were lysed in Nonidet P-40
buffer (20 mm Tris-HCl (pH 8.0),
150 mm NaCl, 1% Nonidet P-40, 1
mM EDTA, 50 mm NaF, 20 mwm
sodium pyrophosphate, 1 mM
NaVO,, 50 um p-amidinophenyl-
methanesulfonyl fluoride, 0.1 unit/ml
aprotinin, and 50 um leupeptin).
The lysates were incubated with
anti-Myc antibody for 2 h on ice and
then incubated with protein G
beads for 2 h at 4 °C. After washing
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FIGURE 3. Tyr*2is a common phosphorylation site of CRMP2 by Fyn and Fes tyrosine kinases. A, prediction of the phosphorylation sites of rat CRMP2 using
the Web-based program NetPhos (20). This program proposes the tyrosine phosphorylation sites of CRMP2 at Tyr>2, TyrS, Tyr'82, Tyr?>', Tyr>*°, and Tyr*’°.
B, Tyr*2is the phosphorylation site of Fyn. The nonphosphorylated mutants, CRMP2Y32F, Y36F, Y182F, Y479F, Y32F/Y36F, and Y32F/Y182F were generated by
PCR-based mutagenesis. These mutants or CRMP2wt were cotransfected with FynCA into HEK293T cells. The cell lysates were immunoprecipitated (/P) with
anti-Myc antibody. The samples were separated by SDS-PAGE and immunoblotted with anti-phosphotyrosine antibody (PY-99). The same membrane was
reprobed with anti-Myc antibody. To confirm expression of FynCA, the cell lysates were immunoblotted with anti-Fyn antibody. The phosphorylation level of
the CRMP2Y32F mutant was decreased compared with that of wt. The quantitative data include mean values *+ S.E.forn = 3.**, p < 0.01, significantly different
from CRMP2wt using analysis of variance. C, Fes phosphorylates CRMP2 at Tyr*? and Tyr'®2, The mutants or CRMP2wt was cotransfected with Fes-GFP into
HEK293T cells. The cell lysates were immunoprecipitated with anti-Myc antibody. The samples were separated by SDS-PAGE and immunoblotted with
anti-phosphotyrosine antibody (PY-99). The same membrane was reprobed with anti-Myc antibody. To confirm expression of Fes-GFP, the cell lysates were
immunoblotted with anti-GFP antibody. The quantitative data include mean values = S.E. forn = 3.*, p < 0.05 and **, p < 0.01, significantly different from
CRMP2wt using analysis of variance.
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three times with the Nonidet P-40 buffer, the samples were
analyzed by immunoblotting with various antibodies.

In Vitro Kinase Assay of Fyn—GST fusion proteins (Fyn and
N-terminal mutants of CRMP2wt and CRMP2Y32F) were
expressed in the Escherichia coli BL21 strain and purified. An
18-ul (5-ug) sample of CRMP2w¢ or Y32F N-terminal fragment
and 2 ul (1 pg) of Fyn were mixed with 10 ul of 4X reaction
buffer (100 mm HEPES-NaOH (pH 7.2), 125 mm MgCl,, 25 mm
MnCl,, 2 mm EGTA, 0.25 mm Na;VO,, 2 mm dithiothreitol).
The kinase reaction was initiated by the addition of 10 ul of an
ATP mixture (75 mm MnCl,, 0.5 mm ATP). After incubation for
1 h at 30 °C, the reaction was stopped by the addition of SDS-
PAGE sample buffer. The proteins were resolved by SDS-PAGE
and immunoblotted with anti-phosphotyrosine antibody
(4G10) (1/2500) or anti-pCRMP (Y32) antibody (1/1000).

Sema3A-induced Phosphorylation of CRMP2 in COS-7
Cells—COS-7 cells were seeded at 1 X 10° cells/10-cm dish.
The next day, the cells were transfected with Neuropilinl
(NRP1), PlexinA2, Fyn, and CRMP2-Myc, incubated for 4 h at
37 °C, and then replated at 5 X 10° cells per 10-cm dish. After
24 h, the transfected cells were serum-starved for 4 h. The cells
were lysed in the Nonidet P-40 buffer at the indicated time after
the application of 3 nm Sema3A. The lysates were resolved by
SDS-PAGE and immunoblotted with anti-pCRMP (Y32) anti-
body (1/1000). The same membrane was reblotted with anti-
Myc antibody.

Recombinant Herpes Simplex Virus Preparations, Infection,
and Growth Cone Collapse Assay—Recombinant herpes sim-
plex virus preparations and infections of chick embryonic day 7
(E7) DRG explants were performed as described previously
(19). Growth cone collapse assays using chick DRGs were per-
formed with purified recombinant chick Sema3A (collapsin-
His,) as described previously (19).

Immunohistochemistry—The E13.5 C57BL6 mouse embryos
were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4) for 24 h at 4 °C. In E18.5 and adult mice, we performed
perfusion fixation. After 24 h, the tissues were replaced in a 20%
sucrose solution in phosphate-buffered saline for 24 h and
thereafter in OCT compound. Sections were cut with a cryostat
(16 wm). The sections were permeabilized by 0.1% Triton
X-100 in phosphate-buffered saline and blocked by 0.1% Triton
X-100 and 2% goat serum in phosphate-buffered saline. The
anti-pCRMP (Y32) antibody (1/200) and preimmune control
serum (1/200) were used with anti-NeuN (1/200), anti-Tujl
(1/500), or anti-calbindin (1/500) antibody. Then, Alexa Fluor
488-labeled goat anti rabbit IgG and Alexa Fluor 568-labeled
goat anti-mouse IgG1 or IgG2a antibody (1/1000) was used as a
second antibody. Nuclei were stained by TO-PRO-3. Finally,
they were analyzed using Leica confocal microscope SP5.

RESULTS

Fyn Phosphorylates CRMP Family Proteins in HEK293T
Cells—We reported previously that CRMP1 was phosphoryla-
ted by Fyn and this phosphorylation was involved in Reelin
signaling (4). We first examined whether other CRMP family
members are phosphorylated by Fyn. Each Myc-tagged CRMP
family member proteins (CRMP1-5) was expressed with or
without constitutively active Fyn (FynCA) in HEK293T cells

27396 JOURNAL OF BIOLOGICAL CHEMISTRY

epitope of functional blocking antibody
(Goshima et al 1995)

A

rCRMP1 25 INDDQSFYADVYLEDGLIKQIGENLI 50
rCRMPZ 25 VNDDQSFYADIYMEDGLIKQIGENLI 50
rCRMP3 25 VNDDQSFHADLYVEDGLIKQIGENLI 50
rCRMP4 25 VNDDQSFYADIYMEDGLIKQIGDNLI 50
rCRMP5 25 VNDDCTHEADVYIENGIIQQVGRELM 50

T

Y32
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FIGURE 4. In vitro phosphorylation of CRMP2wt-(1-69) and CRMP2Y32F-
(1-69). A, alignment of amino acid sequences of rat CRMP1-5. Sequence of
rat CRMP1-5, amino acids 25-50. Black line indicates that the epitope of the
functional blocking antibody (1) Tyr*? is included in this region. B, in vitro
phosphorylation of CRMP2wt-(1-69) or the CRMP2Y32F-(1-69) mutant. In
vitro kinase assay was performed using purified Fyn and CRMP2wt-(1-69) or
CRMP2Y32F-(1-69) with or without ATP (0.5 mm). Each reaction mixture was
subjected to SDS-PAGE and immunoblot analysis with anti-phosphotyrosine
antibody (4G10). The same samples were separated and stained by Coomas-
sie Brilliant Blue (CBB) to show that relatively similar amounts of CRMP2 were
loaded.

and immunoprecipitated with anti-Myc antibody. The
immunoprecipitates were immunoblotted with anti-phospho-
tyrosine antibody. All CRMP family members were phospho-
rylated by Fyn in HEK293T cells (Fig. 1, top). The tyrosine-
phosphorylated CRMPs did not exhibit mobility shift on
immunoblotting (Fig. 1, middle).

N-terminal Region of CRMP2 Contains the Phosphorylation
Site(s)—To determine the physiological significance of tyrosine
phosphorylation of the CRMP family, we tried to identify the
phosphorylation site(s). We constructed three partial frag-
ments of CRMP2: CRMP2-(1-212), CRMP2-(213-572), and
CRMP2-(415-572). These CRMP2 fragments and FynCA were
coexpressed in HEK293T cells. Among these mutants, the
N-terminal fragment CRMP2-(1-212) was highly phosphoryl-
ated (Fig. 2). Another two fragments, CRMP2-(213-572) and
CRMP2-(415-572), were also moderately phosphorylated.
These findings suggest that N-terminal region CRMP2-(1-212)
contains major phosphorylation site(s).

Tyr*? Is the Major Phosphorylation Site of CRMP2 by Fyn and
Fes Tyrosine Kinases—To elucidate the phosphorylated tyro-
sine residue(s) in CRMP2, we used a Web-based program, Net-
Phos (20), which predicts phosphorylation sites for several
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FIGURE 5. Tissue distribution of phosphorylated CRMP at Tyr32. A, specificity of phospho-specific antibody
for CRMP2. The specificity of anti-pCRMP (Y32) antibody was examined with immunoblot analysis. Purified
CRMP2wt-(1-69) or CRMP2Y32F-(1-69) was subjected to a phosphorylation assay using Fyn, separated by
SDS-PAGE, and immunoblotted with anti-pCRMP (Y32) antibody. This antibody recognizes phosphorylated
CRMP2 but not nonphosphorylated CRMP2. The phosphorylation levels of CRMP2 increase in a time-depend-
entmanner. The same samples were separated by SDS-PAGE and stained with Coomassie Brilliant Blue (CBB) to
show the amount of CRMP2 loaded. B, phosphorylation of CRMP1, CRMP2, and CRMP4 at Tyr*? by Fyn in
HEK293T cells. HEK293T cells were transfected with CRMP1-5 alone or together with FynCA. The cell lysates
were immunoprecipitated (/P) with anti-Myc antibody and then immunoblotted with anti-pCRMP (Y32) anti-
body and Myc antibody. This anti-pCRMP (Y32) antibody recognizes the phosphorylated form of CRMP2,
CRMP4, and weakly CRMP1. C, developmental changes in the levels of the phosphorylated CRMP2 at Tyr*? in
spinal cord. Spinal cord lysates (10 wg) at several developmental stages were immunoblotted with anti-pCRMP
(Y32) antibody and anti-CRMP2 antibody (C4G). Black arrowheads indicate CRMP2. The multiple bands may be
due to cross-reaction of the anti-pCRMP (Y32) antibody against the phosphorylated form of CRMP2 and
CRMP4. D, developmental changes in the levels of the phosphorylated CRMP2 at Tyr>? in brain. Whole brain
lysates (20 ng) at several developmental stages were immunoblotted with anti-pCRMP (Y32) antibody and
anti-CRMP2 antibody (C4G). Black arrowheads indicate CRMP2. Open arrowheads indicate Ser/Thr-phosphoryl-
ated form of CRMP2. E, lysates (20 p.g) of the cortex, hippocampus, cerebellum, brain stem, and olfactory bulb
of adult mouse were immunoblotted with anti-pCRMP (Y32) antibody. The level of phosphorylated CRMP at
Tyr*2 was highest in the cerebellum. Black arrowheads indicate CRMP2. Open arrowhead indicates Ser/Thr-
phosphorylated form of CRMP2.

due to additional minor phospho-
rylation site(s). The phosphoryla-
tion of CRMP2 by Fes tyrosine
kinase was reduced in Y32F mutants
(Fig. 3C). The mutation of Tyr>® or
Tyr*”® did not alter the level of tyro-
sine phosphorylation, thereby sug-
gesting that these residues are not
major phosphorylation sites for Fyn
or Fes.

Introduction of an anti-CRMP2
antibody against amino acid resi-
dues 30-48 into DRG neurons
blocks Sema3A-induced growth
cone collapse response (1). Because
the epitope contains Tyr®?, we
focused on Tyr®> phosphorylation
of CRMP2 (Fig. 4A). We performed
an in vitro kinase assay using puri-
fied CRMP2 and Fyn to prove the
direct phosphorylation by Fyn. To
minimize the effect of other phos-
phorylation sites besides Tyr?, we
constructed another mutant, GST-
tagged CRMP2-(1-69). This mu-
tant and Fyn were expressed and
purified from E. coli. We performed
an in vitro kinase assay using these
purified proteins. As shown in Fig.
4, CRMP2wt-(1-69) was phospho-
rylated by Fyn. The phosphoryla-
tion of CRMP2Y32F-(1-69) was
barely detectable. These results
indicate that Tyr®? is one of the
major phosphorylation sites in
CRMP2 by Fyn (Fig. 4B).

Distribution of Phosphorylated
CRMP at Tyr** in Vivo—For further
analysis of the function of Tyr*?
phosphorylation in vivo, we pre-
pared a rabbit polyclonal antibody,
anti-pCRMP (Y32), that recognizes
the phosphorylated CRMP2 at
Tyr?2. To examine the specificity of

kinases. Three tyrosine residues, Tyr®?, Tyr®®, and Tyr'®? were
predicted as the phosphorylation sites in the N-terminal region
(amino acids 1-212) of CRMP2 (Fig. 3A). In the C-terminal
region (amino acids 213-572), three additional residues,
Tyr**!, Tyr**°, and Tyr*’®, were predicted. Tyr*”® of CRMP4
has been proposed previously as a phosphorylation site for tyro-
sine kinases (9), and Tyr*”® of CRMP2 is phosphorylated by Src
family tyrosine kinase Yes (18). We thus generated six point
mutants of CRMP2, CRMP2Y32F, Y36F, Y182F, Y479F, Y32F/
Y36F, and Y32F/Y182F. The Tyr (Y) residues in these mutants
were replaced by Phe (F). These mutants were coexpressed with
FynCA in HEK293T cells. Among them, the CRMP2Y32F
mutant showed an ~60% reduction in phosphorylation level
compared with the wt (Fig. 3B). The remaining signal may be
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this antibody, we performed an in vitro kinase assay and immu-
noblot analysis with anti-pCRMP (Y32) antibody. A time-de-
pendent increase in the phosphorylation of CRMP2w¢-(1-69)
at Tyr®* was detected with this antibody. However, the phos-
phorylation of the Y32F mutant was not detectable (Fig. 54).
Next, we examined whether this antibody cross-reacts with
other CRMP family members. The amino acid sequence of
CRMP2 antigen (amino acids 25-39) is identical to that of
CRMP4 (Fig. 4A). As expected, this antibody reacted with the
phosphorylated forms of CRMP2 and CRMP4 (Fig. 5B). This
antibody also weakly cross-reacted with phosphorylated
CRMP1 (Fig. 5B). Thus, pCRMP (Y32) antibody reacts with the
tyrosine-phosphorylated form of CRMP2 or CRMP4 and reacts
to a lesser extent with that of CRMP1. This result suggests that
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A
pCRMP (Y32) / NeuN / TO-PRO-3 Pre-immune / NeuN / TO-PRO-3
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pCRMP (Y32)/CB/TO-PRO-3 Pre-immune / CB/ TO-PRO-3

E18.5 Hippocampus

Adult Cerebellum
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Fyn also phosphorylates CRMP1 and CRMP4 at Tyr®?. We con-
firmed that tyrosine phosphorylation of the CRMP4Y32F
mutant by Fyn was markedly reduced. These results indicate
that Fyn phosphorylates CRMP4 at Tyr®* (data not shown).

Using this anti-pCRMP (Y32) antibody, we examined the
variation of phosphorylation levels of Tyr** in developmental
stages of the mouse spinal cord and brain. The spinal cord and
brain lysates from several developmental stages were immuno-
blotted with anti-pCRMP (Y32) antibody. In the spinal cord,
the tyrosine phosphorylation was observed from E13.5 to post-
natal day 0. In the brain, the tyrosine phosphorylation at Tyr*
was observed at E18.5 and continued to adulthood (Fig. 5, Cand
D). Among the adult brain regions that were tested, the highest
level of phosphorylated CRMP at Tyr>> was detected in the
cerebellum (Fig. 5E). Immunohistochemical analysis at E13.5
sections around the spinal cord revealed that white matter of
the spinal cord and DRG were stained with anti-pCRMP (Y32)
antibody (Fig. 6A4). Anti-pCRMP (Y32) antibody signals were
colocalized with the antibody signals of anti-NeuN or Tuj1 neu-
ronal markers. The level of phosphorylated CRMP2 at Tyr*?
was also high in the fimbria of hippocampus at E18.5, which is a
prominent band of white matter (Fig. 6B). In the adult brain, the
highest level was seen in the molecular layer and the Purkinje
cell layer of cerebellum (Fig. 6C). We also stained E13.5 sections
with anti-CRMP2 antibody and found that the pattern of the
immunofluorescence signals was similar to that obtained with
anti-pCRMP (Y32) antibody (data not shown).

Phosphorylation of CRMP2 at Tyr** Is Involved in Sema3A
Signaling—To examine whether Tyr®> phosphorylation of
CRMP2 is involved in Sema3A signaling, we examined whether
Sema3A induces phosphorylation of CRMP2 at Tyr? in COS-7
cells expressing PlexinA2/NRP1, Fyn, and CRMP2. We found
that the stimulation induced the phosphorylation of CRMP2 at
Tyr®? (Fig. 7A). To determine the physiological significance of
Tyr®> phosphorylation of CRMP2 in Sema3A signaling, we
introduced the nonphosphorylated mutant CRMP2Y32F in
DRG neurons using herpes simplex virus gene transfer. Over-
expression of the CRMP2Y32F mutant significantly suppressed
Sema3A-induced growth cone collapse response, whereas that
of CRMP2wt did not show any effects (Fig. 7, B and C).

DISCUSSION

Tyrosine Phosphorylation Site of CRMP2 Is Tyr**—In this
study, we determined that the phosphorylation site of CRMP2
by Fyn and Fes is Tyr®2 In the CRMP2Y32F mutant, the phos-
phorylation of CRMP2 by Fyn was markedly suppressed (Fig. 3).
The remaining phosphorylation in CRMP2Y32F suggests the
presence of another minor phosphorylation site(s). Our data
showing that the CRMP2Y32F mutant suppressed Sema3A-

induced growth cone collapse (Fig. 7) support the involvement
of phosphorylation in Sema3A signaling.

Based on crystal structure analyses of CRMP1 and CRMP2,
the N-terminal region (amino acids 15-69) forms a small
B-sheet that is relatively flexible (21, 22). When the residues 49,
50, 52, 53, 55, and 56 are substituted with Ala in CRMP1, the
CRMP1 mutant behaves as the constitutively active form in
COS-7 cell contraction assay (21). Deo et al. (21) conclude that
the N-terminal 3-sheet domain acts as negative regulator of
basal CRMP activity. Anti-CRMP2 antibody blocks Sema3A-
induced growth cone collapse for antigen amino acids 30 —48
but not 475-491 (1). Because Tyr®? is included in the negative
regulator domain, the phosphorylation at Tyr**> may act as a
trigger for CRMP2 activation. The C-terminal region of
CRMP2 has the Ser/Thr phosphorylation sites that are phos-
phorylated by Cdk5 (Ser’®?), GSK3B (Ser®'®, Thr*'*, and
Thr*%®), and Rho kinase (Thr>*®) (2, 10-13). Some of these
phosphorylations are involved in Sema3A signaling. The N-ter-
minal region and the C-terminal region may cooperate and reg-
ulate the activation of CRMP2.

Fes has also been shown to be a mediator of Sema3A signal-
ing (16). Fes associates with and phosphorylates the
CRMP2:CRMP5 complex. In COS-7 cells, Fes mediates
Sema3A-induced cell contraction and CRMP2:CRMP5 phos-
phorylation (16). Introduction of a kinase-negative mutant of
Fes to DRG neurons suppresses Sema3A-induced growth cone
collapse (16). In the DRG neurons of fyn-deficient mice,
Sema3A-induced growth cone collapse is attenuated (19).
Here, we demonstrate that Fyn and Fes phosphorylate CRMP2
at Tyr®? (Fig. 3). Fyn and Fes may be involved in Sema3A sig-
naling through Tyr** phosphorylation of CRMP2. Fer, a Fes
homolog, also phosphorylates CRMP2 and mediates Sema3A
signaling (17). Thus, the related kinase, Fyn, Fes, and Fer medi-
ate Sema3A signaling through phosphorylation of CRMP2 at
Tyr*?. Each of these kinases may have distinct roles in mediat-
ing a wide variety of biological actions of Sema3A at different
developmental stages and brain regions.

What is the role of the tyrosine phosphorylation of CRMPs in
Sema3A signaling? One possibility is that CRMP2 may be
recruited to Cdk5 or adaptor proteins through its tyrosine
phosphorylation. Several proteins have a phosphotyrosine-
binding domain, such as a SH2 domain. A candidate is a2-chi-
maerin. a2-Chimaerin has an SH2 domain and Rac GTPase-
activating protein domain and is also involved in Sema3A
signaling (11). The GTPase-activating protein inactive mutant
of a2-chimaerin and SH2 domain mutant of a2-chimaerin
inhibit Sema3A-induced growth cone collapse (11). Further-
more, a2-chimaerin associates with CRMP2 after orthovana-

FIGURE 6. Imunohistochemical analysis with anti-pCRMP (Y32) antibody. A, immunohistochemistry with anti-pCRMP (Y32) antibody (green), anti-NeuN
antibody or anti-Tuj1 antibody, a marker for neurons (red), in the coronal sections around spinal cord and DRG at E13.5. TO-PRO-3 iodide was used for nuclei
staining (blue). Preimmunized serum was used for the negative control. Arrows show DRG and spinal cord. Scale bars, 100 wm. SC, spinal cord. B, immunohis-
tochemistry with anti-pCRMP (Y32) antibody (green) with anti-NeuN antibody (red) in the sagittal sections of hippocampus at E18.5. TO-PRO-3 iodide was used
for nuclei staining (blue). The arrow shows hippocampal fimbria. Scale bar, 100 um. C, immunohistochemistry with anti-pCRMP (Y32) antibody (green) with
anti-calbindin (CB) antibody, a marker for Purkinje cells (red), in the sagittal sections of the cerebellum at 4-week-old wt mouse. TO-PRO-3 iodide was used for
nuclei staining (blue). Low magnification and high magnification images are shown. The highest level of the phosphorylation was seen in the Purkinje cell layer
and molecular layer (arrow). ML, molecular layer; PCL, Purkinje cell layer; GCL, granule cell layer. Scale bars, 200 um (low magnification) and 50 um (high

magnification).
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FIGURE 7. Sema3A-induced CRMP2 phosphorylation at Tyr*? and sup-
pression of Sema3A-induced growth cone collapse by introduction of
the nonphosphorylated mutant. A, COS-7 cells were transfected with
PlexinA2, NRP1, Fyn, and CRMP2-Myc. After being stimulated with 3 nm
Sema3A, the cell lysates were immunoblotted with anti-pCRMP (Y32) anti-
body and anti-Myc antibody. A typical immunoblot analysis is shown. B, chick
E7 DRG neurons were infected with recombinant herpes simplex virus prep-
arations directing the expression of CRMP2wt or the CRMP2Y32F mutant.
Expression of CRMP2wt did not alter Sema3A-induced growth cone collapse,
whereas expression of CRMP2Y32F suppressed the Sema3A response. Scale
bar, 20 um. C, rate of growth cone collapse of CRMP2wt- or CRMP2Y32F-
expressing DRG neurons stimulated with Sema3A (0.5 nm). Data include mean
values = S.E. forn = 9-13. %, p < 0.01, significantly different from no virus
control using analysis of variance.

date treatment in N1E-115 cells. a2-Chimaerin also interacts
with the Cdk5-p35 complex (11). a2-Chimaerin may associate
with CRMP2 phosphorylated at Tyr** and recruit CRMP2 to the
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Cdk5p35 complex. CRMP1-4 can accelerate Sema3A-induced
COS-7 cell contraction (21). Although CRMP3 can enhance
Sema3A-induced COS-7 cell contraction, neither Tyr** nor Ser/
Thr phosphorylation sites in the C terminus are conserved in
CRMP3. This fact raises the possibility that CRMP3 may mediate
the signal via another phosphorylation site(s) and/or by a phos-
phorylation-independent mechanism.

In Vivo Role of Tyrosine Phosphorylation of CRMPs—What is
the in vivo role of the tyrosine phosphorylation of CRMPs? One
apparent role is the intracellular signaling of axon guidance.
Our data showing that the CRMP2Y32F mutant suppressed
Sema3A-induced growth cone collapse (Fig. 7, Band C) support
involvement of the phosphorylation in the Sema3A signaling.
The Tyr**-phosphorylated CRMPs are abundant in spinal cord,
DRG, and fimbria of the hippocampus, which is the axon bun-
dle structure (Fig. 6B). This also supports the involvement of
Tyr®? phosphorylation in axon guidance molecule signaling.
CRMP2 is expressed in oligodendrocyte and neurons. Sema3A-
induced branching of oligodendrocytes is blocked by anti-
CRMP2 antibody (23). In addition, Fyn has been implicated in
myelination (24). CRMP2 may play a role in oligodendrocyte
development. The highest level of phosphorylation at Tyr®? is
also observed in the adult mice cerebellum (Fig. 5E). The bio-
logical role of the phosphorylation in this region is currently
unknown. The immunostaining of pCRMP (Y32) was also
abundant in axon-bundled structures (Fig. 6B). This may reflect
concentrated, tyrosine-phosphorylated CRMP2 in the axonal
cytoplasm. It has been shown that CRMP2 is involved in axonal
transport of tubulin dimers (5). If the staining reflects the for-
mer case, it raises the possibility that the tyrosine phosphoryl-
ation may be involved in the regulation of axonal transport. In
fact, Sema3A facilitates axonal transport, and this facilitation is
blocked by a tyrosine kinase inhibitor and is attenuated in fyn-
deficient mouse DRG (25).

Tyrosine Phosphorylation of CRMP2 and Alzheimer Dis-
ease—Both Tau and CRMP2 have Ser/Thr phosphorylation sites
around a tubulin-binding domain (5). It has been shown that
hyperphosphorylated Tau and CRMP2 accumulate in neurofibril-
lary tangles in brains affected with Alzheimer disease (13, 14, 26).
Tauand CRMP2 also have a tyrosine phosphorylation site in the N
termini (27) (Fig. 3). Tau is phosphorylated by Fyn at Tyr'® (26),
and this property is quite similar to that of CRMP2. Taken
together, the phosphorylation on Tyr** of CRMP2 may have some
relevance to the pathogenesis of Alzheimer disease.

In conclusion, the current data demonstrate that CRMP2 is
phosphorylated at Tyr*? and this phosphorylation mediates signal
transduction of Sema3A. Further work is necessary to determine
the physiological significance of CRMP2 phosphorylation at Tyr*>.
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