
MOLECULAR AND CELLULAR BIOLOGY, Nov. 2005, p. 9973–9984 Vol. 25, No. 22
0270-7306/05/$08.00�0 doi:10.1128/MCB.25.22.9973–9984.2005
Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Phosphorylation by Rho Kinase Regulates CRMP-2 Activity in
Growth Cones
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Collapsin response mediator protein 2 (CRMP-2) enhances the advance of growth cones by regulating
microtubule assembly and Numb-mediated endocytosis. We previously showed that Rho kinase phosphorylates
CRMP-2 during growth cone collapse; however, the roles of phosphorylated CRMP-2 in growth cone collapse
remain to be clarified. Here, we report that CRMP-2 phosphorylation by Rho kinase cancels the binding
activity to the tubulin dimer, microtubules, or Numb. CRMP-2 binds to actin, but its binding is not affected by
phosphorylation. Electron microscopy revealed that CRMP-2 localizes on microtubules, clathrin-coated pits,
and actin filaments in dorsal root ganglion neuron growth cones, while phosphorylated CRMP-2 localizes only
on actin filaments. The phosphomimic mutant of CRMP-2 has a weakened ability to enhance neurite elonga-
tion. Furthermore, ephrin-A5 induces phosphorylation of CRMP-2 via Rho kinase during growth cone collapse.
Taken together, these results suggest that Rho kinase phosphorylates CRMP-2, and inactivates the ability of
CRMP-2 to promote microtubule assembly and Numb-mediated endocytosis, during growth cone collapse.

Axon guidance is essential for the complexity of brain cir-
cuitry. Growth cones are thought to be a sensor for guidance
molecules during development. Growth cones localize at the
tips of axons and dynamically change their morphology in
response to attractive and repulsive guidance cues, thus deter-
mining the direction of growth (16). Such morphological
changes in growth cones are thought to be achieved by cy-
toskeleton reorganization, cell adhesion, and endocytosis (55,
64). Growth cones consist of actin filaments at the edge and
microtubules and neurofilaments at the center. Recently, it was
revealed that actin filaments are regulated during growth cone
collapse induced by repulsive guidance cues (23). Further-
more, microtubules and endocytosis regulate growth cone
morphology (11, 18, 26, 30, 43, 51). However, signal cascades
regulating microtubules and endocytosis remain to be clarified.

Recent evidence supports the idea that cytoskeletal compo-
nents are required for proper axonal path finding, and these
components are regulated by members of the Rho family,
including RhoA, Rac1, and Cdc42 (32, 36). Rho proteins serve
as molecular switches by cycling between an inactive GDP-
bound state and an active GTP-bound state (35, 42). In their
active state, these GTPases bind characteristic sets of effector

proteins. The most important effector of RhoA in the growth
cone is probably the serine-threonine kinase, Rho-associated
kinase (Rho kinase)/ROK�/ROCKII (5, 9, 74). Rho kinase
binds to and is activated by the GTP-bound active form of Rho
(2, 40).

Several research groups, including ours, support the idea
that Rho kinase is a negative regulator of neurite formation
and growth cone motility in neuronal cells downstream of Rho
(1, 5, 38, 71). The ephrins, ligands of Eph receptor tyrosine
kinases, have also been reported as a repulsive guidance cue to
activate the Rho/Rho kinase signaling cascade during growth
cone collapse (13, 71). The roles of the Eph family and ephrins
in axon guidance have been studied in topographically orga-
nized sensory systems such as the retinotectal projection (21,
24, 46, 72). Activation of Eph receptor by, for example, eph-
rin-A5 causes the turning or collapse of growth cones. Analysis
of the underlying signaling cascade has led to the identification
of signaling molecules, such as ephexin, a Rho-specific guanine
nucleotide exchange factor, which directly binds to Eph recep-
tor and mediates signal from receptor to RhoA (44, 61, 63). In
addition, myosin light chain (MLC) has been identified as one
of the major substrates of Rho kinase-mediated growth cone
collapse (1, 71). However, it is still unknown whether MLC
phosphorylation is sufficient to mimic growth cone collapse
induced by extracellular signals such as ephrin-A5 (71).

We previously identified collapsin response mediator pro-
tein 2 (CRMP-2) as a substrate of Rho kinase in the brain (5).
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CRMP-62, the chick CRMP-2 (98% identity), is reported to be
required for the growth cone collapse of dorsal root ganglion
(DRG) neurons induced by a repulsive guidance cue, sema-
phorin-3A (Sema3A; also known as collapsin-1) (30). UNC-33,
the Caenorhabditis elegans homologue (30% homology), is
identified by a mutation resulting in severely uncoordinated
movement, abnormalities in axon guidance, and a superabun-
dance of microtubules in neurons (37, 49). These results indi-
cate that CRMP-2 is also a major mediator of growth cone
collapse induced by repulsive guidance cues. We and other
groups have reported that CRMP-2 is phosphorylated by Cdk5
and GSK-3� downstream of Sema3A (10, 14, 68, 73). This
phosphorylation of CRMP-2 is essential for Sema3A-induced
growth cone collapse (10). However, the exact roles of
CRMP-2 phosphorylation remain to be clarified.

We recently identified two molecules, tubulin heterodimer
and Numb, as CRMP-2-interacting molecules (28, 34). CRMP-2
shows much higher affinity to tubulin heterodimers than the
polymerized tubulin (microtubules). CRMP-2 copolymerizes
with tubulin dimers into microtubules and promotes tubulin
polymerization in vitro. Furthermore, the overexpression of
CRMP-2 facilitates the rate of axonal growth, whereas the
mutant lacking the activity of the microtubule assembly inhibits
axonal growth. Given the enriched localization of CRMP-2 in
growing axons, it is likely that the CRMP-2–tubulin complex
concentrated in the distal part of the axon promotes microtu-
bule assembly and axon formation (28). CRMP-2 participates
in Numb-mediated endocytosis and regulates L1 recycling
at the growth cone, followed by axon elongation (56). Thus,
CRMP-2 basically has positive effects on axon growth. These
results raise the possibility that modification, such as phosphor-
ylation, of CRMP-2 regulates the CRMP-2 activity in axon
growth or growth cone dynamics, including growth cone col-
lapse.

Here, we report that phosphorylation by Rho kinase dimin-
ishes the CRMP-2 activity with respect to binding to tubulin
dimer and Numb in neurons. Such phosphorylation by Rho
kinase is observed during ephrin-A5-induced growth cone col-
lapse. These results suggest that phosphorylation of CRMP-2
by Rho kinase enhances growth cone collapse by inhibiting the
ability of CRMP-2 to associate with microtubules and Numb.

MATERIALS AND METHODS

Materials and chemicals. cDNA encoding human CRMP-2 was obtained as
described previously (5). CRMP-2 was subcloned into pB-GEX (rearranged
vector from pGEX) or pRSET-C1 (Invitrogen Corp., Carlsbad, CA) to obtain
the construct of CRMP-2 with glutathione S-transferase (GST) tagged at the C
terminus of the protein or with His tagged at the N terminus of the protein.
pEF-ephrin-A5/RAGS-Fc was kindly provided by Hideaki Tanaka (Kumamoto
University) (57). The following antibodies were used: anti-CRMP-2 monoclonal
antibody (C4G), kindly provided by Yasuo Ihara (Tokyo University) (33); anti-
CRMP-2 polyclonal antibody raised against GST-CRMP-2; anti-phospho-
CRMP-2 antibody (pT555 and pT514) raised against chemically synthesized
phosphopeptides which are exactly identical to the amino acid sequence of chick
CRMP-2, namely, CRMP-62 (5, 31, 73); anti-GST polyclonal antibody raised
against GST; anti-Numb polyclonal antibody raised against 20-amino-acid resi-
dues at the C terminus of Numb; anti-myc polyclonal antibody (Santa Cruz
Biotechnology Inc., CA); anti-Rho-GDI polyclonal antibody (Santa Cruz); anti-
actin monoclonal antibody (clone C4; Chemicon International, Temecula, Cal-
if.); anti-�-tubulin monoclonal antibody (DM1A; Sigma, St. Louis, MO); and
anti-unique �-tubulin monoclonal antibody (TUJ1; Berkeley Antibody Com-
pany, Berkeley, CA). N1E-115 cells were kindly provided by Taiji Kato (Nagoya
City University Medical School, Nagoya, Japan). Vero cells were kindly provided

by Eisuke Mekada (Osaka University, Osaka, Japan). Y-27632 was provided by
Mitsubishi Pharma Co. (Osaka, Japan). Other materials and chemicals were
obtained from commercial sources.

Protein purification. Tubulin heterodimer was prepared from bovine brain by
three cycles of polymerization and depolymerization followed by DEAE-Sepha-
rose column chromatography using fast protein liquid chromatography (Amer-
sham Biosciences Corp., Piscataway, NJ). Native bovine CRMP-2 was purified
from bovine brain extracts by a method described previously (5). His-tagged
CRMP-2 and GST-tagged CRMP-2 (CRMP-2-GST) were purified following the
procedures recommended by Invitrogen Corp.

Phosphorylation assay. The phosphorylation assay of the samples was carried
out as described previously (52). In brief, the kinase reaction for Rho kinase was
performed in 50 �l of a reaction mixture (102 mM PIPES at pH 6.8, 1 mM
EDTA, 1 mM dithiothreitol, 1.55 mM MgSO4, 100 �M [�-32P]ATP [1 to 20
GBq/�mol], 100 nM purified GST-Rho kinase catalytic domain [RhoK-cat]) for
30 min at 30°C. RhoK-cat was produced in Sf9 cells with a baculovirus system and
purified on glutathione-Sepharose 4B beads (Amersham Biosciences Corp.).
GSK-3� and Cdk5 were obtained from Upstate Biotech (Charlottesville, VA).
Then, the reaction mixtures were boiled in sodium dodecyl sulfate (SDS) sample
buffer and subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
for estimation of the stoichiometry. The radiolabeled bands were visualized by an
image analyzer (BAS 2000; Fujifilm, Tokyo, Japan).

In vitro binding assay. We first immobilized 0.5 �M phosphorylated or non-
phosphorylated CRMP-2 onto glutathione-Sepharose 4B beads for 60 min at
4°C. To examine the interaction of CRMP-2 and tubulin heterodimers, the
immobilized CRMP-2 with beads was incubated with 1.0 �M tubulin het-
erodimer for 120 min at 4°C. After removal of the supernatant of the CRMP-
2–tubulin mixture, the beads were washed three times with PEM buffer (100 mM
PIPES at pH 6.8, 1 mM EGTA, 0.5 mM MgSO4). Then the samples were boiled
in SDS sample buffer and subjected to SDS-PAGE and immunoblot analysis with
the indicated antibodies. To examine the interaction of CRMP-2 with other
molecules, the immobilized CRMP-2 was incubated with rat brain (P6 and P7)
lysate in lysis buffer (20 mM Tris-HCl at pH 8.0, 150 mM NaCl, 1 mM EDTA,
1 mM phenylmethylsulfonyl fluoride, 10 �g/ml leupeptin, 10 �g/ml aprotinin,
1.0% NP-40, 1 �M calyculin A) for 60 min at 4°C. After removal of the super-
natant, the beads were washed three times with washing buffer (20 mM Tris-HCl
at pH 8.0, 150 mM NaCl, 1 mM EDTA, 1.0% NP-40). Then the samples were
boiled in SDS sample buffer and subjected to SDS-PAGE and immunoblot
analysis with the indicated antibodies.

Surface plasmon resonance measurements. Anti-�-tubulin monoclonal anti-
body (DM1A) was covalently coupled to a CM5 sensor chip in a Biacore 3000
system (Biacore, Tokyo, Japan) according to the manufacturer’s instructions.
Purified tubulin heterodimer (0.5 �M) was captured at a flow rate of 10 �l/min
for 3 min. The level of resonance units raised by the addition of anti-tubulin
antibodies was about 1,800 to 2,000 in each condition. Binding of 8, 4, 2, 1, and
0.5 �M phosphorylated or nonphosphorylated His-CRMP-2 to a sensor chip
surface loaded with tubulin heterodimer was done in 100 mM PIPES (pH
6.8)–150 mM NaCl–3 mM EDTA–0.005% (wt/vol) Tween 20. Injection of each
sample was programmed separately. Association was monitored over 3 min at a
flow rate of 20 �l/min. The data were analyzed with the BIAevaluation 3.0
software (Biacore).

Cosedimentation assay. Tubulin (10 �M) was first assembled with 1 mM GTP,
10% dimethyl sulfoxide, and 20 �M Taxol for 30 min at 37°C. The assembled
microtubules were mixed with 5 �M bovine serum albumin (BSA) or 5 �M
phosphorylated or nonphosphorylated His-tagged CRMP-2 in PEM buffer. This
mixture was incubated at 37°C for 10 min and centrifuged at 100,000 � g for 10
min at 37°C. The pellet and supernatant were subjected to SDS-PAGE.

Cell culture and transfection. Vero cells and N1E-115 cells were seeded on
13-mm round glass coverslips at 1.5 � 104 cells/mm2 for immunostaining and
cultured in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine
serum in an atmosphere of 5% CO2 at 37°C. For transfection, Vero and N1E-115
cells were seeded and cultured overnight. Transfection of plasmids was carried
out using Lipofectamine 2000 (Invitrogen) for Vero cells or Lipofectamine
(Invitrogen) for N1E-115 cells. Chick DRG neurons were dissociated from
7-day-old chick embryos by use of papain as described previously (8). They were
then seeded on 13-mm round glass coverslips coated with laminin at 1.5 � 104

cells/mm2 in 24-well plates for immunostaining or on 35-mm culture dishes
coated with laminin at 1.5 � 104 cells/mm2 for immunoblot analysis. The cells
were cultured in Dulbecco’s modified Eagle’s medium containing 100 ng/ml 2.5S
nerve growth factor (NGF; Upstate Biotech) and 10% fetal bovine serum in an
atmosphere of 5% CO2. DRG neurons were prepared and transfected with the
indicated plasmids by use of the calcium phosphate method before plating, as
described previously (5). The transfection efficiency is about 1 to 2% using the
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calcium phosphate method with chick DRG neurons. The mean level of ectopic
CRMP-2 expression is maximally fivefold that of the endogenous levels 3 days
after transfection. For the analysis of axon length, we cultured DRG neurons
without NGF. Spontaneous axon elongation was observed, probably because of
the trophic factors secreted from contaminated neurotrophic cells or neurons.

Immunofluorescence study and microscopic observation. Vero cells, N1E-115
cells, and DRG neurons were fixed with 3.7% formaldehyde in phosphate-
buffered saline (PBS) for 10 min at room temperature and then treated with
0.05% Triton X-100 for 10 min at 4°C. They were then treated with 1% BSA in
PBS for 1 h at room temperature and incubated with the indicated antibodies.
Immunoreactivity was visualized by incubation with fluorescein isothiocyanate
(FITC)-conjugated anti-rabbit or mouse immunoglobulin antibodies (Amersham
Biosciences Corp.) and Texas Red-conjugated anti-rabbit or mouse immuno-
globulin antibodies (Amersham Biosciences Corp.). The images of immuno-
stained cells or neurons were analyzed using a confocal laser microscopy system
(LSM 510; Carl Zeiss, Oberkochen, Germany). Intensity of fluorescence was
analyzed using the LSM 510 software.

For electron microscopic immunocytochemistry, DRG growth cones cultured
on coverslips were fixed with 2% glutaraldehyde in 0.85 M cacodylate buffer
adjusted to pH 7.4. Fixed samples were then dehydrated with an ascending series
of ethanol up to 99.5% and embedded in Lowicryl K4M resin (Polysciences, Inc.,
Warrington, PA) according to the manufacturer’s protocol. Immunolabeling was
performed on the sections as described previously (50, 70).

For freeze-etching immunoreplica methods, growth cones cultured on large
coverslips (13 � 13 mm) were washed once with PIPES buffer containing 10 mM
PIPES, 100 mM KCl, 8 mM MgCl2, and 3 mM EGTA. Small coverslips (5 � 5
mm) treated with alcian blue were placed on the growth cone-rich areas in a
culture dish under the microscope. A fixative consisting of 1% glutaraldehyde
and 2% paraformaldehyde in PIPES buffer was added immediately. Then cov-
erslips were lifted slowly. In this way, apical plasma membranes of growth cones
and axons were separated from the cytoplasm. After being washed with the
buffer, isolated membranes attached to the coverslip were incubated with pri-
mary antibody raised against CRMP-2 or phosphorylated CRMP-2 in the PIPES
buffer containing 1% BSA for 1 h. Samples were then labeled with 10 nm
gold-conjugated secondary antibody (Amersham Biosciences Corp.) after being
washed three times with the buffer for 1 h. After immunolabeling, specimens
were rapidly frozen by plunging them onto a copper block cooled with liquid
helium. Frozen specimens were brought into a freeze replica device (FR9000;
Hitachi Science, Tokyo, Japan), slightly dried, and rotary shadowed with plati-
num and carbon. Shadowed specimens were removed from the coverslip in 5%
hydrofluoric acid solution and observed under an electron microscope (1200 EX;
JEOL Ltd., Tokyo, Japan).

Collapse assay. Both the transfected neurons and nontransfected neurons
were cultured in serum plus medium for 20 h and then cultured in serum-free
medium without NGF for 4 h. The collapse assay was performed as previously
described (59). For the immunoblot analysis and the count of collapsed growth
cones, neurons were stimulated with 1 �g/ml purified ephrin-A5-Fc. Although we
know that the DRG neuron is not a common choice for studies of ephrin-A5, we
used the same experimental system in a previous study employing Sema3A and
lysophosphatidic acid (LPA) to obtain comparable results for ephrin-A5. It is
reported that EphA2 and ephexin, a Rho nucleotide exchange factor, are ex-
pressed in DRG neurons (29, 61) and that DRG neurons react to ephrin-A5 and
ephrin-A3 (19, 48). We observed better responses of ephrin-A5-stimulated DRG
neurons in the absence of serum compared to those seen in the presence of
serum. The pretreatment with 10 �M Rho kinase inhibitor (Y-27632 or HA1077)
was performed for 1 h before the collapse assay. For immunoblot analysis, the
cells were stimulated by ephrin-A5 for 3, 10, or 30 min at 37°C in serum-free
medium without NGF. The cells were treated with 10% (wt/vol) trichloroacetic
acid. The resulting precipitates were subjected to immunoblot analysis using
anti-phospho-CRMP-2 and anti-CRMP-2 monoclonal antibody.

RESULTS

We previously showed that CRMP-2 binds to the tubulin
dimer and enhances microtubule formation (28). We examined
whether phosphorylation of CRMP-2 affects its tubulin binding

FIG. 1. An in vitro tubulin or microtubule binding assay using
phosphorylated or nonphosphorylated CRMP-2-GST. (A) GST and
CRMP-2-GST (0.5 �M) were phosphorylated by Rho kinase catalytic
domain (RhoK-cat) in the presence (�) or absence (�) of ATP. GST
or CRMP-2-GST immobilized onto beads was incubated with 1 �M
tubulin in PEM buffer for 1 h at 4°C. GST and CRMP-2-GST results
were shown with a Coomassie brilliant blue (CBB)-stained gel (right
panel). Purified CRMP-2-GST contained degradation products, as
confirmed by immunoblotting (IB) with anti-GST and anti-CRMP-2
antibody. An asterisk indicates RhoK-cat. An arrowhead and an arrow
indicate the intact protein of CRMP-2-GST and GST, respectively.
Phosphorylated CRMP-2-GST or the bound tubulin was analyzed by
immunoblotting with anti-phospho-CRMP-2 antibody and anti-�-tu-
bulin antibody (left panels). (B) Biacore sensorgram of tubulin capture
with anti-tubulin antibody. Purified tubulin heterodimer (0.5 �M) was
captured with the anti-�-tubulin antibody immobilized over the sensor
chip at a flow rate of 10 �l/min for 3 min. The sensorgram in the
sample of nonphosphorylated CRMP-2 [ATP (�)] is identical to that
obtained with phosphorylated CRMP-2 [ATP (�)] (data not shown).
The increase in RU (resonance units) results from the binding of
tubulins to anti-tubulin antibodies. (C) Biacore sensorgram of
CRMP-2 binding to tubulin. Binding of 8, 4, 2, 1, and 0.5 �M phos-
phorylated [ATP (�)] or nonphosphorylated [ATP (�)] His-CRMP-2
to a tubulin heterodimer-loaded sensor chip surface was examined.
(D) Cosedimentation analysis of phospho-CRMP-2 or non-phospho-
CRMP-2. His-CRMP-2 (5 �M) was phosphorylated by Rho kinase
(RhoK-cat) in the presence (�) or absence (�) of ATP. His-CRMP-2
was mixed with 10 �M microtubules stabilized by Taxol (�) or left
unmixed (�). After a 10-min incubation at 37°C, mixtures containing
microtubules were centrifuged at 37°C. The quantity of His-CRMP-2
in supernatant (S) or pellet (P) was shown by Coomassie brilliant blue
gel staining results (upper panel). The samples were analyzed by im-
munoblotting using anti-GST antibody to confirm the identity of this

band as CRMP-2 (lower panel). An asterisk indicates RhoK-cat. An
arrowhead and an arrow indicate His-CRMP-2 and tubulin, respec-
tively.
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activity in vitro. Purified CRMP-2-GST was phosphorylated by
RhoK-cat in the presence or absence of ATP. Phosphorylated
CRMP-2 was detected by anti-phospho-CRMP-2 antibody,
which specifically recognizes the phosphorylated state of
CRMP-2 at Thr-555 (5) (Fig. 1A). Phosphorylated or nonphos-
phorylated CRMP-2 was immobilized on GST beads and in-
cubated with purified tubulin heterodimer at 4°C. Tubulin was
retained on the beads coated with nonphosphorylated
CRMP-2, as reported previously (28), but not on the beads
coated with phosphorylated CRMP-2 (Fig. 1A). The perturba-
tion of the association of tubulin and CRMP-2 by phosphory-
lation was also confirmed by using the Biacore system (Fig. 1B
and C). CRMP-2 bound to the retained tubulin in the Biacore
sensor chip in a dose-dependent manner, whereas phosphory-
lated CRMP-2 did not (Fig. 1C). These results indicate that
CRMP-2 phosphorylated by Rho kinase does not bind to the
tubulin heterodimer.

We next examined whether phosphorylation of CRMP-2
affects its binding activity to microtubules in vitro (Fig. 1D) by
use of a standard cosedimentation assay. Phosphorylated
CRMP-2 or nonphosphorylated CRMP-2 was incubated with
microtubules polymerized by Taxol at 37°C, and these mixtures
were centrifuged to sediment the filamentous microtubules
and the interacting molecules. BSA, a control protein, did not
cosediment with microtubules (data not shown). Some non-
phosphorylated CRMP-2 cosedimented with Taxol-stabilized
microtubules, as reported previously (28). However, phosphor-
ylated CRMP-2 was only minimally cosedimented. These re-
sults indicate that phosphorylation of CRMP-2 by Rho kinase
decreases the ability of CRMP-2 to associate with microtubules
as well as with tubulin heterodimers.

We next examined the effect of phosphorylation on the in-
teraction of CRMP-2 with other molecules. We previously

found that Numb binds to CRMP-2 directly and is localized at
the axonal growth cone in neurons (56). The Numb and
CRMP-2 complex mediates the endocytosis of L1 in the axonal
growth cones, and Numb-mediated endocytosis of L1 is nec-
essary for axon growth (56). We examined the interaction of
phosphorylated CRMP-2 with partner proteins, including
Numb, by a GST pulldown assay using rat brain lysate (Fig. 2A
and B). Phosphorylated or nonphosphorylated CRMP-2 was
immobilized on GST beads and incubated with postnatal rat
brain lysate. An association of Numb with the beads coated
with CRMP-2-GST was observed but not with the beads of
phosphorylated CRMP-2-GST at Thr-555, suggesting that
CRMP-2 phosphorylated by Rho kinase loses the ability to
bind to Numb as well as tubulin (Fig. 2A). A small amount of
tubulin was retained by phosphorylated CRMP-2 under these
conditions, presumably because the high concentration of tu-
bulin (approximately 13 �M) in brain lysates increased the
efficiency of tubulin binding to phosphorylated CRMP-2 (Fig.
2A). Rho-GDI (a cytosolic and abundant protein used as a
negative control) did not associate with CRMP-2. In addition,
we identified actin as a CRMP-2-interacting molecule (Fig.
2A). Actin bound to phosphorylated CRMP-2 as well as to
nonphosphorylated CRMP-2. These results indicate that
CRMP-2 phosphorylation at the C terminus affects the inter-
action with certain proteins, including Numb and tubulin, but
not with actin.

CRMP-2 can be phosphorylated by Cdk5 at Ser-522, and by
recognizing this priming phosphorylation, GSK-3� phosphor-
ylates CRMP-2 at Ser-518 and Thr-514 (10, 14, 68, 73). Since
these phosphorylation sites are close to the phosphorylation
site of Rho kinase, we examined whether these phosphoryla-
tions affect the association of CRMP-2 and interacting mole-
cules. Similarly to Rho kinase results, the phosphorylation by

FIG. 2. An in vitro binding assay using phospho- or non-phospho-CRMP-2-GST and rat brain lysate. (A and B) GST and CRMP-2-GST (0.5
�M) were phosphorylated by Rho kinase catalytic domain (RhoK-cat) (A) or Cdk5 and/or GSK-3� (B) in the presence (�) or absence (�) of ATP.
GST and CRMP-2-GST immobilized on beads were incubated with extracts of rat brain (P6 and P7) for 1 h at 4°C. CRMP-2-GST and the bound
proteins were analyzed by immunoblotting (IB) using anti-GST antibody, anti-phospho-CRMP-2 antibody, anti-�-tubulin antibody, anti-Numb
antibody, anti-Rho-GDI antibody, or anti-actin antibody. Input, immunoreactive bands of brain lysate (5% in total lysate). The lane labeled “beads
only” shows the results for beads and brain lysates without GST proteins.
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Cdk5 and GSK-3� also prevents the binding of tubulin dimers
and Numb but not that of actin (Fig. 2B). These results indi-
cate that CRMP-2 phosphorylation at the C terminus by Rho
kinase, Cdk5, and GSK-3� has similar effects on CRMP-2
function.

Next we examined the localization of CRMP-2 at DRG
neuron growth cones. As reported previously, CRMP-2 is ac-
cumulated at the distal part of axons and growth cones (39, 54,
58). To examine the intracellular localization of phosphory-
lated CRMP-2 and interacting molecules, we performed an
indirect immunofluorescence study using anti-phospho-
CRMP-2 antibody (Fig. 3A). CRMP-2 immunoreactivity was
mainly localized at the center of the growth cones and partially
colocalized with microtubules and actin, as reported previously
(56, 75). However, phosphorylated CRMP-2 was localized on
punctate structures all around the growth cone area and some
was seen even in the filopodia of the growth cones, which was
stacked with actin filaments. Because phosphorylated CRMP-2
was present in all areas of growth cone, its immunoreactivity
was overlapped with the filamentous image of microtubules.
Localization of phosphorylated CRMP-2 itself did not appear
to occur in the form of microtubule-like bundles or filaments,
however, as was observed in experiments with anti-CRMP-2
antibody (Fig. 3B).

Subcellular localization of CRMP-2 in chick DRG growth
cones was also examined by electron microscopic immunocy-
tochemistry. As shown in immunofluorescence images (Fig. 3),
microtubules were stuck and distributed in parallel. Immuno-
labeling in the electron micrograph was found predominantly
on the filamentous image of microtubules but rarely in the
background (Fig. 4A). In the grazing section of growth cones,
the immunolabeling was also localized close to the edge, near

the membranous areas, in addition to being localized at mi-
crotubules (Fig. 4B). This suggests that CRMP-2 is present in
the vicinity of the plasma membrane of growth cones. For
more-precise localization, we employed the freeze-etching im-
munoreplica method, which illustrates different morphological
views, in particular, the membrane cytoskeletal complex (the
so-called membrane undercoat). Freeze-etched images showed
a few clathrin-coated pits and the cortical actin filaments in the
cytoplasmic surface of the apical distal membrane (membrane
undercoat) of growth cones. The high-power view of the cyto-
plasmic surface of the membrane provides evidence that
CRMP-2 was localized on clathrin-coated pits (Fig. 4D and E)
and actin filaments (Fig. 4G). More than 75% of the clathrin-
coated pits showed immunolabeling of CRMP-2 (76.5%; n �
17). Because AP-2, which is a component of clathrin-coated
pits, associates with Numb, CRMP-2 is thought to bind to
clathrin-coated pits through Numb (56). In contrast, the im-
munolabeling against phosphorylated CRMP-2 was found only
on actin filaments (Fig. 4H) and not on microtubules or clath-
rin-coated pits (0%, n � 15; Fig. 4C and F). These observations
are morphological counterparts of the molecular interaction
scheme derived from biochemical experiments on the basis of
the idea that CRMP-2 associates with Numb on clathrin-
coated pits, microtubules, or actin filaments, whereas phos-
phorylated CRMP-2 interacts only with actin filaments in
growth cones.

We then examined the functional relevance of the relation-
ship between phosphorylation at Thr-555 and CRMP-2 activity
in neurons (Fig. 5A). We first characterized two CRMP-2
mutants, one in which the Rho kinase phosphorylation site
(Thr-555) is replaced by Asp (CRMP-2 T555D), which is ex-
pected to mimic the phosphorylated form (3), and another in

FIG. 3. Localization of CRMP-2 or phospho-CRMP-2 in chick DRG neuron growth cones. (A) Chick DRG neuron growth cones were triple
stained with anti-CRMP-2 antibody (red), anti-unique �-tubulin antibody (green), and Alexa-649-phalloidin (blue) (upper panels) or anti-phospho-
CRMP-2 antibody (red), anti-unique �-tubulin antibody (green), and Alexa-488-phalloidin (blue) (lower panels). Arrowheads indicate the
colocalization of phosphorylated CRMP-2 or CRMP-2 and actin filaments. (B) Graphs plot the fluorescence intensity of immunolabeled CRMP-2
(red) and unique �-tubulin (green) or phosphorylated CRMP-2 (red) and unique �-tubulin (green) in the dotted line shown in each growth cone
image. Bar, 10 �m.
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which Thr-555 is replaced by Ala (CRMP-2 T555A) and is not
phosphorylated by Rho kinase (5). Because ectopic green flu-
orescent protein (GFP)-tagged CRMP-2 was diffusely distrib-
uted, it was difficult to examine the localization of ectopic
CRMP-2 in detail at the growth cones. Although we do not
know why GFP mutants are located diffusely, this is presum-
ably because neurons express CRMP-2 at levels much higher
than other proteins (approximately 1% in total proteins). In
contrast, in the cells expressing CRMP-2 at lower levels, we
observed the clear colocalization of GFP-CRMP-2 and micro-
tubules. When GFP-CRMP-2 wild type (WT) was expressed in
Vero fibroblasts, 72.7% of GFP-tagged CRMP-2-expressing
cells (n � 22) showed clear localization along the mitotic
spindle, as previously described (28, 34) (Fig. 5A). Colocaliza-
tion of the mutant CRMP-2 T555A with microtubules was also
observed in 95.2% of the transfected cells (n � 21). However,
the mutant CRMP-2 T555D was diffusely distributed, and only
9.5% of GFP-CRMP-2 T555D-expressing cells showed the co-
localization with the mitotic spindle (n � 21).

Using these mutant constructs, we examined the functional
relevance of phosphorylation at Thr-555 and CRMP-2 activity
in terms of neurite formation (Fig. 5B). N1E-115 neuroblas-
toma cells were transfected with CRMP-2 T555D and
CRMP-2 T555A. N1E-115 cells have a round morphology in
the presence of serum, whereas these cells can differentiate
and extend neurites in serum-free medium. In the presence of
serum, only about 5% of the cells extended neurites. Under
these conditions, expression of CRMP-2 WT increased the
numbers of the cells bearing neurites, in contrast to the results
seen with control cells expressing GST (P 	 0.01), as described
previously (28) (Fig. 5C). The expression of CRMP-2 T555A
increased the percentage of cells bearing neurites (P 	 0.01),
but that of the T555D mutant only slightly increased the per-
centage (P 
 0.2). This neurite formation in N1E-115 is known
to require the assembly of the microtubules (28). The mor-
phology of neurites induced by the ectopic expression of
CRMP-2 WT or T555A was similar to that induced by the
serum deprivation, and the neurites had microtubules that
were detected with anti-�-tubulin antibody (28) (Fig. 5B).

We next examined the effects of these constructs on axon
elongation in DRG neurons. Dissociated DRG neurons were
transfected with the plasmids used in Fig. 5B. After transfec-
tion, neurons were cultured for 3 days in NGF-deprived me-
dium. Under these conditions, some neurons transfected with
control plasmids maintained the long axon. In neurons trans-
fected with CRMP-2 WT, the percentage of the neurons bear-
ing a long axon (
1,300 �m) was increased, in contrast to the
control cells expressing GST (P 	 0.01; Fig. 5D). CRMP-2
T555A had an effect on axon elongation similar to that seen
with CRMP-2 WT (P 	 0.01), but that of T555D was weak

(P 	 0.05). These observations indicate that the dephospho-
rylated form of CRMP-2 has the ability to promote axon elon-
gation, presumably through the interaction with tubulin and
Numb, and that the phosphorylated form of CRMP-2 loses
most of ability to support neurite formation in N1E-115 and
DRG neurons (Fig. 5C and D). Compared to control results,
however, the mutant T555D has at least a weak ability to
enhance neurite outgrowth or axon elongation (Fig. 5C and
D). Although we do not know why T555D mutants have these
positive effects on axon elongation, we think that the mutant
T555D may not completely mimic the phosphorylated states,
even though it increases the negative charge at the phosphor-
ylation site, as previously reported (15, 25, 47). In fact, 9.5% of
GFP-CRMP-2 T555D-expressing cells show the colocalization
with mitotic spindles under the conditions in which 72.7% of
GFP-CRMP-2 WT colocalized with spindles (Fig. 5A). Thus, it
appears that the T555D mutant still keeps some activity to
interact with tubulin and/or microtubules, thereby promoting
neurite elongation. Alternatively, this implies the existence of
other mechanisms that enhance neurite elongation, which are
regulated independently of phosphorylation by Rho kinase at
Thr-555.

As we reported previously, CRMP-2 is phosphorylated by
Rho kinase during LPA-induced growth cone collapse (5).
However, its physiological role in axon guidance is still un-
known. Thus, we examined the physiological role of the phos-
phorylation of CRMP-2 by Rho kinase in growth cone collapse
induced by repulsive guidance cues (Fig. 6). As some groups
have reported, several repulsive axon guidance cues stimulate
Rho/Rho kinase signaling to induce growth cone collapse (74).
Among them, ephrin-A5 induces the phosphorylation of MLC
through Rho kinase (71). We then examined whether eph-
rin-A5 induces CRMP-2 phosphorylation by Rho kinase at
Thr-555. DRG neurons cultured for 24 h were serum starved
for 4 h and then stimulated by ephrin-A5 for 3, 10, and 30 min;
these stimuli induced growth cone collapse. The addition of
ephrin-A5 induced rapid phosphorylation of endogenous
CRMP-2 at Thr-555 (Fig. 6A). The phosphorylation increased
up to about sixfold more than the basal level during the first 3
min (Fig. 6A and B). To examine whether ephrin-A5-induced
phosphorylation of CRMP-2 at Thr-555 was mediated by Rho
kinase, DRG neurons were stimulated by ephrin-A5 in the
presence of Rho kinase inhibitor (Y-27632 or HA1077) for 1 h
(69). Y-27632 and HA1077 inhibited the ephrin-A5-induced
phosphorylation of CRMP-2 (Fig. 6A and B). These results
indicate that CRMP-2 is phosphorylated at Thr-555 by Rho
kinase during ephrin-A5-induced growth cone collapse of
DRG neurons, as well during as during that induced by LPA,
as reported previously (5). We then examined the localization
of phosphorylated CRMP-2 after the stimulation with ephrin-

FIG. 4. Electron microscopic immunocytochemical localization of CRMP-2 in chick DRG growth cones. (A to C) Horizontal section of central
area of growth cones. Enlarged images from insets a to c in panels A to C are shown in panels a to c. In panels a and b, red arrows indicate the
immunolabeling of CRMP-2. Thin lines are microtubule filaments. (B) Grazing section of growth cones. Red arrows indicate the immunolabeling
of CRMP-2 close to the plasma membrane. (C) Immunolabeling with anti-phospho-CRMP-2 was not observed. Bars (panels a to c), 500 nm. (D
to H) High-power view of the sample prepared by freeze-etching immunoreplica methods (negative images are shown for clarity). Immunocolloidal
gold is shown as white dots. Red arrows indicate the immunolabeling of CRMP-2 on clathrin-coated pits (D and E) and on actin filaments (G) or
of phosphorylated CRMP-2 on actin filaments (H). Immunolabeling with anti-phospho-CRMP-2 antibody was not observed on clathrin-coated pits
(F). Bar (D to H), 50 nm.
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A5. Because ephrin-A5 treatment makes the growth cone col-
lapse, the relative amount of increased phosphorylation of
CRMP-2 could not be measured in spreading growth cones
(data not shown). However, higher immunolabeling of phos-

phorylated CRMP-2 was observed in collapsed growth cones
(Fig. 6C and D). Y-27632 prevented the growth cone collapse,
as reported previously (71), and inhibited an increase of phos-
phorylated CRMP-2 levels at the tips of axons (data not
shown). Staining by the phospho-CRMP-2 antibody was visible
as dot-like structures in both the growth cone and axon shaft
compared to the results seen with CRMP-2 antibody. The
nature of this dot-like structure has not been elucidated.

To examine the role of CRMP-2 phosphorylation in growth
cone morphology, we expressed the CRMP-2 mutants T555A
and T555D in DRG neurons. The expression of CRMP-2 WT
had no effect on ephrin-A5-induced growth cone collapse com-
pared to the control results, whereas the expression of the
mutant CRMP-2 T555A partially inhibited ephrin-A5-induced
growth cone collapse (P 	 0.05; Fig. 6C, bottom panel). These
results suggest that phosphorylation of CRMP-2 at Thr-555 is
partially involved in ephrin-A5-induced growth cone collapse.
Of note, the effect of the T555A mutant is not complete,
because the endogenous CRMP-2 expression level is relatively
high in DRG neurons (39), and the nonphosphorylated form
of CRMP-2 may not completely replace endogenous CRMP-2.
In addition, a lot of substrates of Rho kinase have been re-
ported and are expected to participate partially in growth cone
collapse, as previously reported (71). Finally, it should be
noted that the expression of CRMP-2 T555D increased the
number of collapsed growth cones and slightly inhibited eph-
rin-A5-induced growth cone collapse. Although the exact
mode of action of CRMP-2 T555D is not known, this mutant
may mimic phosphorylated CRMP-2 and induce growth cone
collapse while partially inhibiting Rho kinase activity in a man-
ner competitive with endogenous CRMP-2.

DISCUSSION

CRMP-2 was first reported as a mediator of Sema3A-in-
duced growth cone collapse (31). However, the molecular
mechanisms involving CRMP-2 in growth cone collapse have
not been elucidated. We previously reported that Rho kinase
phosphorylates CRMP-2 at Thr-555 during LPA-induced, but
not Sema3A-induced, growth cone collapse in DRG neurons
(5) and that overexpression of CRMP-2 in hippocampal neu-
rons enhances axon formation by its association with tubulin
heterodimer and Numb (28, 34, 39, 56). CRMP-2 functions as
a carrier of tubulin heterodimers, which delivers tubulin
dimers to the assembly plus ends of nucleating sites or growing
microtubules (28). CRMP-2 associates with Numb and regu-
lates L1 endocytosis at axonal growth cones in hippocampal
neurons (56). Although these reports revealed that CRMP-2
functions in axon elongation, the molecular mechanisms in-
volving CRMP-2 and its interacting molecules in growth cone
collapse remain unresolved. And we also reported the involve-
ment of phosphorylation at Thr-514 by GSK-3� in neuronal
polarity and that Thr-522 was phosphorylated by Cdk5 down-
stream of Sema3A (68, 73) but have not investigated the mean-
ing of these phosphorylation events with respect to the growth
cone collapse. In the present study, we found that phosphor-
ylation by Rho kinase inhibits the ability of CRMP-2 to bind
tubulin and Numb. These interactions are necessary for growth
cone advance and axon growth. Therefore, we suggest that
ephrin-A5 stimulation dissociates CRMP-2 from interacting

FIG. 5. Effects of CRMP-2 mutants on neurite formation in N1E-
115 cells and DRG neurons. (A) Localization of GFP-tagged CRMP-2
and CRMP-2 mutants T555A and T555D. Vero cells were transfected
with pEGFP-CRMP-2 WT, T555A, or T555D and cultured for 36 h.
Transfected cells were fixed and stained with anti-�-tubulin antibody.
Arrows indicate the colocalization of GFP-fused protein with micro-
tubules. Bar, 10 �m. (B) The effect of overexpression of CRMP-2 WT,
T555A, and T555D on process formation in N1E-115 cells. N1E-115
cells were transfected with myc-GST (as a negative control), CRMP-2
WT, T555A, or T555D. Twenty-four hours after transfection, the cells
were cultured in serum-containing medium for 24 h. Transfected cells
were fixed and doubly stained by anti-myc antibody (top panels) and
anti-�-tubulin antibody (bottom panels). Arrows indicate the processes
induced by CRMP-2 constructs. Bar, 40 �m. (C) The percentage of
cells bearing neurites (length 
 20 �m) in transfected cells. Fifty
randomly selected transfected neurons were quantified for each con-
struct. The values shown are means � standard errors of triplicate
experiments. **, significantly different from the cells expressing GST as
analyzed by Student’s t test (P 	 0.01). (D) The percentage of cells
bearing axons (length 
 1,300 �m) in DRG neuron-transfected cells.
DRG neurons were transfected with the plasmids indicated in panel B.
After transfection, the neurons were cultured in the NGF-deprived
medium for 3 days. Transfected neurons were fixed and doubly stained
by anti-myc antibody and anti-neurofilament antibody. The percentage
of neurons bearing axons with length 
 1,300 �m versus the total
number of neurons bearing axons was analyzed. Fifty randomly se-
lected transfected neurons were quantified for each construct. The
values shown are means � standard errors of triplicate experiments.
**, significantly different from the cells expressing GST as analyzed by
Student’s t test (P 	 0.01); *, P 	 0.05.
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molecules by phosphorylation and enhances growth cone col-
lapse.

In previous reports, we showed that CRMP-2 enhances mi-
crotubule assembly and, thereby, axon formation (28). And
here we report that the phosphorylation by Rho kinase pre-
vents the association with tubulin dimer-microtubules. This
regulation of CRMP-2 activity seems to cause the reduction of
microtubule assembly. The plus ends of microtubules in growth
cones exhibit a property termed dynamic instability, wherein
they cycle through periods of growth and shrinkage (6, 27, 53,
65). The increase of microtubule assembly is required for the
growth cone advance (27, 28). In fact, some groups showed
that the polymerization and capturing of microtubules in one
direction and the shrinkage of microtubules in the other direc-
tion are early steps in guidance of axonal growth cones, sug-
gesting that the regulation of microtubule dynamic instability is
closely related to the morphological changes of growth cones

(11, 60, 66, 76). Therefore, the enhancement of microtubule
assembly by CRMP-2 is critical for the growth cone dynamics.
The canceling of the interaction of CRMP-2 and tubulin dimer
and/or microtubules by phosphorylation is thought to prevent
the proper microtubule formation. Taken together, these data
indicate that the negative regulation of CRMP-2 activity ap-
pears to disrupt the normal microtubule dynamics, followed by
the collapse of growth cone morphology.

Knockdown of CRMP-2 in hippocampal neurons inhibits
Numb-mediated L1 endocytosis and axon growth (56). Here
we report that phosphorylated CRMP-2 could not associate
with Numb. Thus, it is possible that CRMP-2 phosphorylation
also inhibits Numb-mediated L1 endocytosis. However, two
groups have reported that growth cone collapse triggered by
Sema3A or ephrins was accompanied by enhanced endocytosis
(26, 41); they observed the fluorescence-labeled dextran up-
take or reorganization of signaling molecules neuropilin 1

FIG. 6. Ephrin-A5-induced CRMP-2 phosphorylation. (A) DRG neurons were serum starved for 4 h and stimulated by 1 �g/ml ephrin-A5 with
or without pretreatment with 10 �M Rho kinase inhibitor (Y-27632 or HA1077) for 0, 3, 10, and 30 min. The cell lysate was resolved by SDS-PAGE
and immunoblotted (IB) with the indicated antibodies. The multiple bands of CRMP-2 represent differentially phosphorylated forms (33).
Arrowheads indicate the intact protein of CRMP-2. The band corresponding to the phosphorylated form by Rho kinase was detected at the same
position as the main band detected by anti-CRMP-2 antibody. The results are representative of three independent experiments. (B) The relative
levels resulting from CRMP-2 phosphorylation were calculated, with the level obtained with untreated control cells defined as 100 units. (C) The
localization of phosphorylated CRMP-2 before and after stimulation with ephrin-A5 in DRG neurons. DRG neurons were serum starved for 4 h
and stimulated by 1 �g/ml ephrin-A5. Before stimulation and 10 min after stimulation with ephrin-A5, cells were fixed and immunostained with
anti-phospho-CRMP-2 antibody (red) and anti-CRMP-2 antibody (green). Arrows indicate the collapsed growth cone and axonal shaft, which was
intensely stained by anti-phospho-CRMP-2 antibody. Bar, 20 �m. The fluorescence intensities of CRMP-2 (green) and phospho-CRMP-2 (red)
in the dotted lines are shown in the graphs (bottom panel). Arrows indicate the same positions as the areas indicated by arrows in the images (upper
panels). (D) Effects of CRMP-2 mutants T555A and T555D on ephrin-A5-induced growth cone collapse. DRG neurons transfected with myc-GST,
CRMP-2 WT, T555A, or T555D were stimulated with ephrin-A5 for 30 min. Then the population of collapsed growth cones expressing introduced
constructs was calculated. Thirty randomly selected transfected neurons were quantified for each construct. The values shown are means �
standard errors of triplicate experiments. *, significantly different from the growth cones expressing GST as analyzed by Student’s t test (P 	 0.05).
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(NP1), plexin, and Rac in response to guidance cues. In a
reconstituted Sema3A signaling system in COS-7 cells express-
ing the receptor components NP1 and plexin A1, CRMP and
plexin A1 form a physical complex and CRMP accelerates
Sema3A-induced cell contraction (17). In contrast, NGF sig-
naling increases clathrin-coated membrane formation and
clathrin-mediated membrane trafficking, as revealed by the
increased endocytosis of transferrin (7). Judging from these
reports, endocytosis appears to be selectively regulated for
axon outgrowth and growth cone collapse. L1 and L1 recycling
are crucial for axon elongation and growth cone motility (43).
Inactivation of CRMP-2 may be required for the selective
inhibition of cell adhesion molecules to prevent the growth
cone dynamics. Although the exact mechanisms causing
growth cone collapse need additional study, our results imply
that ephrin-A5-induced growth cone collapse is enhanced by
the CRMP-2 phosphorylation through the inhibition of Numb-
mediated endocytosis.

CRMP-2 is implicated in Sema3A-induced growth cone col-
lapse (31). The phosphorylation of CRMP-2 at Thr-555 by Rho
kinase was observed during LPA-induced growth cone collapse
but not during Sema3A-induced collapse (5). In retinal gan-
glion cells, ephrin-A5-induced growth cone collapse is medi-
ated by Rho kinase (13, 71). In the present study, we found that
Rho kinase phosphorylates CRMP-2 at Thr-555 in response to
ephrin-A5. It has been reported that activation of Fyn, Cdk5,
and GSK-3� is involved in Sema3A signaling (22, 62) (Fig. 7).
Activated Cdk5 phosphorylates Tau and causes microtubule
reorganization induced by Sema3A (62). Recently, our group
and several other groups have reported that CRMP-2 is phos-

phorylated by Cdk5, dual tyrosine-regulated kinase (DYRK),
and GSK-3� (10, 14, 73). Cdk5 and DYRK phosphorylate
CRMP-2 at Ser-522, and this phosphorylation site acts as a
priming site for subsequent GSK-3� phosphorylation at Ser-
518 and Thr-514. Here, we found that the phosphorylation of
CRMP-2 by Cdk5 and GSK-3� cancels the binding activity to
tubulin and Numb. Thus, both signaling pathways downstream
of Sema3A and ephrin-A5 as well as LPA seem to terminate in
the same molecule, CRMP-2, through activation by different
kinases, followed by microtubule reorganization (Fig. 7). On
the other hand, we reported that neurotropic factors BDNF
and NT-3, but not NGF, inhibit the phosphorylation of
CRMP-2 via PI 3-kinase and Akt in hippocampal neurons (73).
These growth factors are known to prevent growth cone col-
lapse in response to the repulsive guidance cues (20, 67). Thus,
it appears that attractive and repulsive extracellular cues reg-
ulate the balance of phosphorylation and dephosphorylation in
CRMP-2, thereby managing microtubule formation and endo-
cytosis. The function of CRMP-2 would be dramatically regu-
lated by several kinds of kinases in response to extracellular
stimulation.

Rho kinase has multiple substrates regulating the dynamics
of the actin filament (35, 42). Rho kinase regulates the phos-
phorylation of MLC, resulting in actomyosin contractility,
which is observed during ephrin-A5-induced growth cone col-
lapse (71). We recently found that Rho kinase phosphorylates
the microtubule-associated proteins (MAPs) Tau and MAP-2
(3, 4). This phosphorylation dissociates MAPs from microtu-
bule filaments in neurons. In fact, in this study the mutant that
mimicked CRMP-2 phosphorylated by Rho kinase could not
inhibit the ephrin-A5-induced growth cone collapse com-
pletely, suggesting that Rho kinase is likely to phosphorylate
multiple substrates, including MLC and MAPs, to achieve
growth cone collapse. Because nonphosphorylated CRMP-2
can enhance the assembly of microtubules, we speculate that
phosphorylated CRMP-2 may lose the ability to drive the mi-
crotubule formation, thus causing the destabilization of micro-
tubule formation, in association with phosphorylated MAPs.

We found actin to be a CRMP-2-interacting protein. Both
phosphorylated and nonphosphorylated forms of CRMP-2
bound to actin in vitro, and CRMP-2 was detected on actin
filaments in DRG neuron growth cones. We examined whether
CRMP-2 associates with actin monomer in vitro by use of
purified actin monomers and recombinant CRMP-2 proteins,
but a direct association was not observed. In another study, we
have recently found that CRMP-2 interacts with Specifically
Rac1-Associated protein (Sra-1/CYFIP1) (43a), which directly
interacts with actin filaments (45). Thus, CRMP-2 may associ-
ate with actin filaments through Sra-1 in growth cones. In this
study, Rho kinase-induced phosphorylation of CRMP-2 had
no effect on the actin binding ability of CRMP-2. CRMP-2 is a
highly conserved phosphoprotein, and its phosphorylation
states alter upon NGF-induced neuronal differentiation or in
the formation of degenerating neurites in the brains of patients
with Alzheimer’s disease (12, 33). These findings raise the
possibility that other kinases up- or down-regulate CRMP-2
activity and mediate actin reorganization in the Rho family
GTPase-mediated signal cascade. Further studies characteriz-
ing the protein kinases may shed some light on other functions
of CRMP-2.

FIG. 7. Model schema for the phosphorylation of CRMP-2 by Rho
kinase, Cdk5, and GSK-3�. Sema3A is thought to activate Cdk5 and
GSK-3�. These activations cause phosphorylation at Ser-522, Ser-518,
and Thr-514. Ephrin-A5 stimulation activates the Rho/Rho kinase
signaling pathway and subsequently induces the phosphorylation of
CRMP-2 at Thr-555 by Rho kinase. The binding activity of CRMP-2 to
tubulin is decreased by the phosphorylation by Cdk5, GSK-3�, and
Rho kinase. Nonphosphorylated CRMP-2 binds to tubulin het-
erodimers to promote microtubule assembly or Numb-mediated en-
docytosis, thereby enhancing axon elongation and branching. In con-
trast, the phosphorylated form cannot associate with interacting
molecules and loses the positive effect on axon elongation, thereby
causing arrest of axon growth and growth cone collapse.
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