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Abstract. Collapsin response mediator protein-2
(CRMP-2) plays a crucial role in axonal guidance
and neurite outgrowth during neural development
and regeneration. We have studied the interaction
between calmodulin (CaM) and CRMP-2 and how
Ca2+/CaM binding modulates the biological functions
of CRMP-2. We have shown that CRMP-2 binds to
CaM directly in a Ca2+-dependent manner. The CaM-
binding site of CRMP-2 is proposed to reside in the
last helix of the folded domain, and in line with this, a

synthesized peptide representing this helix bound to
CaM. In addition, CaM binding inhibits a homotetra-
meric assembly of CRMP-2 and attenuates calpain-
mediated CRMP-2 proteolysis. Furthermore, a CaM
antagonist reduces the number and length of process
induced by CRMP-2 overexpression in HEK293 cells.
Take together, our data suggest that CRMP-2 is a
novel CaM-binding protein and that CaM binding
may play an important role in regulating CRMP-2
functions.
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Introduction

Collapsin response mediator protein-2 (CRMP-2) is a
developmentally regulated protein and highly ex-
pressed in the nervous system [1, 2]. CRMP-2 has been
reported to regulate neuronal polarity and axon
elongation. Overexpression of CRMP-2 induces the
formation of multiple axons and elongation of the
primary axon in hippocampal neurons [3, 4]. CRMP-2
shows 60 % identity to the enzyme dihydropyrimini-
dase (DHP) and shares a common structural mode of

tetrameric assembly [5]. However, unlike DHP,
CRMP-2 lacks catalytic activity of its own, and thus,
the molecular basis for its function remains unclear.
CRMP-2 is a target for post-translational modifica-
tions, including proteolysis, oxidation, glycosylation
and phosphorylation, under different neurological
disorders, such as epilepsy, stroke, traumatic brain
injury and Alzheimer�s disease [6 –10]. One common
feature of these diseases is the alteration of intra-
cellular Ca2+ homeostasis, which appears to play a
central role in the mechanisms of the neuronal/axonal
injury that underlie these diseases [11– 14].
Calmodulin (CaM) is a ubiquitous calcium-sensing
protein [10, 11]. Upon elevation of intracellular Ca2+,* Corresponding author.
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CaM undergoes conformational change and binds to
different CaM-binding proteins (CaMBPs) [15]. The
extraordinarily high concentration of CaM (10 –
100 mM) found in neurons of the central nervous
system suggests that CaM binding to enzymes, cytos-
keletal proteins, receptors, and ion channels might
modulate neuronal response to stimuli. For example,
CaM binding to calcineurin (protein phosphatase 2B)
and neurofilament (NF) regulates the proteolysis and
phosphorylation of NF, which in turn modifies axonal
injury after calcium influx [16, 17]. In two independent
high-throughput studies, CRMP-2 was identified as a
putative CaM ligand in the brain [18, 19]. However,
this putative interaction still needs experimental
validation.
From a structural point of view, the target sequences of
CaM in general are amphipathic helices flanked by
basic residues, having a characteristic spacing between
large hydrophobic residues. A number of diverging
CaM targets have been characterized recently with
respect to sequence and binding mode to CaM [20 –
22]. Given the relevance of the Ca2+/CaM system in
the processing of Ca2+ signaling, and taking into
account the importance of CRMP-2 in axon formation
and elongation [23, 24], we hypothesize that CaM
binding may influence CRMP-2 functions, by modu-
lating its involvement in cytoskeletal reorganization
upon Ca2+ influx.
Here, we show a direct physical interaction between
CRMP-2 and CaM using affinity chromatography,
CaM overlay, surface plasmon resonance (SPR), and
isothermal titration calorimetry (ITC). We also show
that the interaction is calcium dependent and identify
a CaM-binding segment in the C-terminal helix of
CRMP-2. Furthermore, CaM binding prevents homo-
tetramerization of CRMP-2, retards calpain-mediated
CRMP-2 proteolysis, and regulates CRMP-2-induced
F-actin process formation.

Materials and methods

Protein purification. Recombinant human CaM and
CRMP-2 were purified as previously described [22,
23]. Protein purity was determined by SDS-PAGE
analysis. Briefly, CaM was expressed using the
pETCM vector in E. coli Rosetta (DE3) cells in LB
medium, and induced with 0.8 mM IPTG overnight at
378C. The bacteria were collected by centrifugation
and resuspended in ice-cold lysis buffer (10 mM
HEPES pH 7.5, 1 mM EDTA, 1 mM NaN3, 10 mM
DTT, 10 mg/ml DNase I), and the cells were disrupted
by sonication. The sample was centrifuged (20 000 g,
15 min, 48C), heated at 808C for 10 min, CaCl2 (5 mM)
was added to the supernatant, and the sample was

centrifuged again. The supernatant was subjected to
calcium-dependent affinity chromatography on phen-
yl Sepharose followed by gel filtration on a Superdex
75 16/60 column in 50 mM HEPES pH 7.5, 150 mM
NaCl, 4 mM CaCl2. The His-tagged human CRMP-2
(residues 1 – 490) was purified by immobilized metal
affinity chromatography and gel filtration as previ-
ously described [23, 24]. The peptide (HPLC, >95 %
purity) YKRIKARSRLAELRGVPR (residues 479 –
496), corresponding to the last helix of the CRMP-2
crystal structure, and one of the two regions identified
as putative CaM binding sites by the CaM target
database [21], was purchased from Genscript.

CaM affinity capture and elution. CaM affinity
capture and elution were performed as previously
described [18]. Rat brain lysates and recombinant
proteins were premixed with CaM agarose (Sigma) in
TBS (20 mM Tris-HCl pH 7.4 and 150 mM NaCl). A
negative control was also prepared using lysis buffer
with CaM-agarose. After premixing the lysate with
CaM agarose, 10 mM CaCl2 was added, and the
reacting mixture was incubated for 90 min at room
temperature. The CaM-agarose-bound CaMBPs were
collected by centrifugation, washed eight times with
TBS with 1 mM CaCl2, and eluted from the resin in
TBS containing 15 mM EDTA. Purified CaMBPs
were concentrated with a Millipore YM-10 filter unit
(Millipore), suspended in sample buffer (Invitrogen),
resolved by 10 – 20 % SDS-PAGE, and visualized by
Coomassie blue (Bio-Rad R250) staining.

Capillary reversed-phase tandem mass spectrometry-
based protein identification. Capillary reversed phase
liquid chromatography (RPLC) tandem mass spec-
trometry (MS/MS) protein identification was per-
formed as described previously [18]. Briefly, Coomas-
sie brilliant blue-stained bands were excised and
submitted to in-gel digestion. Sample digests (2 ml)
were loaded via an autosampler onto an RP capillary
column at 1.5 ml/min. Peptide elution was performed
by linear gradient: 5– 60 % methanol in 0.4% acetic
acid over 30 min at 500 nl/min. MS/MS spectra were
collected in data-dependent mode (three most intense
peaks) on a Thermo Electron LCQ Deca XP plus ion
trap mass spectrometer. MS/MS spectra were
searched against a National Center for Biotechnology
Information (NCBI) rat indexed RefSeq protein
database using SEQUEST. Filtering and sorting was
performed with DTAselect software by peptide num-
ber and SEQUEST cross correlation values. Peptides
filtered and sorted by DTAselect were assigned to
specific protein accession numbers (NCBI).

Cell. Mol. Life Sci. Vol. 66, 2009 Research Article 527



Preparation of biotinylated CaM. Purified bovine or
human brain CaM (Calbiochem) was dialyzed with
PBS using Slide-A-Lyzer MINI Dialysis Units (Pierce,
5-kDa MWCO). The concentration of dialyzed CaM
was determined by the DC protein assay (Bio-Rad).
CaM was then biotinylated using EZ-linkTM, sulfo-
NHS-LC-LC-biotin (Pierce) following the manufac-
turer�s instructions.

CaM-overlay experiments. The recombinant GST-
CRMP-2 (Kinasource, UK), GST (Biovision, USA)
and calcineurin protein (Upstate) were subjected to
SDS-PAGE. Proteins were separated by SDS-PAGE
and electrotransferred onto a PVDF membrane. The
PVDF membranes were blocked with 5 % (w/v)
bovine serum albumin in TBST, containing either
2 mM CaCl2 or 2 mM EDTA. Biotinylated bovine or
human brain CaM was then added (20 ng/ml) and
incubated for another hour. After washing the mem-
branes (four times for 10 min in TBST in the presence
of 2 mM CaCl2 or EDTA), the blots were probed for
1 h with avidin-conjugated alkaline phosphatase in the
presence or absence of Ca2+. After washing, the
positive CaMBP bands were detected using nitroblue
tetrazolium and 5-bromo-4-chloro-3-indolyl phos-
phate.

Surface plasmon resonance. The SPR assays were run
on a Biacore 3000 instrument (Biacore AB, Sweden).
For SPR, His-CRMP-2 was immobilized onto a CM5
chip (GE Healthcare) using standard amine coupling
chemistry. The immobilization buffer was sodium
acetate, pH 4.5, and the running buffer was 50 mM
HEPES pH 7.5, 150 mM NaCl, 4 mM CaCl2. Serial
dilutions of CaM (0 – 650 mM) were prepared in the
running buffer, and duplicate samples at each con-
centration were injected onto the chip for interaction
analysis. The concentration-dependent responses
were then used to estimate Kd for the interaction
using both the protocols in the BIAevaluation soft-
ware and non-linear least squares curve fitting and
Scatchard plots in GraphPad Prism.

Isothermal titration calorimetry. ITC was performed
using the Microcal VP-ITC apparatus. CaM and the
CRMP-2 peptide were extensively dialyzed against
the assay buffer (10 mM HEPES pH 7.5, 100 mM
NaCl, 10 mM CaCl2). The titration was carried out at
308C, and the used concentrations were 72 mM for
CaM and 720 mM for the peptide. Data analysis to
derive thermodynamic parameters was carried out in
Microcal Origin.

Size exclusion chromatography. The effect of CaM
binding to CRMP-2 oligomerization was investigated

with gel filtration chromatography, using a Superdex
200 HR 10/30 column (GE Healthcare) connected to
an �KTApurifier FPLC system (GE Healthcare). The
column was equilibrated with 10 mM HEPES pH 7.5,
100 mM NaCl, 200 mM CaCl2. The flow was 0.5 ml/
min, the injection volume 500 ml, the concentration of
CRMP-2 15 mM, and the concentration of CaM
75 mM. Both proteins were run both separately and
as a mixture. Sample elution was followed by UV
absorbance testing at 280 nm.

Cell lysate collection and preparation. PC-12 cells
were collected and lysed for 90 min at 48C in lysis
buffer (50 mM Tris pH 7.4, 5 mM EDTA, 1% Triton
X-100, 1 mM DTT). The lysates were centrifuged at
10 000 g for 5 min at 48C and then snap-frozen and
stored at –808C until use.

In vitro calpain-1 or -2 digestion of cell lysate or
purified CRMP-2. PC-12 cell lysate was prepared as
above. In vitro digestion of lysate (20 mg) or purified
human CRMP-2 protein was performed with purified
proteases, human erythrocyte calpain-1 and rat re-
combinant calpain-2 (Calbiochem), in a buffer con-
taining 100 mM Tris-HCl (pH 7.4), 20 mM DTT and
1 mM CaCl2, with or without 50 mM W7, at room
temperature for 30 min. Protease reactions were
stopped by the addition of 30 mM calpain inhibitor
(SJA 1670) or a protease inhibitor cocktail solution
(Roche Biochemicals).

Plasmid constructs and transfection. The cDNA of
human CRMP-2 was amplified by PCR from the
IMAGE clone 3870039 using the primers 5�-ACC-ACHTUNGTRENNUNGAGAATTCAGATGTCTTATCAGGGGAAGAAA ACHTUNGTRENNUN-GA-3� and 5�-ATCAGTCGACCTAGCCCAGGCTG-ACHTUNGTRENNUNGGTGATGTT-3�. Primers were purchased from IDT
(Coralville). The PCR products were subcloned into
pAcGFPV1 (Clontech). HEK293 cells were trans-
fected with GFP-hCRMP-2 or GFP vector using
Lipofectamine 2000 (Invitrogen). Stable GFP-
hCRMP-2 expression HEK293 cells were selected
using media containing 400 mg/ml G418.

Immunocytochemistry. F-actin was fluorescently la-
beled with 5 U/ml rhodamine-conjugated phalloidin
for 30 min at room temperature. The cells were
mounted using medium containing 4,6-diamidine-2-
phenylindole (Vector Laboratories). Fluorescence
images were captured with a 20� objective on Zeiss
Axioplan 2 fluorescence microscope with a CCD
camera, and combined using SPOT imaging software
(Diagnostic Instruments).
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Results

Identification of CRMP-2 as a CaMBP. In our
previous studies, we developed a novel CaM affinity
capture method coupled with RPLC-MS/MS to enrich
and identify brain proteins or peptides that have CaM-
binding domains (CaMBDs) [18]. These data suggest-
ed that CRMP-2 might be a novel CaMBP. Here, the
CaM-binding proteome of rat brain was visualized by
Coomassie blue staining (Fig. 1A). Mass spectrometry
was used to identify four peptides of CRMP-2 that
were sequenced by RPLC-MSMS. By comparing
these peptides to the full-length rat CRMP-2 se-
quence, they were found to correspond to residues
238 – 255, 258 –270, 440 – 452, and 470 – 481 of the
CRMP-2 sequence (underlined in Fig. 1A). The over-
all sequence coverage of CRMP-2 identified by
RPLC-MS/MS was 9.6%. Moreover, the peptides
258 – 270 and 470 –481 were found twice.
To confirm that CRMP-2 is a calcium-dependent
CaMBP, a rat brain lysate was subjected to CaM
affinity purification in the presence of calcium,
followed by EDTA elution. Both the EDTA eluate
and the Ca2+ flow through were probed with a CRMP-
2 antibody (Fig. 1B). The detection of CRMP-2 in the
CaM-agarose elution with EDTA, however, does not
exclude the possibility that CRMP-2 was isolated
because of indirect association with other CaMBPs.
Hence, recombinant GST-CRMP-2 and a negative
control, GST, were analyzed using a CaM affinity
column. GST-CRMP-2 was also found to bind to and
elute from the CaM affinity column, demonstrating
that the interaction between the two proteins is both
direct and calcium dependent (Fig. 1C). We also
performed a biotinylated CaM-overlay experiment
with recombinant GST-CRMP-2, GSTand calcineurin
on a PVDF membrane in either the presence or
absence of Ca2+. In the presence of Ca2+, biotinylated
CaM binds to calcineurin and GST-CRMP-2, but not
to GST. However, in the absence of Ca2+, no CaM
binding was observed (Fig. 1D). Therefore, CaM
binds to CRMP-2 directly and specifically in a Ca2+-
dependent manner.

Analysis of the CRMP-2–CaM interaction by SPR
and ITC. An analysis of the interaction was carried out
by SPR, with purified His-tagged CRMP-2 (residues
1 – 490) immobilized on a CM5 chip. The binding was
then analyzed by injecting CaM over the coated
surface at different concentrations (Fig. 2A – C), and
an apparent Kd value was estimated to be 75 mM.
When compared to the Kd values of most other CaM
ligands, the relatively low affinity observed may be
due to the fact that one of the binding partners,
CRMP-2, was covalently immobilized in the experi-

ment. The interaction of CaM with its ligands gen-
erally involves large-scale conformational changes
and these could have been affected by immobilization.
To analyze the putative direct binding of the peptide
representing the last helix of CRMP-2 (residues 479 –
496) to CaM, an ITC experiment was carried out
(Fig. 2D). The affinity was found to be approximately
five times higher than the outcome from SPR, and
binding enthalpy and entropy were both favorable
(Table 1). Nevertheless, the affinity is lower than for
many other CaM ligand peptides, and in many cases of
canonical CaM-peptide recognition involving CaM
collapse, binding enthalpy is much more favorable.
Our recent study on the interaction between CaM and
a peptide from the myelin basic protein (MBP)
indicated similar energetics to those observed here.
The Kd for the MBP peptide was also in the micro-
molar range and both enthalpy and entropy were
favorable. This may indicate that CaM does not

Figure 1. Collapsin response-mediator protein-2 (CRMP-2) is a
calmodulin-binding protein (CaMBP). (A) Identification of
CRMP-2 as a putative CaMBP by tandem mass spectrometry
(MS/MS). The rat brain CaM-binding proteome was visualized by
Coomassie blue staining. Each visible band was excised, in-gel
digested and analyzed by RPLC-MS/MS. The position of the
CRMP-2 band, matching the peptide sequences, is boxed. The
identified CRMP-2 peptides are underlined. (B) Immunoblot of
CRMP-2 as a putative CaMBP from rat brain lysate. CaM-agarose
flow through and eluate from a rat brain lysate were separated by
SDS-PAGE and analyzed by immunoblot for CRMP-2. (C)
Immunoblot of CaM agarose elution of recombinant GST-
CRMP-2 and GST. The same amount of recombinant GST-
CRMP-2 and GST (2 mg) was run through the CaM-agarose
column and eluted by EDTA. The eluates were separated by SDS-
PAGE and probed with an anti-GST antibody. (D) CaM-overlay
experiments with recombinant GST, GST-CRMP-2 and calcineur-
in. Equal amounts of recombinant GST-CRMP-2, GSTand bovine
brain calcineurin were analyzed by Western blotting, and probed
with 20 ng/ml biotinylated bovine CaM, in the presence of 2 mM
CaCl2 or 2 mM EDTA.
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collapse around the CRMP-2 peptide, but may stay in
an open conformation similar to that seen for the
CaM-MBP peptide complex [22].

CaM binding prevents CRMP-2 homotetrameriza-
tion. The potential complex between CaM and
CRMP-2 was investigated using size exclusion chro-
matography in the presence of CaCl2. In the absence
of CaM, CRMP-2 elutes as two peaks [10, 25]
corresponding to the tetrameric and monomeric states

(Fig. 3). Due to its elongated form, CaM always elutes
at an apparent molecular mass of 30 kDa. In the
sample containing both proteins, the tetramer peak of
CRMP-2 is nearly completely lost, and the monomer
peak shifts towards a higher molecular weight, indi-
cating that CaM binds to monomeric CRMP-2, and
that its binding prevents CRMP-2 homotetramer
formation.

The location of the CaM-binding site in the 3D
structure of CRMP-2. The CaM target database [21]
suggests two possible binding sites for CaM; one is
located between residues 258 and 275, and the other
between residues 475 and 493 (Fig. 4). The first
putative CaM-binding site only shows weak homology
with other CaM-binding motifs (data not shown) and
forms an integral part of the CRMP-2 fold. On the
other hand, the C-terminal putative CaM-binding
helix is homologous to binding sites in other known
CaMBPs, such as CaM-dependent protein kinases and
MBP (Fig. 4A). In particular, a �1 – 10� motif of
conserved large hydrophobic residues is found,
flanked by a cluster of basic residues at the N terminus
of the binding site. Within the CRMP protein family,
composed of five isoforms in humans, CRMP-1, -3,

Figure 2. Analysis of CRMP-2
and CaM interaction by surface
plasmon resonance (SPR) and
isothermal titration calorimetry
(ITC). (A) The sensorgrams for
injecting various concentrations
of CaM over the immobilized
recombinant human CRMP-2
(residues 1–490). Duplicate sam-
ples are shown. The concentra-
tions are (from highest to lowest
response, respectively): 650, 260,
130, 65, 26, 13, and 0 mM. (B)
Plotting of the responses against
CaM concentration. Duplicate
samples are shown, but the val-
ues for duplicates are essentially
identical. (C) Scatchard plot of
the binding data. The points fit
perfectly on a straight line, indi-
cating a single binding event. (D)
Calorimetric analysis of the bind-
ing of CaM to the putative bind-
ing site on CRMP-2. Top: The
peptide (residues 479–496) was
injected into a solution of CaM.
Bottom: After integrating the
peak area for each injection, the
binding isotherm was used to
obtain thermodynamic parame-
ters for the interaction.

Table 1. Characterization of the collapsin response-mediator
protein-2 interaction with calmodulin by surface plasmon reso-
nance (SPR) and isothermal titration calorimetry (ITC).

SPR

Kd (mM) 75 � 0.05

ITC

n 0.81 � 0.01

Ka (M-1) 5.8 x 104 � 2.9 x 103

Kd (mM) 17 � 0.9

DH (kcal/mol) -2.8 � 0.05

-TDS (kcal/mol) -3.8

DG (kcal/mol) -6.6
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and -4 share a region homologous to the proposed
CaM-binding site of CRMP-2. On the other hand,
CRMP-5 and the catalytically active, but structurally
related, DHP lack any significant homology at this
position (data not shown).
Structurally, CRMP-2 can be divided into two distinct
regions: the folded domain between residues 1 and
490, with a calculated pI of 5.4, and the C-terminal tail,
between residues 491 and 572, with a calculated pI of
10.9 and predicted to be structurally disordered. Thus,
the disordered basic C-terminal tail could also be
involved in interactions with the highly acidic CaM
molecule (Fig. 4B). In this respect, it is interesting to
note that CaM target proteins often have disordered
regions near or at the CaMBD prior to binding [24]
and that many intrinsically unfolded proteins, such as
MBP [22, 25], have been characterized as CaMBPs.
At the tetramer level, the C-terminal CaMBDs of the
CRMP-2 monomers point outwards from a groove at
an intermolecular contact (Fig. 4B). An analysis of the
electrostatic environment suggests that each CaMBD is
surrounded by an overall positive charge potential in
the tetramer. Furthermore, nearly all surface arginine
residues of CRMP-2 are clustered in 3D space around
the CaMBD, possibly playing a role in CaM recogni-
tion. Thus, it can be envisaged that upon CaM binding,
conformational changes may occur, which in turn
dissociate the CRMP-2 homodimers (Fig. 4C).

CaM binding attenuates calpain-mediated CRMP-2
proteolysis. Our previous studies showed that calpain
mediates CRMP-2 truncation within the C-terminal
residues 499 – 550 in traumatic brain injury and
excitotoxic neural injury [7]. Interestingly, CaMBD-
2 overlaps with the C-terminal C2 domain (residues
486 – 533), which is close to the calpain cleavage sites
(Fig. 5A). This suggests that CaM binding might affect
proteolysis of CRMP-2.

Figure 3. Size exclusion chromatography analysis of CRMP-2 and
CaM interaction. Gel filtration of recombinant human CRMP-2 in
the presence and absence of CaM was performed in the presence of
200 mM CaCl2. The elution profiles of CRMP-2 (thick gray line),
CaM (thin black line), and the CRMP-2-CaM complex (thick black
line) are shown. The absorbance at 280 nm is shown in milli-
absorbance units. The elution volumes for molecular weight
standards (in kDa) are shown at the top of the graph.

Figure 4. The putative CaM-binding site of CRMP-2 in the context
of the 3D structure of CRMP-2. (A) A sequence alignment of the
used CRMP-2 peptide with known CaM ligands. Basic and
hydrophobic residues are highlighted in red and green, respective-
ly, and the conserved hydrophobic positions in the �1–10� mode are
indicated by asterisks. The sequences are from the CaM-binding
domains of CaM-dependent protein kinase II (CaMKII), DAPK-
related protein 1 (DRP-1), death-associated protein kinase
(DAPK), and myelin basic protein (MBP). (B) The location of
the CaM-binding domain (CaMBD) peptide sequence in the 3D
structure of CRMP-2 (PDB entry 2GSE). On the left, only a
monomer form is shown. The helices are in cyan, sheets in magenta,
the first potential CaMBD (residues 258–275) in green, and the C-
terminal CaMBD helix in orange. For the tetramer (right), the
coloring of the CaMBDs is the same as in the left panel, while the
rest of the tetramer is colored gray for clarity. The first CaMBD is
located in the central lumen of the tetramer, while the C-terminal
helices point outwards from the surface. (C) Surface representation
of tetrameric CRMP-2. The top and bottom views are related by a
rotation of 908 about the x axis. On the left, the molecular surface of
the four monomers is color-coded according to polypeptide chain,
and the C-terminal helix is indicated by orange. All arginine
residues are colored blue. On the right, the solvent-accessible
surface is colored based on electrostatics (red, -2 kT/e – blue, +2
kT/e), calculated using APBS.
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To assess the effect of CaM binding on CRMP-2
proteolysis by calpain in vitro, we compared the
cleavage efficiency of calpains towards CRMP-2 with
and without CaM. Purified GST-CRMP-2 was treated
with either calpain-1 or calpain-2 in the presence or
absence of CaM. The addition of CaM to GST-CRMP-
2 significantly attenuated CRMP-2 proteolysis as
noted by the decrease in the level of the CRMP-2
breakdown product (CRMP-2-BDP) in both the
calpain-1 and calpain-2 treatments (Fig. 5B).

To further examine the effect of endogenous CaM
binding on the proteolysis of CRMP-2, PC-12 cell
lysates was used as a model since it contains high levels
of endogenous CaM. We treated PC-12 cell lysates
with calpain-1 or calpain-2, with or without the CaM
antagonist W7 that dissociates endogenous CaM from
CaMBPs. The W7-treated samples exhibited higher
levels of CRMP-2 BDP when compared to the un-
treated cells (Fig. 5C). Similar data were obtained
with another CaM antagonist, calmidazolium (5 mM,
data not shown). This indicated that CaM antagonism

Figure 5. CaM retards calpain-mediated CRMP-2 proteolysis in vitro. (A) Schematic diagram of CaMBDs and calpain cleavage sites in
CRMP-2. As indicated, the boxed CaMBD (475–493) is close to the phosphorylation and calpain cleavage sites. (B) CaM attenuates
calpain-mediated CRMP-2 proteolysis. Recombinant full-length GST-CRMP-2 protein (1 mg) was incubated with calpain-1 or -2 and Ca2+

in the presence or absence of CaM (10 mM). The top panel is a representative Western blot of CRMP-2 and CRMP-2 breakdown product
(BDP). The bottom panel shows the densitometric analysis of CRMP-2 BDP on immunoblots under different conditions. Values were
mean� SEM, n=4. (C) Calpain mediated CRMP-2 proteolysis in cell lysates is enhanced by CaM antagonists in vitro. A PC-12 cell lysate
(20 mg protein) was incubated with calpain-1 or -2 in the presence of the CaM antagonist W7 or the calpain inhibitor SJA-6017 (30 mM), and
analyzed by Western blotting with anti-CRMP-2 (C4G).
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enhances CRMP-2 proteolysis by calpain-1 and -2 in
vitro. Altogether, these results demonstrate that CaM
binding protects CRMP-2 against calpain-mediated
proteolysis.

CaM regulates CRMP-2 mediated process formation.
Many known CaMBPs, such as CaMKII, GAP43 and
MARCKS, have been found to interact with actin and
modulate the formation of processes and microspikes
by CaM [26 – 28]. Previous studies showed that full-
length CRMP-2 is co-localized with F-actin [29 – 31],
and one member of the CRMP family, CRMP-4,
served as an F-actin-bundling protein [32]. Therefore,
we suspected that CaM may modulate CRMP-2-
mediated process formation. It has been shown that
overexpressing CRMP-2 in hippocampal neurons
induces axon formation [33]. To study this process,
HEK293 cells overexpressing the full-length GFP-
CRMP-2 fusion protein were used as a model (Fig. 6).
As a control, GFP was overexpressed in HEK293
cells. The GFP-CRMP-2-overexpressing HEK293
cells were found to have longer rhodamine-phalloi-
din-stained processes, when compared to GFP-over-
expressing cells (Fig. 6). After 30-min incubation with
a CaM antagonist, W7 or calmidazolium (not shown),
cells with longer processes were dramatically reduced
(Fig. 6). In GFP-overexpressing HEK293 cells, W7

also reduced basal processes, possibly via inhibition of
other endogenous CaMBPs that interact with F-actin.
We also studied the effects of the CaM antagonists in
the presence of LiCl, a GSK3b inhibitor. GSK3b has
been implicated in axonal/neurite formation. Inhib-
ition of GSK3b affects dephosphorylation of CRMP-
2, thus resulting in axon elongation [34]. LiCl treat-
ment alone appears to slightly enhance long filopodial
formation. However, the application of LiCl did not
prevent the retraction of long processes induced by
the CaM antagonists W7 (Fig. 6C) and calmidazolium
(data not shown). Taken together, our data suggest
that CaM regulates CRMP-2-mediated process for-
mation, independently of the GSK3b pathway.

Discussion

In this study, we have shown that CRMP-2 binds to
CaM directly in a Ca2+-dependent manner (Figs 1, 2).
There are two predicted CaMBDs in CRMP-2:
CaMBD-1 (residues 258 – 275) and CaMBD-2 (resi-
dues 475 –493). The C-terminal CRMP-2 is a stronger
candidate CaM-binding target, as this region is rich in
basic and hydrophobic residues, and since CaMBD-1
is an integral part of the TIM barrel fold of CRMP-2,
located on the inside of the tetramer. A helical wheel

Figure 6. CaM antagonist indu-
ces process retraction in CRMP-
2-overexpressing HEK293 cells.
HEK293 cells with overex-
pressed GFP (A) or GFP-
CRMP-2 (B) were treated with
CaM antagonist W7 (10 mM),
LiCl (5 mM) or both. GFP fluo-
rescence was imaged (green),
and F-actin was stained by rhod-
amine-phalloidin (red). Yellow
color in merged photographs cor-
responds to the colocalization of
CRMP-2 and F-actin. Arrows
indicate the CRMP-2-induced
F-actin-enriched processes.
Scale bar = 20 mM. (C) Quanti-
fication of cells with at least one
process greater than half the
diameter of the cell body follow-
ing various treatments. For each
experiment, 50 cells per slide
were randomly measured. The
values shown are the mean of
three independent experiments.
Error bars represent SEM. Sig-
nificant differences between the
different treatments between
two groups were analyzed by
Student�s t-test.
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projection of CaMBD-2 shows that this region can
form an appropriate amphiphilic helix with the
characteristic hydrophobic amino acid residues
(Phe475, Ala 484, Leu488 and Leu491) on one face,
and, on the other, a cluster of charged amino acid
residues (data not shown). This is in agreement with
previous studies showing that the C-terminal CaM-
binding sequence forms a basic amphiphilic a-helix
[23]. Thus, CaM most likely binds to CRMP-2 through
the CaMBD-2 (Fig. 4). In this study, we have also
shown that the peptide representing this helix bound
directly to CaM with an affinity in the micromolar
range.
CRMP-2 has recently been shown to exist in both
monomeric and homotetrameric forms [10]. Here, gel
filtration experiments showed that CaM binds only to
monomeric CRMP-2, and that CaM binding inhibits
the formation of the homotetrametric assembly
(Fig. 3). It is possible that the tetrameric form of
CRMP-2 has different subcellular localizations and/or
binding partners; in such a case, CaM could be a
regulator of such processes. Clearly, this area needs to
be further investigated.
The C-terminal CaMBD of CRMP-2 is very close to
the calpain cleavage site, suggesting that CaM binding
might affect proteolysis [7, 35]. We have shown here
for the first time that CaM protects CRMP-2 against
calpain cleavage (Fig. 5). We interpret this effect to be
a direct consequence of CaM binding to the corre-
sponding domain of the CRMP-2 CaMBD (residues
475 – 493), thus preventing access to the adjacent
calpain cleavage site. As a Ca2+ sensor, CaM binds to
numerous different CaMBPs, resulting in specific
intracellular responses to the Ca2+ signal. For exam-
ple, CaM binding to the plasma membrane Ca2+-
ATPase and GAP43 leads to inhibition of calpain-
mediated cleavage at several sites located within the
CaMBD of these proteins [15]. In other cases, CaM
either accelerated the proteolysis by calpain (brain
spectrin, calponin and calcineurin) or changed the
pattern of cleavage (myosin, myosin light chain
kinase) [36 – 39]. Furthermore, studies have demon-
strated that CaM binding to the N-methyl-D-aspar-
tate receptor (NMDAR) subunit 1 facilitates calpain-
mediated inactivation of NMDAR, which, in turn,
serves as a negative feedback regulator to fine tune
Ca2+ influx after injury [28, 40]. Since previous studies
have shown that proteolysis of CRMP-2 also occurs in
ischemia and TBI [7, 35], it is possible that CaM
binding to CRMP-2 also prevents its degradation and
stabilizes growth cone structure in a negative feed-
back loop to fine tune the response to injury in vivo.
It has been established that the actual extension of an
axon occurs at its distal tip, the growth cone. The
peripheral and central domains of the growth cone are

composed of two F-actin-based structures, filopodia
and lamellipodia [41]. These actin-rich structures
contribute to the force necessary for the forward
extension of the growth cone. It is, therefore, impor-
tant to understand how actin dynamics are regulated,
and this could provide key insights into how axonal
regeneration may be promoted. Several studies have
suggested that CRMP-2 interacts with actin, and the
C terminus of the protein is essential for the inter-
action [29]. Our data suggest that CRMP-2 co-local-
izes with F-actin, and the application of CaM antag-
onists reduced the number and length of F-actin
processes induced by CRMP-2 overexpression
(Fig. 6). We used two different CaM inhibitors (W7
and calmidazolium) in this study, and obtained similar
results. However, CaM affects many different path-
ways in the cell, and the effects observed here could be
partially mediated by other CaMBPs. Thus, further
physiological interaction experiments with CRMP-2
mutants disabling CaM interaction, peptide competi-
tion, CRMP-2 mutations in calpain binding sites or
CaM overexpression may provide more direct evi-
dence.
Taken together, our data show that CRMP-2 may be
regulated by CaM in at least three ways: (i) CaM
inhibits the CRMP-2 homotetrameric assembly, (ii)
CaM retards the calpain-mediated CRMP-2 proteol-
ysis, and (iii) CaM might facilitate CRMP-2 mediated
process growth. Our proposed working model is that,
under physiological Ca2+ signaling conditions, CaM
may facilitate CRMP-2 and F-actin interaction, pro-
moting growth cone formation and neurite outgrowth.
However, if neurons experience initiation of Ca2+

overload (e. g., in neurotoxic challenge), CaM pro-
tects CRMP-2 against calpain-mediated proteolysis
and neuronal damage. To go a step further, a recent
study suggested that CRMP-2 fragments themselves
might be neurotoxic [42, 43]. Thus, by reducing
CRMP-2 proteolysis, there may be additional neuro-
protective effects. Finally, understanding the signaling
mechanisms of Ca2+/CaM and CRMP-2 in cytoskele-
tal dynamics at the molecular level may open up
possibilities of developing novel strategies to alleviate
cell death and promote axon regeneration in vivo.
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