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Background: Post-translational modifications of CRMP2 protein direct its regulation of effector proteins.

Results: Destruction of a CRMP2 SUMOylation site reduces surface expression and current density of sodium channel NaV1.7.
Conclusion: CRMP2 SUMOylation choreographs NaV1.7, but not NaV1.1 or NaV1.3, trafficking.

Significance: Learning how neuronal NaV1.7 trafficking is modulated by CRMP2 is important for understanding the mecha-
nism of action of NaV-targeted anti-epileptic and anti-nociceptive drugs.

Voltage-gated sodium channel (NaV) trafficking is incom-
pletely understood. Post-translational modifications of NaVs
and/or auxiliary subunits and protein-protein interactions have
been posited as NaV-trafficking mechanisms. Here, we tested if
modification of the axonal collapsin response mediator protein
2 (CRMP2) by a small ubiquitin-like modifier (SUMO) could
affect NaV trafficking; CRMP2 alters the extent of NaV slow
inactivation conferred by the anti-epileptic (R)-lacosamide,
implying NaV-CRMP2 functional coupling. Expression of a
CRMP2 SUMOylation-incompetent mutant (CRMP2-K374A)
in neuronal model catecholamine A differentiated (CAD) cells
did not alter lacosamide-induced NaV slow inactivation com-
pared with CAD cells expressing wild type CRMP2. Like wild
type CRMP2, CRMP2-K374A expressed robustly in CAD cells.
Neurite outgrowth, a canonical CRMP2 function, was moder-
ately reduced by the mutation but was still significantly higher
than enhanced GFP-transfected cortical neurons. Notably,
huwentoxin-IV-sensitive NaV1.7 currents, which predominate
in CAD cells, were significantly reduced in CAD cells expressing
CRMP2-K374A. Increasing deSUMOylation with sentrin/
SUMO-specific protease SENP1 or SENP2 in wild type CRMP2-
expressing CAD cells decreased NaV1.7 currents. Consistent
with a reduction in current density, biotinylation revealed a sig-
nificant reduction in surface NaV1.7 levels in CAD cells express-
ing CRMP2-K374A; surface NaV1.7 expression was also
decreased by SENP1 + SENP2 overexpression. Currents in
HEK293 cells stably expressing NaV1.7 were reduced by
CRMP2-K374A in a manner dependent on the E2-conjugating
enzyme Ubc9. No decrement in current density was observed in
HEK293 cells co-expressing CRMP2-K374A and NaVl.l or
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NaV1.3. Diminution of sodium currents, largely NaV1.7, was
recapitulated in sensory neurons expressing CRMP2-K374A.
Our study elucidates a novel regulatory mechanism that utilizes
CRMP2 SUMOylation to choreograph NaV1.7 trafficking.

Collapsin response mediator protein 2 (CRMP2)? specifies
axon/dendrite fate and axonal outgrowth (1). Mapping the
CRMP2 interactome has unraveled novel targets that enable it
to subserve roles in regulation of microtubule dynamics, pro-
tein endocytosis, vesicle recycling, and synaptic assembly
within neurons (2). Trafficking of ligand- and voltage-gated cal-
cium channels has been recently demonstrated as an additional
role for CRMP2 (3-6). In addition to protein targets, CRMP2 is
the presumptive secondary target of the anti-epileptic drug
(R)-lacosamide ((2R)-2-(acetylamino)-N-benzyl-3-methoxy-
propanamide; LCM), which has its primary action on voltage-
gated sodium channels (VGSCs) (7, 8). By stabilizing sodium
channels in the slow-inactivated state, LCM is believed to
reduce the pathological activity of hyperexcitable neurons typ-
ified by prolonged depolarizations, without affecting normal
physiological activity (7). We have shown that mutations within
putative LCM-binding pockets in CRMP2 reduce LCM-in-
duced shifts in slow inactivation of sodium channels compared
with channels in the neuronal model CAD cells expressing wild
type CRMP2 (9). Our data have also demonstrated CRMP2
labeling by fluorescent analogs of LCM that could be competi-
tively displaced by excess LCM in rat brain lysates, implying
binding of LCM to CRMP2 (9). In contrast to our findings,
radiolabeled LCM was not found to bind to lysates from
CRMP2-injected oocytes (10). Additionally, CRMP2 was
shown to not interact with NaV (9). Thus, the exact mechanism

3 The abbreviations used are: CRMP2, collapsin response mediator protein 2;
B2, B2 subunit of voltage-gated sodium channels; CAD, catecholamine A
differentiated; CRMP2,, 5 CRMP2 mutant with lysine 374, methionine 375,
and aspartate 376 mutated to alanines; CRMP2-K374A; CRMP2 mutant
with lysine 374 mutated to alanine; DIV, days in vitro; DRG, dorsal root
ganglion; EGFP, enhanced green fluorescent protein; LCM, lacosamide;
NaV1.x, voltage-gated sodium channel isoform 1.x; NDSM, negatively
charged SUMOylation motif; SENP, sentrin/SUMO-specific protease;
SUMO, small ubiquitin-like modifier; ANOVA, analysis of variance; VGSC,
voltage-gated sodium channel; pF, picofarad.
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by which CRMP2 modulates LCM-induced slow inactivation of
sodium channels remains unclear. CRMP2 modulation of volt-
age-gated sodium channels may be predicated on involvement
of a tertiary protein or modification of either protein.

Our laboratory is interested in delineating the mechanisms
by which CRMP2 is directed to its many effectors and how it
regulates their functions. Previous studies have implicated
post-translational modifications, particularly phosphorylation,
in directing CRMP2 interactions and regulating the function of
the partner proteins. For instance, phosphorylation by cyclin-
dependent kinase 5 (Cdk5) enhances interaction between
CRMP2 and voltage-gated calcium channels to modulate cal-
cium influx (11). Phosphorylation by glycogen synthase kinase
3B or Rho-associated protein kinase (ROCK) lowers the capa-
bility of CRMP2 to bind to tubulin heterodimers leading to
microtubule destabilization, culminating in axon retraction/
growth cone collapse (12—-14). Oxidation of CRMP2 has been
shown to link the redox protein thioredoxin to regulation of
CRMP2 phosphorylation and semaphorin 3A-induced growth
cone collapse (15). Proteolysis of CRMP2 by calpains has also
been reported and is believed to contribute to neurodegenera-
tion and cell death (5, 16). In addition to these modifications, we
recently reported that CRMP2 is subject to a novel modifica-
tion, the small ubiquitin-like modifier (SUMO) (17).

SUMOylation is a covalent, reversible modification that
can add one of three ~11-kDa SUMO proteins to lysines
within target proteins. As with ubiquitination, a cascade of
three enzymes, El-activating, E2-conjugating, and E3-ligase,
produce an isopeptide bond between the C-terminal glycine of
SUMO1-3 and an e-amino group of a target lysine within a
SUMO motif on the acceptor protein (18). A typical SUMO
motif is characterized by a large hydrophobic amino acid (i)
preceding a target lysine followed by a negatively charged
amino acid two sites downstream (YKX(E/D)) (18 —20). The E2
enzyme Ubc9 may conjugate one or more of the three verte-
brate SUMO proteins to a SUMO motif (21), whereas the sen-
trin/SUMO-specific protease (SENP) 1 and SENP2 removes
SUMOs, thus reversing the modification (22). SUMOylation
has been implicated in modulation of several ion channels and
receptors, including inactivation of voltage-gated potassium
channels Kv1.5 (23), activation of Kv2.1 (24), activity of two-
pore domain potassium leak channel K2P1 (25, 26), and endo-
cytosis of glutamate receptor isoform 6 (GluR6) (27). Gluta-
mate receptor isoforms GluR7 and metabotropic GIuR
(mGluRs)-2, -4, -6, -7a, and -7b have also been shown to be
targets of SUMOylation (28).

Based on our findings that CRMP2 expression can alter the
action of a modulator (i.e. LCM) of VGSCs (9, 29), we postu-
lated that CRMP2 modification by SUMOylation might modu-
late the effect of CRMP2 on VGSCs. We tested this hypothesis
by examining sodium currents in CAD cells expressing a
mutant CRMP2, wherein the SUMO-targeted lysine 374 in
CRMP2 was mutated to alanine (CRMP2-K374A) or all three
residues of the SUMO consensus motif were mutated to ala-
nines (CRMP2, 4 o). The CRMP2 SUMO-incompetent mutant
expressed robustly and remained functional and able to pro-
mote neurite outgrowth. Remarkably, whereas LCM-induced
enhancement in slow inactivation was unchanged in CAD cells
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expressing CRMP2-K374A, their current density, carried via
huwentoxin-IV-sensitive NaV1.7 channels, was significantly
decreased. Biotinylation experiments confirmed the loss of sur-
face NaV1.7. The effects of CRMP2-K374A expression on cur-
rent density were recapitulated in a heterologous cell line
expressing NaV1.7. In contrast, the current densities of NaV1.1
or NaV1.3 were unaffected by CRMP2-K374A expression.
Notably, CRMP2-K374A expression reduced sodium currents
in nociceptive neurons that express high levels of NaV1.7 (30).
Thus, our results identify SUMOylation of CRMP2 as a novel
mechanism for the modulation of NaV1.7 trafficking.

EXPERIMENTAL PROCEDURES

Plasmids and Antibodies—The following plasmids were
from Addgene (Cambridge, MA): HA-SUMO-1, HA-SUMO-2,
HA-SUMO-3, HA-Ubc9, FLAG-SENP1, and FLAG-SENP2.
Mutations in mouse CRMP2 c¢cDNA (Mus musculus,
GenBank™ accession number NM_009955.3) were intro-
duced by QuikChange II XL (Agilent Technologies, Santa
Clara, CA) (11) and cloned into FLAG epitope containing
pCDNAS3.1 plasmid. The introduced alanine mutations were
verified by DNA sequencing. Although typically arginine muta-
tions have been used to investigate putative SUMOylation sta-
tus of proteins, this is not always the case as illustrated by a
study wherein the Lys to Arg mutation in the potassium leak
channel K2P1 failed to increase potassium currents (31). For
this reason and additional ones described under “Results,” we
chose to mutate the lysine residue to an alanine. A polyclonal
FLAG epitope antibody and a monoclonal 3-tubulin antibody
were purchased from Sigma; the monoclonal NaV1.7 was from
NeuroMab (Davis, CA), and the polyclonal pan-NaV antibody
was from Alomone Laboratories (Jerusalem, Israel).

Primary Cortical Neuron Cultures, Transfection, and Neurite
Outgrowth Analyses—Embryonic day 19 cortical neurons were
prepared exactly as described (5). Briefly, cortices were dis-
sected, and cells suspensions were plated onto poly-p-lysine-
coated 96-well plates. Cells were grown in Neurobasal medium
containing 2% NuSerum, 5% NS21, supplemented with penicil-
lin/streptomycin (100 units/ml; 50 ug/ml), 0.1 mMm L-glutamine,
and 0.4 mm L-GlutaMAX (Invitrogen). Forty eight hours after
plating, cells were fed with media containing 5-fluoro-2’-de-
oxyuridine (1.5 ug/ml) (Sigma) to reduce the number of non-
neuronal cells. At DIV4, cells were transfected with either
EGFP, wild type CRMP2, or CRMP2-K374A + 10% EGEFP via
Lipofectamine 2000 (Invitrogen). Transfections were allowed
to proceed for ~3 h. At DIV6, cells were fixed with 4% parafor-
maldehyde (Sigma) and imaged using the ImageXpress Micro
Widefield High Content Screening System (Molecular
Devices). Multiple parameters involved in neurite outgrowth
were examined via the neurite outgrowth application module
within the MetA Xpress software. This analysis combines the
following measurements: number of primary neurites, number
of branches, mean process length, and maximum process
length to determine a summary of total outgrowth per cell.

Culturing CAD Cells and Transfection—The neuronally
derived CAD cells were grown at 37 °C and in 5% CO, as
described previously (9, 32, 33). CAD cells were transfected
with 1 ug/ul of polyethyleneimine (Sigma) (34) and 2 ug of
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CRMP2, CRMP2-K374A, SUMO1-3, Ubc9, or SENP1/2
c¢DNAs plus EGFP plasmid (0.2 ng). Under these conditions,
transfection efficiencies of ~85-90% were routinely observed
along with ~5% cell death. Twenty four hours after transfec-
tion, cells were plated on 12-mm glass coverslips (Electron
Microscopy Sciences, Hatfield, PA) coated with laminin (VWR,
Randor, PA). Experiments were performed 48 —72 h after trans-
fection. Efficiency of CAD cell transfection was >80% with this
method. Huwentoxin-IV (Alomone Laboratories) was used to
isolate NaV1.7 currents in CAD cells. The toxin was used at 125
nMm, ~5 times the IC,,, for NaV1.7 (35); at this concentration it
does not block NaV1.1 or NaV.1.3, which account for less than
8% of the NaV mRNA in CAD cells (32).

Culturing Human Embryonic Kidney 293 (HEK293) Cells
Expressing NaV1.1, NaV1.3, and NaV1.7 and Transfection—
These cell lines were obtained from Dr. Theodore R. Cummins
(Indiana University School of Medicine). The cDNA gene
encoding NaV1.1 was codon-optimized and synthesized using
the open reading frame (GenBank™ accession number
NC_000002.11) and subcloned into the vector pTarget. The
c¢DNA genes encoding NaV1.3 from rat and NaV1.7 from
human were subcloned into the vector pcDNA3.1-mod. The
constructs were then transfected into HEK293 cells using the
calcium phosphate precipitation technique. After 48 h, the cells
were passaged into 100-mm dishes and treated with G418
(geneticin, Invitrogen) at 800 ug/ml to select for neomycin-
resistant cells. After 2 weeks, colonies were picked and split.
The colonies were then tested for channel expression with the
whole cell patch clamp technique. The cell line was then main-
tained with 500 wg/ml G418. NaV1.1 (36), NaV1.3 (37), and
NaV1.7 (38) stable cells were grown under standard tissue cul-
ture conditions (5% CO, at 37 °C) in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum.
HEK293 cell transfections were preformed exactly as described
above for CAD cells.

Culturing Primary Dorsal Root Ganglion (DRG) Neurons and
Transfection—DRG neurons were isolated from 150 to 174 g
female Sprague-Dawley rats using procedures developed previ-
ously (39 —41). Isolated DRG neurons (~1.5 X 10°) were trans-
fected with 0.5 pug of EGFP and 1.5 ug of wild type CRMP2 or
CRMP2-374A cDNA using the rat neuron Nucleofector™
solution (program O-003; Amaxa Biosystems, Lonza Cologne,
Germany) and plated on a 12-mm BD BioCoat™" poly-p-ly-
sine/laminin-coated glass coverslips (BD Biosciences) and
maintained at 37 °C and 3% CO, in DMEM supplemented with
nerve growth factor (30 ng/ml) (42, 43). Under these condi-
tions, transfection efficiencies of ~20-25% were routinely
observed along with ~10-15% cell death.

Patch Clamp Electrophysiology—Whole cell voltage clamp
recordings were performed at room temperature on CAD,
HEK293, or DRG cells using an EPC10 amplifier (HEKA Elec-
tronics, Germany). Electrodes were pulled from thin walled
borosilicate glass capillaries (Warner Instruments, Hamden,
CT) with a P-97 electrode puller (Sutter Instrument, Novato,
CA) such that final electrode resistances were 1-2 megohms
when filled with internal solutions. The internal solution for
recording Na™ currents contained (in mm) the following: 110
CsCl, 5MgSO,, 10 EGTA, 4 ATP Na,-ATP, and 25 HEPES (pH
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7.2) (290 -310 mosm/liter). The external solution contained (in
mM) the following: 100 NaCl, 10 tetraethylammonium chloride,
1 CaCl,, 1 CdCl,, 1 MgCl,, 10 p-glucose, 4 4-aminopyridine, 0.1
NiCl,, 10 HEPES (pH 7.3) (310-315 mosM/liter). Whole cell
capacitance and series resistance were compensated with the
amplifier. Series resistance error was always compensated to be
less than =3 mV. Linear leak currents were digitally subtracted
by P/4. Signals were filtered at 10 kHz and digitized at 10-20
kHz. Analysis was performed using FitMaster (HEKA Electron-
ics, Germany) and Origin8.6 (OriginLab Corp., Northampton,
MA).

Cell Surface Biotinylation—Biotinylation was performed as
described previously (5, 44, 45). CAD cells were transfected
with CRMP2 or CRMP2-K374A alone or with SENP1 plus
SENP2 and processed for biotinylation experiments 48 h later.
Briefly, live cells were incubated with sulfosuccinimidyl 2-(bi-
otinamido)ethyl-1,3'dithiopropionate (EZ-link Sulfo NHS-SS-
biotin; 1 mg/mg protein, Pierce) for 30 min at 4 °C in cold PBS
(pH 8.0). Excess biotin was quenched with PBS containing 100
mM glycine and washed three times with ice-cold PBS, and the
pellet was resuspended in RIPA lysis buffer. The resuspended
pellet was triturated 10 times (with a 25-gauge needle) and cen-
trifuged at 100,000 X g for 20 min. The biotinylated proteins
were separated from clear solubilizate by adsorption onto
streptavidin-agarose beads (Novagen) for 2—4 h at 4 °C. Beads
were washed 3-5 times with RIPA buffer, and bound biotiny-
lated proteins were gently eluted off the beads with RIPA buffer
containing 2% Triton X-100 and 650 mm NaCl by end-over-end
incubation for 1 h at 30 °C. The biotinylated and total fractions
were subjected to immunoblotting with B-tubulin and pan-
NaV or NaV1.7 antibodies.

Immunocytochemistry, Confocal Microscopy— 48 —72 h after
transfection, CAD cells were fixed with 4% paraformaldehyde
(diluted in 0.1 mm PBS) for 10 min at room temperature, per-
meabilized with 0.2% Triton X-100 for 10 min, and then washed
three times with 0.01 mm PBS. Cells were then preincubated
with 10% bovine serum albumin (diluted in 0.1 mm PBS) for 1 h
at RT to block nonspecific binding with the primary antibody.
FLAG primary monoclonal antibody (Neuromab, Davis, CA)
was diluted (in 0.1 mm PBS) to 1:500 and applied to the cells.
After incubation for 2 h at room temperature, the CAD cells
were washed again with PBS, and secondary antibodies (anti-
mouse Alexa 488, 1:500; Molecular Probes, Eugene, OR) were
incubated in blocking solution for 45 min at RT. Coverslips
were mounted in Prolong Gold Antifade mounting media
(Molecular Probes). CAD cells were imaged on a Nikon Ti
swept-field confocal microscope using a X60, 1.4 NA lens with
a cooled Cascade 512B digital camera (Photometrics, Tucson,
AZ). Z stack image pairs were captured through the sample.
Images were deblurred off line by an iterative deconvolution
protocol (Nikon Elements version 3.0) using a theoretical
point-spread function.

Data Analysis—All data points are shown as mean *= S.E.,
and 7 is presented as the number of the separate experimental
cells. Steady-state activation and inactivation curves were fitted
using the Boltzmann equation as follows: y = 1/(1 + exp(V3, —
V)/k), in which Vi, V, and k represented midpoint voltage of
kinetics, test potential, and slope factor, respectively. Statistical
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FIGURE 1. CRMP2 contains a conserved NDSM consensus motif. A, align-
ment of a short region of rodent CRMP1-5 sequences with the SUMOylation
consensus motif of CRMPs highlighted in yellow. The presence of a negatively
charged acidic patch (brown) flanking the canonical motif conforms to the
more stringent negatively charged SUMOylation motif (NDSM). The numbers
refer to the amino acid residues of rat CRMP2. B, structural representation of
CRMP2 (Protein Data Bank code 2GSE (54)) with SUMOylation motif residues
identified by yellow spheres (arrow). For clarity, only three monomers of the
CRMP2 tetramer are shown.

differences between control and experimental conditions were
determined by using ANOVA with a Tukey’s post hoc test or a

Student’s ¢ test when comparing only two conditions. Values of
p < 0.05 were judged to be statistically significant.

RESULTS

Identification of NDSM SUMOylation Motif in CRMP2—An
analysis of the CRMP2 protein sequence revealed the presence
of a single putative SUMOylation motif (GKMD; amino acids
373-376 of CRMP2) conforming to the canonical YKX(E/D)
SUMOylation motif (13). Further sequence alignments
revealed that the motif also conformed to the more stringent
negatively charged SUMOylation motif (NDSM) typified by the
presence of a negatively charged acidic patch downstream of
the canonical motif, which together promote E2-conjugating
enzyme Ubc9-mediated addition of SUMO (Fig. 1A4) (28).
Sequence comparisons revealed full conservation across
human, rodent, bovine, and fish species (data not shown) as
well as across other CRMP family members (Fig. 1A). Lys-374,
at the heart of the NDSM motif, lies on an accessible surface of
CRMP2 monomers with likely unhindered access to Ubc9 and
SUMO (Fig. 1B). To evaluate the effect of CRMP2 SUMOyla-
tion in vivo, we created a CRMP2 construct in which the SUMO
target Lys-374 was substituted for alanine (CRMP2-K374A). It
has been previously documented that mutation of SUMOylated
lysine to either arginine or alanine blocks SUMO addition by
Ubc9 (46 —50). The CRMP2-K374A protein expressed robustly
in heterologous CAD cells at levels similar to wild type CRMP2
(Fig. 2). A CRMP2 mutant harboring triple alanine mutations in
CRMP2’s putative SUMOylation consensus motif (KMD) was
also created and expressed robustly (17).

CRMP2-K374A Mutant, Like Wild Type CRMP2, Augments
Axonal Outgrowth—W e and others have previously shown that
CRMP2 expression specifies axonal ramification and dendritic
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FIGURE 2. CRMP2-K374A mutant expresses robustly in CAD cells. A, immu-
noblot with anti-FLAG antibody from CAD lysates transfected with wild type
(CRMP2) or the putative single site SUMOylation conjugation site mutant
(CRMP2-K374A) showing comparable levels of expression of the proteins.
Representative monochrome images of wild type CRMP2 (B) or mutant
CRMP2-374A (C) expressed in CAD cells. Forty eight hours after transfection,
the cells were permeabilized and then labeled with a mouse monoclonal
antiserum directed against the FLAG epitope and visualized by incubation
with fluorescent-conjugated Alexa 488 goat anti-mouse secondary antibody.
Both proteins showed similar patterns of expression throughout the cyto-
plasm of the transfected cells. Scale bar, 20 um.

complexity of neurons (1, 29). To test whether mutation of a
putative SUMOylation motif affects this canonical function of
CRMP2, we tested axonal outgrowth in DIV6 cortical neurons
expressing EGFP, CRMP2-K374A, or wild type CRMP2. EGFP
co-expression was used to identify transfected cells for anal-
yses. Compared with EGFP-expressing neurons, both wild type
CRMP2 and CRMP2-K374A increased the number of pro-
cesses per neuron, the number of branches per neuron, the
mean and maximum process lengths, and overall total out-
growth (Fig. 3). On average, the processes per neuron were
increased by 21 and 29% for CRMP2 (n = 538) and CRMP2-
K374A (n = 669), respectively, compared with EGFP-express-
ing neurons (4.6 = 0.1, n = 682, p < 0.05). Branches per neuron
were increased by 134 and 90% for CRMP2 and CRMP2-
K374A, respectively, compared with EGFP-expressing neurons
(25.7 £ 1.1, n = 682, p < 0.05). The mean and maximum proc-
ess lengths per neuron were increased by 75 and 120% for
CRMP2 and 18 and 76% for CRMP2-K374A, respectively, com-
pared with EGFP-expressing neurons (191.6 £ 7.9,n = 682, p <
0.05 and 613.1 = 28.8, n = 682, p < 0.05). Finally, overall total
outgrowth, a sum of all the above parameters, was 113 and 74%
greater in CRMP2 (n = 538)-expressing and CRMP2-K374A
(n = 669)-expressing neurons, respectively, as compared with
EGFP-expressing neurons (Fig. 3D). We have previously
reported that elimination of the entire SUMO consensus motif,
CRMP2, 4 4, also increases neurite outgrowth parameters com-
pared with EGFP-expressing neurons (17). Collectively, these
results suggest that replacement of CRMP2’s lysine (residue
374) or all three residues within the putative SUMO motif
maintains CRMP2-mediated axonal specification and dendritic
complexity implying that the mutant protein is functional.
CRMP2, , , or CRMP2-K374A Mutants Do Not Alter LCM-
induced Enhancement of Slow Inactivation—LCM stabilizes
NaVs in a slow-inactivated state (7, 8, 51). We have previously
shown that mutating an LCM-coordinating pocket within
CRMP2 reduces LCM-dependent enhancement of slow inacti-
vation (9). How this CRMP2 mutation changes LCM’s efficacy
toward the sodium channel is unknown. Because NaVs do not
interact with CRMP2 directly (9), it is possible that a tertiary
protein may be involved or modification of CRMP2 or the
channel itself may facilitate the change. As we have recently
identified SUMOylation of CRMP2 as a novel post-transla-
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FIGURE 3. CRMP2 and CRMP2-K374A mutant increase neurite growth in
neurons. A, representative inverted black and white image (left) and tracings
(right) of a cortical neuron expressing CRMP2-K374A + 10% EGFP at 4X mag-
nification. Scale bar, 200 um. B, number of processes and branches; C, mean
and maximum (max.) process length; and D, normalized total outgrowth for
cells expressing EGFP alone (n = 538 from 8 wells), co-expressing EGFP and
CRMP2 (n = 682 from 8 wells), or co-expressing EGFP and CRMP2-K374A (n =
669 from 8 wells). Asterisk indicates statistical significance compared with
EGFP-transfected cells (p < 0.05, one-way ANOVA with Tukey's post hoc test).
Hash mark represents statistical significance compared with wild type
CRMP2-transfected cells (p < 0.05, one-way ANOVA with Tukey’s post hoc
test).

tional modification (17), here we tested whether SUMOylation
of CRMP2 modifies LCM-induced enhancement of slow inac-
tivation. Using the whole cell patch clamp configuration, we
analyzed the effects of LCM on VGSCs in the presence of over-
expressed wild type CRMP2, CRMP2, 4 », and CRMP2-K374A.
The E2-conjugating enzyme Ubc9, which adds SUMO1-3 (28),
and SUMO?2 were also expressed; SUMO2 was transfected as
preliminary studies revealed no differences between any of the
SUMOs on NaV current densities. Transfected CAD cells were
conditioned to potentials ranging from —110 to +20 mV (in
+10-mV increments) for 5 s, and then fast-inactivated chan-
nels were allowed to recover for 150 ms at a hyperpolarized
pulse to —120 mV, and the fraction of channels available
was tested by a single depolarizing pulse, to 0 mV, for 15 ms
(Fig. 4A). Addition of 100 um LCM to cells expressing wild
type CRMP2, CRMP2, , », and CRMP2-K374A significantly
decreased the fraction of current available compared with those
in the absence of LCM. For comparison, representative current
traces at —50 mV are highlighted (Fig. 4B). At this potential, the
channels are predominantly undergoing slow inactivation, as it
is near the action potential threshold (9, 32). The slow inactiva-
tion versus voltage curves for the transfected cells in the
absence and presence of 100 um LCM are plotted in Fig. 4C and
illustrate a marked reduction in current available (i.e. an
enhancement in slow inactivation) in the presence of drug that
was not different between the conditions tested (p > 0.05;
ANOVA with Tukey’s post hoc test). At =50 mV, ~48% (1 = 8)
(calculated as 1 minus the normalized I;,) of the Na™ current
was available in LCM-treated CRMP2-expressing cells com-
pared with 45% in CRMP2,,, and 43% in CRMP2-K374A-
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FIGURE 4. Disruption of CRMP2 SUMO motif does not affect LCM-induced
enhancement of slow inactivation of sodium currents. A, voltage protocol
for slow inactivation: currents were evoked by 5-s prepulses between —110
and +20 mV and then allowed to recover from fast inactivation for 150 ms at
—110mV.The fraction of available current was analyzed by a 15-ms test pulse
to 0 mV. Cells were treated for 10 min with either 100 um LCM or vehicle, 0.1%
DMSO prior to whole cell patch clamp analysis. B, representative current
traces from CAD cells expressing CRMP2 with Ubc9 and SUMO2 in the
absence (control, 0.1% DMSO, left) or presence of 100 um LCM (+LCM, right).
To highlight the extent of slow inactivation, the maximum elicited current
(prepulse to —110 mV) is compared with the trace elicited by a prepulse to
—50 mV. The scale bar applies to all traces. C, summary of steady-state slow
inactivation curves for CAD cells expressing both Ubc9 and SUMO2 and either
CRMP2 (squares), CRMP2AAA (triangles), or CRMP2-K374A (diamonds) in the
absence (open symbols) or presence (closed symbols) of 100 um LCM. Some
error bars are smaller than symbols. In this and subsequent figures, all data are
represented as means = S.E. D, summary of the fraction of available current at
—50 mV for the same conditions presented in C. Asterisks indicate statistically
significant differences in fraction between LCM-treated and untreated CAD
cells expressing the indicated constructs (p < 0.05, one-way ANOVA with
Tukey's post hoc test). Numbers in parentheses represent number of cells
tested per condition.

expressing cells (Fig. 4D; p > 0.05; ANOVA with Tukey’s post
hoc test). These results demonstrate that disruption of the
SUMOylation site in CRMP2 does not affect LCM-induced
enhancement of sodium channel slow inactivation.
CRMP2,,, and CRMP2-K374A Mutants Impair Macro-
scopic Sodium Current Density in CAD Cells—During the
course of the slow inactivation experiments, we observed a
diminution of macroscopic currents in CAD cells transfected
with CRMP2 mutant constructs. Thus, we next tested if over-
expression of wild type and CRMP2 mutant constructs could
alter sodium current density. Current-voltage relationships in
transfected CAD cells were examined by the application of
15-ms step depolarizations ranging from —70 to +80 mV (in
+10-mV increments) from a holding potential of —80 mV (Fig.
5A). The transient inward current in CAD cells activated
between —40 and —30 mV and reached its peak at 0 to +10 mV
(Fig. 5, Band C). Peak inward Na™ currents were measured and
expressed as peak current density (pA/pF) to account for vari-
ations in cell size. CAD cells expressing wild type CRMP2
exhibited a peak current density of —63.7 = 9.8 pA/pF (n = 11),
which was not significantly different from cells expressing
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FIGURE 5. Disruption of CRMP2 SUMO motif reduces NaV1.7 current den-
sity. A, voltage protocol for current-voltage relationship: currents were
evoked by 5-ms voltage steps from —70 to +80 mV in 10-mV increments. B,
representative traces from CAD cells expressing CRMP2, CRMP2,,,, or
CRMP2-K374A. Sodium currents were predominantly NaV1.7 as the NaV1.7-
selective huwentoxin-IV blocked 81 *+ 6.2% of total macroscopic sodium cur-
rents in these cells (n = 5, data not shown). G, current-voltage (/-V) relation-
ships for the voltage step protocol shown in A. Peak currents were normalized
to the cell capacitance. D, peak current density (pA/pF) measured at 0 to + 10
mV for wild type CRMP2-, CRMP2, -, CRMP2-K374A-, and CRMP2/CRMP2-
K374A (3:1)-transfected CAD cells. Numbers in parentheses represent numbers
of cells tested. Asterisks indicate statistically significant differences between
CRMP2 and all other conditions tested (p < 0.05, one-way ANOVA with
Tukey's post hoc test).

EGFP alone (—60.1 = 19.3 pA/pF (n = 9; p > 0.05, Student’s ¢
test)). In contrast, sodium currents were reduced to 28.0 = 7.7%
(n = 10) in CAD cells expressing CRMP2, 4, and to 30.2 *
8.7% (n = 10) in CAD cells expressing CRMP2-K374A (Fig. 5,
B-D). The majority of these currents was via NaV1.7 as 81.3 =
6.2% (n = 5) of the total current was blocked by the NaV1.7-
selective agent huwentoxin-IV (125 nm) (35). Boltzmann
parameters of voltage dependence of activation, half-activation
voltage (Vi,), and slope factor (k) were not different across the
various transfected conditions with the exception of Vi, of acti-
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vation being shifted by ~5.7 mV in the hyperpolarizing direc-
tion in CAD cells expressing CRMP2-K374A when compared
with those expressing EGFP (Table 1, p < 0.05, ANOVA with
Tukey’s post hoc test).

CRMP2-K374A Mutant Impairs NaV1.7 Surface Trafficking—
Changes in current density can be attributed to either a change
in the number of channels within the cell membrane or a
change in channel gating (i.e. open probability). Cell surface
biotinylation was used to explore the first possibility, as
described previously (5, 44, 45, 52). Immunoblotting with
NaV1.7 for streptavidin-enriched complexes from biotinylated
CAD cells showed decreased NaV1.7 surface expression in cells
expressing CRMP2-K374A versus wild type CRMP2 (Fig. 64,
top blot, compare Ist with 3rd lanes). Surface NaV1.7 levels,
normalized to total tubulin levels, in CRMP2-K374A-express-
ing CAD cells were 15.1 = 2.5% of those in cells expressing wild
type CRMP2 (Fig. 6B, n = 4, p < 0.05, ANOVA with Tukey’s
post hoc test). Increasing deSUMOylation with the sentrin/
SUMO-specific proteases SENP1 and SENP2 (22) decreased
levels of surface NaV1.7 to 14.2 * 3.9% of those in cells express-
ing wild type CRMP2 (Fig. 6B, n = 4, p < 0.05, ANOVA with
Tukey’s post hoc test). Under these conditions, surface NaV1.7
levels in CRMP2-K374A-expressing CAD cells were reduced to
7.9 £ 2.1% of those in cells expressing wild type CRMP2 (Fig.
6B, n =4, p <0.05, ANOVA with Tukey’s post hoc test). Addi-
tional experiments with a pan-NaV antibody also demon-
strated a substantial reduction in surface-expressed NaV chan-
nels in CAD cells expressing CRMP2-K374A (Fig. 6, C and D;
n =4, p < 0.05, Student’s ¢ test). These results are consistent
with the reduction in NaV1.7 current density in CRMP2-
K374A-expressing CAD cells observed earlier. Thus, reduced
CRMP2 SUMOylation likely accounts for NaV1.7 surface traf-
ficking impairment.

Increasing deSUMOylation Reduces NaV1.7 Current
Density—Our earlier results showed the following: (i) CRMP2
mutants with disrupted SUMO motifs reduced NaV1.7 cur-
rents and (ii) promoting deSUMOylation with the sentrin/
SUMO-specific proteases SENP1 and SENP2 reduced traffick-
ing of NaV1.7 in cells expressing both wild type and CRMP2
mutants. Here, we tested how boosting the deSUMOylation
machinery would affect NaV1.7 current density. NaV1.7 cur-
rents in CAD cells expressing wild type CRMP2 were reduced
to 25.2 = 5.8% (n = 10) in cells co-expressing SENP1, 23.0 =
4.4% (n = 11) in cells co-expressing SENP2, and 31.5 + 12.3%
(n = 12) in cells co-expressing SENP1 and SENP2 compared
with cells expressing only wild type CRMP2 (Fig. 7A, p < 0.05
versus CRMP2 alone, ANOVA with Tukey’s post hoc test).
NaV1.7 current densities were reduced by ~72 and ~70% in
CAD cells expressing CRMP2, , , or CRMP2-K374A, respec-
tively (Fig. 7B). Expression of either protease alone or in com-
bination did not result in a further reduction in NaV1.7 current
density (Fig. 7B, p > 0.05, ANOVA with Tukey’s post hoc test).
Boltzmann parameters of voltage dependence of activation
were not different across the transfected conditions with the
exception of kin CAD cells co-expressing CRMP2-K374A and
SENP1 compared with CAD cells expressing CRMP2-K374A
alone (Table 1, p < 0.05, ANOVA with Tukey’s post hoc test).
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TABLE 1

Comparative current densities, cell capacitances, and Boltzmann fits of voltage dependence of channel activation for the respective transfection

conditions in CAD cells

Values for Vi, the voltage of half-maximal activation, and slope were derived from Boltzmann distribution fits to the individual recordings and averaged to determine the
mean * S.E. As two cells were tested for the voltage dependence of activation for the condition with 3 CRMP2/1 CRMP2-K374A, only the average data are presented. N
values are indicated in parentheses. All transfection conditions contained EGFP for identification of construct expression.

Voltage dependence of activation

Peak current Cell
Transfection condition density capacitance Vi/2 Slope

PA/pF pF mV mV/e-fold
EGFP 60.1 = 19.3 (9) 16.0 = 2.5(9) —12.0 = 1.0 (8) 7.0 £ 0.7 (8)
CRMP2 63.7 = 9.8 (11) 21.9 = 1.8 (11) —9.9 0.9 (11) 5.7 + 0.5 (11)
CRMP2-K374A 19.1 = 5.5 (10)* 19.5 = 2.0 (10) -63*16(7)° 7.6 £1.3(7)
3 CRMP2/1 CRMP2-K374A 9.1+ 3.1(8)*" 15.7 = 1.2 (8) —13.7(2) 6.0 (2)
CRMP2, , , 17.8 + 4.9 (11)** 17.9 + 1.4 (11) —10.6 = 2.6 (4) 7.2+ 1.4 (4)
CRMP2 63.7 = 9.8 (11) 21.9 = 1.8 (11) —9.9 0.9 (11) 5.7 0.5 (11)
CRMP2 + SENP1 16.0 = 3.7 (10)* 16.1 = 1.8 (10) —84*+1.1(3) 7.1 *£0.9 (4)
CRMP2 + SENP2 14.6 = 2.8 (11)* 204 *+1.4(11) —133*= 1.6 (4) 6.0 1.2 (4)
CRMP2 + SENP1 + SENP2 20.0 = 7.9 (12) 17.3 + 1.6 (12) —9.9 = 1.7 (4) 8.4+ 1.0 (4)
CRMP2-K374A 19.1 = 5.5 (10) 19.5 + 2.0 (10) —63*16(7) 7.6+ 1.3(7)
CRMP2-K374A + SENP1 29.0 = 12.2 (8) 18.8 £3.2(8) —4.2 1.9 (5) 13.2 £ 1.2 (5)*
CRMP2-K374A + SENP2 14.7 = 4.3 (8) 16.2 = 1.3 (8) —35*1.5(3) 9.2 0.6 (3)
CRMP2-K374A + SENP1 + SENP2 26.9 = 9.5 (9) 214 * 1.5 (9) —34+19(3) 11.0 = 1.0 (3)
CRMP2, , , 17.8 = 4.9 (11) 17.9 = 1.4 (11) —10.6 + 2.6 (4) 7.2+ 1.4 (4)
CRMP2, ,, + SENP1 + SENP2 16.0 £ 3.7 (11) 15.4 * 1.0 (11) 1.2 £29 (4)* 8.6 = 1.6 (4)
EGFP 60.1 +19.3 (9) 16.0 = 2.5 (9) —-12.0 = 1.0(8) 7.0 = 0.7 (8)
Ubc9 + SUMO1 49.8 = 8.7 (10) 14.4 = 0.6 (10) -9.8*+1.6(9) 8.3*10.9(9)

“ Data represent statistically significant differences as compared with control within the tested groups (p < 0.05, ANOVA with Tukey’s post hoc test or Student’s ¢ test).
? Data denote statistical difference from EGFP control (p < 0.05, ANOVA with Tukey’s post hoc test).

These results suggest that the SUMOylation state of CRMP2
can affect NaV1.7 current density.

That increasing deSUMOylation did not result in a further
decrement in NaV1.7 current density beyond that observed
with the genetic loss of CRMP2 SUMOylation (i.e. CRMP2
SUMO-incompetent mutants) implies that the CRMP2 SUMO
mutants may be acting in a dominant negative fashion. Because
CRMPs are tetrameric proteins (53), we hypothesized that
introduction of a single non-SUMOylatable mutant monomer
within the tetramer may be sufficient to confer loss of current
density. We tested this hypothesis by transfecting CAD cells
with a molar 3:1 ratio of wild type CRMP2/CRMP2-K374A
c¢DNAs and assessing NaV1.7 currents. Peak NaV1.7 currents
in these cells were reduced to 28.5 = 9.6% (n = 8) of wild type
CRMP2-expressing CAD cells (see Fig. 5D, p < 0.05 compared
with wild type CRMP2, ANOVA with Tukey’s post hoc test)
and were no different from CRMP2-K374A-expressing cells
(see Fig. 5D, p > 0.05 compared with wild type CRMP2,
ANOVA with Tukey’s post hoc test). Overexpression of molar
3:1 ratio of wild type CRMP2/CRMP2-K374A cDNAs
enhanced cortical neuron neurite outgrowth to near identical
levels as wild type CRMP2 alone (99.5% * 5.1 (n = 269-297
cells from 8 wells), p > 0.05, Student’s ¢ test). Overexpression of
a molar 3:1 ratio of wild type CRMP2/CRMP2-K374A cDNAs
in CAD cells did not affect Boltzmann parameters of voltage
dependence of activation (Table 1, p < 0.05, ANOVA with
Tukey’s post hoc test). These results suggest that the presence
of a single non-SUMOylatable CRMP2 monomer is sufficient
to bring about a reduction in current density without affecting
the axonal growth promoting capabilities of CRMP2.

Increasing SUMOylation Does Not Enhance NaV1.7 Current
Density in CAD Cells Expressing Endogenous CRMP2—That
destruction of the SUMO site in CRMP2 resulted in a decrease
in NaV1.7 currents suggests that wild type SUMO-competent
CRMP2 may be important for constitutive trafficking of
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NaV1.7.If so, then boosting the SUMOylation machinery with
overexpression of Ubc9 and SUMO1 would be predicted to
increase endogenous sodium currents. However, we found that
this condition yielded sodium currents that were 78.2 = 13.7%
(n = 10) of CAD cells expressing wild type CRMP2 (Table 1,
p > 0.05, Student’s ¢ test). This is perhaps not surprising as
CAD cells express endogenous levels of the SUMOylation
machinery as detected by quantitative RT-PCR experiments
(data not shown). As expected, increasing SUMOylation
machinery with overexpression of Ubc9 plus SUMO1-3 was
unable to recover the loss of sodium current densities in CAD
cells expressing CRMP2 mutants (data not shown). This facile
finding confirms that a single SUMOylation site in CRMP2 is
responsible for CRMP2 SUMOylation-dependent modification
of NaV1.7 trafficking.

CRMP2-K374A Mutant Reduces NaV1.7 Currents in a
HEK293 NaV1.7 Cell Line in a Ubc9-dependent Manner—Be-
cause we could not pharmacologically or genetically isolate
NaV1.1 and NaV1.3 currents, which account for <15% of the
CAD cell sodium current, we chose to test the importance of
CRMP2-SUMOylation in NaV1.7 trafficking in a HEK293 cell
line expressing only NaV1.7 channels (38). Representative
traces of NaV1.7 currents from these cells are illustrated in Fig.
8, A and C. Cells expressing SUMOL1 plus wild type or mutant
CRMP2 were not different from cells expressing EGFP: 104.0 =
26.9% for SUMO1 + CRMP2 (7 = 8) and 91.0 + 17.1% (n = 10)
for SUMO1 + CRMP2-K374A (Table 2 and Fig. 8B; p > 0.05,
ANOVA with Tukey’s post hoc test versus EGFP). Because
these results seemed at odds with our earlier findings in CAD
cells, we asked if the endogenous SUMOylation machinery
could possibly be different between the two cell types. quanti-
tative RT-PCR data revealed an almost 10-fold higher level of
Ubc9 mRNA in CAD cells compared with HEK293 cells (data
not shown). Therefore, we repeated the above experiments in
the additional presence of the E2-conjugating enzyme Ubc9 to
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FIGURE 6. CRMP2-K374A co-expression and increasing deSUMOylation
reduces NaV1.7 surface expression. A, cell surface expression of NaV1.7 was
monitored using a biotinylation assay. CAD cells expressing wild type CRMP2
or CRMP2-K374A alone or in the presence of deSUMOylating proteases
SENP1 and SENP2 were biotinylated; the cell surface proteins were harvested
from the cell lysates, and the precipitates were analyzed by immunoblotting
with NaV1.7 (top 2 blots) and Blll-tubulin (bottom 2 blots) antibodies. Equal
amounts of samples were used for the precipitation of biotinylated proteins.
Of these samples, the entire biotinylated fraction (surface) and 10% of the
nonbiotinylated (total) fraction were loaded. CRMP2-K374A overexpression
decreased the amount of NaV1.7 at the cell surface compared with CRMP2-
transfected cells. No change was observed in the total levels of NaV1.7 or
tubulin. B, averaged NaV1.7 surface expression, normalized to total NaV1.7
and then to total tubulin. Asterisks indicate statistically significant differences
between CRMP2 and all other conditions tested (p < 0.05, one-way ANOVA
with Tukey's post hoc test). G, representative blots of total (T) and surface ()
biotinylated fractions from CAD cells expressing wild type CRMP2 or CRMP2-
K374A immunoblotted with a pan-NaV antibody (top) or tubulin (bottom). D,
averaged NaV surface expression, normalized to total NaV and then to total
tubulin. Asterisks indicate statistically significant differences between CRMP2
and CRMP2-K374A (n = 4; p < 0.05, Student's t test).

determine whether it was needed to recapitulate the loss of
sodium currents observed in our earlier findings. Compared
with HEK293 NaV1.7 cells expressing wild type CRMP2, Ubc9,
and SUMOI], substitution with mutant CRMP2-K374A
reduced NaV1.7 current density to 44.9 = 10.6% (Fig. 8D, n =8,
p <0.05, ANOVA with Tukey’s post hoc test). A similar reduc-
tion was observed with a substitution with CRMP2, , , (Table
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FIGURE 7.Removal of SUMO by SENP1 and SENP2 reduces NaV1.7 current
density. Summary of normalized peak currents in the presence or absence of
SUMO-specific proteases SENP1 and/or SENP2in CAD cells expressing CRMP2
(A) or CRMP2AAA/CRMP2-K374A (B). Peak currents were normalized to the
cell capacitance. Exemplar peak current traces (at 0 mV) are shown in each
panel with the thicker dashed trace representing the CRMP2-transfected con-
dition. Because there were no differences between the amplitudes, the other
traces shown are not labeled. Numbers in parentheses represent numbers of
cells tested. Asterisks indicate statistically significant differences between
CRMP2 and all other conditions tested (p < 0.05, one-way ANOVA with
Tukey's post hoc test). n.s., not significant.

2,56.7 * 12.1%, n = 11, p < 0.05, ANOVA with Tukey’s post
hoc test). Biophysical properties of fast inactivation (Fig. 8, E
and F, circles) or steady-state activation (see Fig. 8, E and F,
squares) of NaV1.7 currents were not different between
HEK293 NaV1.7 cells expressing SUMO1 + CRMP2 or
SUMO1 + CRMP2-K374A in the absence (Fig. 8E) or presence
of Ubc9 (Fig. 8F; values listed in Table 2). Thus, our results in
HEK293 NaV1.7 cells phenocopy our earlier finding of diminu-
tion of sodium currents in CAD cells expressing CRMP2
mutants.

CRMP2-K374A Mutant Does Not Impair NaV1.1 or NaV1.3
Current Density—The NaV1.1 and NaV1.3 isoforms account
for most of the remaining NaV mRNA in CAD cells (32). Thus,
we next asked whether the CRMP2-K374A mutant could affect
NaV1.l or NaV1l.3 current densities in HEK293 cell lines
expressing NaV1.1 or NaV1.3. Representative peak traces for
NaV1.1 currents in response to depolarizing steps from —70
mV to +50mV are illustrated in Fig. 9A. Compared with EGFP-
transfected HEK293 NaV1.1 cells, expression of wild type
CRMP2 or CRMP2-K374 did not affect current density as fol-
lows: 102.3 = 36.1% (n = 7) and 95.8 = 24.4% (n = 7), respec-
tively, compared with EGFP (Fig. 9B and Table 2; p > 0.05,
ANOVA with Tukey’s post hoc test). There were no differences
in the properties of fast inactivation (Fig. 9C, circles) or steady-
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FIGURE 8. CRMP-K374A mutant reduces NaV1.7 current density in a
Ubc9-dependent fashion. Exemplar family of current traces, in response to
the voltage protocol shown, from HEK293-expressing NaV1.7 cells also
expressing SUMOT and CRMP2 (A, left) or SUMO1 and CRMP2-K374A (A, right)
in the additional presence of Ubc9 (C). Band D, summary of normalized peak
currents recorded from NaV1.7-HEK293 cells transfected with the indicated
constructs. Numbers in parentheses represent numbers of cells tested. There
was no difference between current densities in cells when CRMP2 constructs
were co-expressed with SUMOT1 (B) (p > 0.05, Student's t test). Addition of the
E2-conjugating enzyme Ubc9 produced a marked decrease in current density
of cells expressing CRMP2-K374A and SUMO1 (p < 0.05, Student’s t test) (D). E
and F, representative Boltzmann fits for activation and steady-state inactiva-
tion for NaV1.7-HEK293 cells transfected with the indicated constructs are
shown. The calculated values for Vi, and k of activation and steady-state
inactivation for all conditions tested and the associated statistics are pre-

sented in Table 2.
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state activation (see Fig. 9C, squares) of NaV1.1 currents across
any of the conditions tested (Table 2).

Similarly, compared with EGFP-transfected HEK293 NaV1.3
cells, expression of wild type CRMP2 or CRMP2-K374 did not
affect current density as follows: 101.3 = 14.5% (n = 6) and
91.9 = 21.4% (n = 6), respectively, compared with EGFP (Fig.
10, A and B and Table 2; p > 0.05, ANOVA with Tukey’s post
hoc test). NaV1.3 currents in HEK293 cells typically display a
slowly inactivating, persistent current (37). This property was
evident in our recordings (see representative traces in Fig. 104),
where we observed an incomplete inactivation over the course
of the depolarizing voltage steps. To assess if wild type or
mutant CRMP2 expression can affect this component of
NaV1.3, we assessed the amount of current that persisted near
the end of the depolarizing voltage step to 0 mV (Fig. 104,
arrow at ~15 ms) and expressed it as a percent of peak current
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at this voltage. There was no difference between wild type of the
CRMP2 and CRMP2-K374A conditions, 6.6 = 0.9% (n = 6) and
7.1 = 1.2% (n = 6) current remaining, respectively (Fig. 105,
p > 0.05, Student’s ¢ test). Finally, there were also no differences
in the properties of fast inactivation (Fig. 10C, circles) or steady-
state activation (see Fig. 10C, squares) of NaV1.3 currents
across any of the conditions tested (Table 2). Thus, these results
show that impairment in CRMP2 SUMOylation selectively
affects the trafficking of NaV1.7, but not NaV1.1 or NaV1.3.

CRMP2-K374A Mutant Reduces Current Density in DRG
Neurons—Our previous results demonstrated that an impair-
ment in CRMP2 SUMOylation blunts trafficking of NaV1.7 in
two cell lines. Here, we tested the effects of overexpression of
the SUMO-incompetent CRMP2 on sodium currents in native
neurons isolated from DRG as these cells express abundant
NaV1.7 (55). Sodium currents were examined in DRGs express-
ing either wild type CRMP2 or CRMP2-K374A; Ubc9 was not
transfected as DRGs express endogenous Ubc9 mRNA at levels
even higher than CAD cells (data not shown). A representative
family of current traces from DRGs transfected with wild type
CRMP2 or CRMP2-K374A are illustrated in Fig. 11A. The
recorded peak current density in DRGs expressing CRMP2-
K374A was reduced to 54.4 * 9.7% that of wild type CRMP2-
expressing controls (Fig. 11B, n = 9, p < 0.05, Student’s ¢ test).
Importantly, the peak current density of DRGs was not aug-
mented by CRMP2 alone compared with EGFP as follows:
390.9 * 70.6 (n = 8) versus 378.3 * 57.2 (n = 8), respectively
(Fig. 11B, p > 0.05, Student’s ¢ test). Biophysical properties of
steady-state activation of sodium currents were not different
between the conditions (see Fig. 11C, squares); however, cells
expressing CRMP2-K374A exhibited a depolarizing shift of ~9
mV in Vi, of fast inactivation (Fig. 11C, circles; p < 0.05, Stu-
dent’s t test) without a commensurate change in k of fast inac-
tivation (p > 0.05, Student’s ¢ test).

We also examined if DRG neurite growth promoting
activity of CRMP2 was affected by destruction of the CRMP2
SUMOylation site using neurite outgrowth analysis as described
earlier. Compared with wild type CRMP2, expression of CRMP2-
K374A did not alter the number of processes per neuron, the
number of branches per neuron, the mean and maximum proc-
ess lengths, and overall total outgrowth (Fig. 11, D-G). On aver-
age, the number of processes per neuron was 10.8 = 0.5 and
10.1 £ 0.5 for cells expressing CRMP2 (n = 54) and CRMP2-
K374A (n = 72) (p > 0.05), respectively. The number of
branches per neuron was 88.9 * 7.9 and 86.2 = 5.8 for cells
expressing CRMP2 and CRMP2-K374A (p > 0.05), respec-
tively. The mean and maximum process lengths per neuron
were 251.8 = 17.9 and 1416.7 = 126.6 um for CRMP2 and
273.3 £ 14.4 and 1316.6 = 82.0 um for CRMP2-K374A (p >
0.05). Finally, overall total outgrowth, a sum of all the above
parameters, in DRG neurons expressing CRMP2-K374A was
97.3 * 5.6% of those expressing wild type CRMP2 (100.0 *
7.8%, p > 0.05) (Fig. 11F).

Collectively, our findings in DRGs recapitulate the main
finding of reduced current density observed in CAD cells and
HEK293 cells expressing NaV1.7 and identify SUMOylation of
CRMP2 as a modulatory mechanism of NaV1.7 trafficking.
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TABLE 2

CRMP2 Modulates NaV'1.7 Trafficking

Comparative current density, cell capacitance, and Boltzmann parameters of voltage dependence of channel activation and steady-state fast
inactivation curves for the respective transfection conditions in HEK293 cells expressing NaV1.7, NaV1.1, or NaV1.3 channels

Values for Vi, the voltage of half-maximal activation, and slope were derived from Boltzmann distribution fits to the individual recordings and averaged to determine the
mean * S.E. N values are indicated in parentheses. All transfection conditions contained EGFP for identification of construct expression.

Voltage dependence of Voltage dependence of fast
activation inactivation
Transfection condition Peak current density  Cell capacitance Vi/2 Slope Vi/2 Slope
PA/pF pF mV mV/e-fold mV mV/e-fold
NaVl.7
EGEP 52.1 + 8.2 (5) 19.8 + 2.0 (5) —140+10(5) 66*05() —640+1.1(4) 6.0+ 04 (4)
SUMO1 + CRMP2 54.2 = 14.0 (8) 18.1 + 1.9 (8) —176 +1.0(7)" 58*05(7) —619+26(7) 47 +*1.6(7)
SUMO1 + CRMP2-K374A 474+ 89 (8) 185 + 1.8 (8) —131+06(7) 66*04(7) —652+32(8) 4.5+ 1.9(8)
Ubc9 + SUMO1 + CRMP2 53.9 = 7.6 (7) 20.0 = 1.8 (7) —159*07(7) 77*09(7) —646=35(7) 59+18(7)
Ubc9 + SUMOL + CRMP2-K374A  24.2 + 5.7 (8)° 18.9 + 2.3 (8) —152+11(5) 64+03(5) —606+27(5) 4.8+*20(5)
Ubc9 + SUMO1 + CRMP2,, 30.6 = 6.5 (11)° 19.3 + 2.1 (11) —17.7+£07(10) 7.9 *04(10) —67.6+27(8) 57+ 1.3(8)
NaVl.l
EGEP 78.6 = 12.7 (5) 18.1 + 2.7 (5) ~167+19(5) 66*09(5) —57.9+22(4) 60=1.1(4)
Ubc9 + SUMO1 + CRMP2 80.8 = 28.4 (7) 19.5 + 2.6 (7) —155+09(7) 68*04(7) —60.1+19(7) 62+1.1(7)
Ubc9 + SUMO1 + CRMP2-K374A  75.3 =+ 19.2 (7) 184 + 1.3 (7) —154+18(7) 62*10(7) —637+35(7) 50=*21(7)
NaVl.3
EGEP 377.9 + 59.0 (5) 14.6 + 2.6 (5) —212+14(3) 53*05(3) -590*12(3) 6.6=06(3)
Ubc9 + SUMO1 + CRMP2 382.7 + 54.3 (6) 11.2 + 2.3 (6) —226+32(6) 41*08(6) —541+18(6) 5.0*0.9(6)
Ubc9 + SUMOL + CRMP2-K374A  347.2 * 80.8 (6) 11.1 + 1.5 (6) —250+06(5 37*02(5) —569+10(5 6.0*06(5)

“ Data represent statistically significant differences as compared with control (i.e. EGFP condition) within each tested group (p < 0.05, ANOVA with Tukey’s post hoc test).

DISCUSSION

Accumulating evidence indicates that the CRMP2 proteome
is far greater than previously appreciated (2). It is also becoming
evident that post-translational modifications, in particular
phosphorylation, can influence CRMP2’s interactions and in
doing so bestow upon CRMP2 the ability to engage different
signaling pathways (17). Here, we describe a previously unde-
scribed modification for CRMP2, SUMOylation, which can
alter the trafficking of a voltage-gated sodium channel. The
trafficking of NaVs is an understudied but emerging field (56).
Examples of proteins involved in trafficking of NaV1s include
the Alzheimer disease-related secretases B-site amyloid pre-
cursor protein-cleaving enzyme 1 and presenilin/y-secretase,
which regulate NaV1 function by cleaving auxiliary subunits of
the channel complex (57, 58); mutants of NaV1.1 linked to
familial epilepsy are trafficking-defective, and their function
can be restored by incubation at temperature <30 °C, as well as
through protein-protein interactions with modulatory proteins
or drugs (59). There is at least one report linking microtubule
dynamics in the trafficking of cardiac NaV1.5 (60). Trafficking
of the tetrodotoxin-resistant NaV1.8 isoform is believed to
occur via masking of an endoplasmic retention motifin NaV1.8
by the auxiliary 3 (61) with help from annexin II light chain
(62). Post-translational regulation and direct, as well as indirect,
protein-protein interactions have been advanced as possible
regulatory mechanisms for NaV trafficking (56, 63). However,
very little is currently known about the mechanisms regulating
NaV1.7 cell surface expression.

In studying CRMP2-mediated regulation of the enhance-
ment of the slow-inactivated state of sodium channels by the
anti-epileptic drug LCM, we discovered that CRMP2 did not
elicit this effect via direct interaction with the sodium channel
(9). Despite an initial report of LCM binding to CRMP2
expressed in oocyte membranes (64) and two other reports
demonstrating binding of a chemically modified fluorescent
version of LCM to CRMP2 (65), a recent study using radioli-
gand binding and biophysical and biochemical approaches
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reported that LCM does not bind specifically to CRMP2 (10). If
correct, these findings would argue for the existence of regula-
tory pathway(s) that provide a nexus between CRMP2, LCM,
and sodium channels. Further support of a CRMP2-LCM
nexus comes from the demonstration that LCM, perhaps
independent of its action on VGSCs, can inhibit CRMP2-
mediated post-traumatic axon sprouting (29). Therefore, we
tested if SUMOylation of CRMP2 could affect the manner by
which LCM affects sodium channels. The functional regula-
tion of CRMP2 by SUMOylation was studied by the follow-
ing: (i) creating constructs in which the target lysine in the
SUMOylation motif as well as adjoining residues were
mutated to alanine, and (ii) by manipulating expression of
the SUMOylation machinery with overexpression of Ubc9 and
SUMOs to boost SUMOylation and overexpression of SENP1
and SENP2 to decrease SUMOylation. Although putative
SUMO motifs are typically investigated by mutating the target
lysine to arginine (31, 46 —50), this is not always the case. For
instance, mutation of the SUMO target lysine in the potassium
leak channel K2P1 to an arginine had no effect on channel activ-
ity, although an alanine mutation increased activity consistent
with an increase observed in the presence of SENP1 (26). For
this reason as well as the fact that alanine residues have been the
preferred choice in demonstrating SUMOylation of several
proteins, including Ran GTPase-activating protein 1 (50), acute
promyelocytic leukemia protein (47), the polycomb protein
Pc2/Cbx4 (46), and basic Kruppel-like factor/Kruppel-like fac-
tor 3 (BKLF), a zinc finger transcription factor (49), we chose to
mutate the CRMP2 SUMO target lysine to alanine.

Both CRMP2 SUMO mutants, CRMP2, ,, and CRMP2-
K374A, produced functional proteins as assessed by their
propensities to increase neurite outgrowth relative to EGFP-
transfected neurons. That augmented neurite outgrowth was
recapitulated to near wild type CRMP2 levels suggests that the
mutant CRMP2 proteins are neither misfolded nor unable to
oligomerize despite the placement of the SUMO target lysine
374 within the oligomerization domain (amino acids 8 -134
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FIGURE 9. NaV1.1 current density is unaffected by CRMP2-K374A expres-
sion. A, exemplar family of current traces, in response to the voltage protocol
shown in Fig. 8, from HEK293 cells expressing NaV1.1 and Ubc9, SUMO1 and
CRMP2 (left), or CRMP2-K374A (right). B, summary of normalized peak cur-
rents recorded from NaV1.1-HEK293 cells expressing Ubc9, SUMOT1, and
CRMP2 (black bar) or CRMP2-K374A (white bar). Numbers in parentheses rep-
resent numbers of cells tested. There was no difference between the two
conditions tested (p > 0.05, Student’s t test). C, representative Boltzmann fits
for activation and steady-state inactivation for NaV1.1-HEK293 cells trans-
fected with the indicated constructs are shown. The calculated values for Vi,
and k of activation and steady-state inactivation for all conditions tested and
the associated statistics are presented in Table 2.

and 281-435) of CRMPs (53). Neither of the CRMP2 mutants
affected LCM-induced shifts in slow inactivation of sodium chan-
nels in CAD cells, suggesting that removal of SUMOylation does
not affect the biophysical property of slow inactivation. For
proteins that are directly SUMOylated, such as ion channels,
fine-tuning of channel function has been reported for potas-
sium channels Kv1.5 (23) and Kv2.1 (24), and loss of Kv1.5
SUMOylation, by either disruption of the conjugation sites or
expression of the SUMO protease SENP2, leads to a selective
~15-mV hyperpolarizing shift in the voltage dependence of
steady-state inactivation (23), whereas SUMOylation of Kv2.1
in hippocampal neurons was shown to regulate firing by shift-
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FIGURE 10. NaV1.3 current density is unaffected by CRMP2-K374A
expression. A, exemplar family of current traces, in response to the voltage
protocol shown in Fig. 8, from HEK293 cells expressing NaV1.1 and Ubc9,
SUMO1 and CRMP2 (left), or CRMP2-K374A (right). B, summary of normalized
peak currents (left axis) or persistent current remaining at 15 ms (see arrow in
A) as a percent of peak current (right axis) recorded from NaV1.3-HEK293 cells
expressing Ubc9, SUMO1, and CRMP2 (black bars) or CRMP2-K374A (white
bars). Numbers in parentheses represent numbers of cells tested. There was no
difference between the two conditions tested for either peak current of %
persistent current (p > 0.05, Student's t test). C, representative Boltzmann fits
for activation and steady-state inactivation for NaV1.3-HEK293 cells trans-
fected with the indicated constructs are shown. The calculated values for Vi,
and k of activation and steady-state inactivation for all conditions tested and
the associated statistics are presented in Table 2.

ing the half-maximal activation voltage of channels up to 35 mV
(24).

While interrogating the potential effects of CRMP2 SUMO
mutants on LCM-induced enhancement of slow inactivation,
we noticed a clear reduction in macroscopic sodium currents in
CAD cells. As these cells express mRNAs for NaV1.7 (>90% of
total NaV mRNA), NaV1.1, and NaV1.3 (32), using huwen-
toxin-IV, we confirmed that ~85% of the CAD cell sodium
current was carried via NaV1.7. This current was dramatically
reduced by expression of either CRMP2 SUMO mutant in CAD
cells, suggesting a contribution for SUMOylation of CRMP2 in
trafficking of NaV1.7. Expression of deSUMOylating enzymes,
SENP1 or SENP2, forced a decrement in NaV1.7 current in cells
expressing wild type CRMP2. Cell surface biotinylation under
the same conditions revealed reduced NaV1.7 surface expres-
sion, corroborating the reduction in current density and sug-
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FIGURE 11. CRMP2-K374A mutant reduces sodium current density in DRG neurons but does not impair CRMP2-mediated neurite outgrowth. A,
representative sodium currents recorded in dissociated rat DRG neurons 48 h after transfection with EGFP and CRMP2 (left) or EGFP and CRMP2-K374A (right).
B, summary bar graph showing peak sodium current in each condition. Numbers in parentheses represent numbers of cells tested. There was a significant
reduction in peak current density in DRG neurons expressing CRMP2-K374A compared with those expressing wild type CRMP2 (p < 0.05, Student'’s t test). C,
representative Boltzmann fits for activation and steady-state inactivation for DRG neurons transfected with the indicated constructs are shown. The calculated
values for V1, and k of activation were not significantly different between the conditions as follows: —19.2 + 0.8 mV and 3.9 =+ 0.4 mV/e-fold (n = 6) for EGFP
plus CRMP2-transfected cells versus —18.5 = 1.3 mV and 5.5 = 0.7 mV/e-slope (n = 4) for EGFP plus CRMP2-K374A-transfected cells (p > 0.05 for both
parameters, Student's t test). CRMP2-K374A produced a significant ~9-mV depolarizing shift in V1, of steady-state inactivation: —59.9 = 2.2 mV for EGFP plus
CRMP2-transfected cells versus —50.7 = 1.8 mV for EGFP and CRMP2-K374A expressing cells (n = 4 for both conditions, p < 0.05, Student’s t test). Values for k
of steady-state inactivation were not different between conditions: 13.2 = 1.3 mV/e-fold for EGFP plus CRMP2-transfected cells versus 10.6 *+ 2.0 for EGFP plus
CRMP2-K374A-transfected cells (n = 4 for both conditions, p > 0.05, Student’s t test). D, example image showing the overlay of EGFP fluorescence (green) and
nuclear staining with Hoechst (blue) together with the brightfield Hoffman image of transfected DRG neurons. Scale bar equals 50 um and applies to both
panels. Note the similar degree of neurite complexity between the wild type and mutant CRMP2 conditions. £, number of processes and branches; F, mean and
maximum (max.) process length, and G, normalized total outgrowth for cells co-expressing EGFP and CRMP2 (n = 54 from four wells) or co-expressing EGFP and
CRMP2-K374A (n = 72 from four wells). There were no statistical differences for any of the parameters between the two conditions (p > 0.05, Student's t test).

gesting that CRMP2 SUMOylation reduces current density
likely via reduced trafficking similar to what has been reported
for the kainate receptor subunit GluR6 wherein SUMOylation
facilitates endocytosis of this receptor (66). Therefore, by
genetic or enzymatic manipulation, the removal of CRMP2
SUMOylation leads to reduced NaV1.7 current. Co-expression
of deSUMOylating enzymes SENP1 or SENP2 did not further
reduce NaV1.7 current densities in CAD cells expressing
CRMP2 SUMO mutants, suggesting that the mutants may
serve in a dominant negative manner for NaV1.7 trafficking. To
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further examine this hypothesis, we co-expressed both wild
type CRMP2 and CRMP2-K374A at a 3:1 stoichiometry and
determined that the presence of a single mutant was sufficient
to force a reduction in NaV1.7 currents. Furthermore, this stoi-
chiometric ratio of CRMP2 constructs did not impair CRMP2-
dependent enhancement of neurite growth in cortical neurons.

The NaV1.7 isoform is preferentially expressed in the
peripheral nervous system within ganglia related to nociceptive
pain, including dorsal root ganglia, trigeminal ganglia, and sym-
pathetic ganglia (30). In nociceptive neurons responsible for the
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transduction of pain signals, the channel modulates current
threshold required to fire action potentials in response to stim-
uli (67, 68). Gain-of-function mutations, i.e. those that lower
NaV1.7 current threshold for initiation of action potentials,
produce allodynia, a lowered stimulus threshold for pain. Such
mutations are the cause of pain syndromes, including eryth-
romelalgia, paroxysmal extreme pain disorder, and small fiber
neuropathy (67). A loss-of-function mutation of NaV1.7 can
cause equally detrimental modifications in pain sensation,
where stimuli never reach threshold to propagate pain. Patients
with such mutations display a complete loss of pain sensation
(69). Increased surface expression of NaV1.7 has been associ-
ated with pain resulting from diabetic neuropathy (70) and
inflammation (71). Although NaV1.7 is the predominant volt-
age-gated sodium channel isoform found in CAD cells, nRNA
expression data suggest a secondary contribution by the
NaV1.1 and NaV1.3 isoforms (32). Remarkably, in stark con-
trast to NaV1.7, NaV1.1 and NaV1.3 current densities were not
affected by expression of CRMP2-K374A, suggesting that
CRMP2 SUMOylation-dependent modulation of sodium cur-
rent density may be specific to particular sodium channel iso-
forms. Of the tetrodotoxin-sensitive voltage-gated sodium
channels present in the nervous system, only NaV1.7 lacks a
putative SUMOylation motif (72). Thus, any modification of
the channel by SUMOylation is likely due to indirect modifica-
tion of accessory proteins, such as CRMP2 demonstrated in this
study. Mechanisms that specifically or preferentially regulate
NaV1.7 are of particular relevance due to the role of NaV1.7 in
transduction of peripheral pain.

The NaV1.1 isoform is the most commonly mutated gene in
epilepsy, with over 600 known mutations (73, 74). The channel
is targeted to the axon initial segment within CNS inhibitory
neurons where, much like NaV1.7 in the periphery, NaV1.1
channels underlie the generation of action potentials (75). Loss-
of-function mutations lead to a loss of inhibition within excit-
atory circuits, an underlying mechanism of genetic epilepsy
syndromes (73, 75). Although sequence analysis of NaV1.1 and
NaV1.3 reveals a putative SUMOylation site (72), it is unlikely
to be SUMOylated given placement of the target lysines within
the S5-S6 linker of domain IV. Importantly, NaV1.l and
NaV1.3 are present in small diameter dorsal root ganglion neu-
rons responsible for nociception, but to a much lesser extent
than NaV1.7 (55). The NaV1.3 isoform is primarily expressed
during early development thereafter decreasing to almost
undetectable levels in the normal adult nervous system (76).
DRGs from mice harboring a heterozygous mutation in the
neurofibromatosis type 1 gene exhibit increased mRNA expres-
sion of several NaV1 channels, including NaV1.1, NaV1.3,
NaV1.7, and NaV1.8 (77). Spinal nerve ligation and axotomy
both increase NaV1.3 mRNA levels in DRG neurons (78, 79). In
DRGs, NaV1.1 and NaV1.7 isoforms share trafficking guidance
by sodium channel 82 (32) subunits, which promote surface
expression of NaV1.1 and NaV1.7 via interactions with cell
adhesion molecules and the cytoskeletal protein ankyrin (55,
80). B2 subunit expression is up-regulated in sensory neurons
in models of neuropathic pain (81). Consequently, targeting
voltage-gated sodium channel trafficking mediated by the 32
subunit will alter surface expression of both NaV1.l and
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NaV1.7 channel isoforms and may exert control in both the
peripheral and central nervous systems. However, such a strat-
egy does not allow for selective control over individual NaV
isoforms, and it is presently unclear as to how NaV1.3 traffick-
ing may be regulated by the 2 subunit or other subunits for
that matter. In this regard, post-translational regulation of an
auxiliary subunit, such as SUMOylation of CRMP2 shown here,
may provide a mechanism for selectively targeting individual
isoforms of NaVs.

One potential mechanism underlying the different effects of
CRMP2 SUMOylation on NaV1.7, but not NaV1.1 or NaV1.3,
trafficking could be that CRMP2 SUMOylation may promote
assembly with binding partners that are not shared between the
NaV isoforms. That increasing the SUMOylation machinery
did not increase NaV1.7 current density suggests that the
SUMOylated CRMP2 may direct protein(s) that associate with
the channel early in its biogenesis. Another possibility may be
that other CRMP isoforms or heterotetramers of CRMP1-5
may be differentially SUMOylated and modulate different tar-
get NaVs. Studies aimed at uncovering the mechanistic under-
pinnings of these differences are presently underway in our
laboratory.

The modification of CRMP2 SUMOylation represents a
novel mechanism, whereby surface expression of expressed
NaV1.7 could possibly be targeted exclusively. Given the
unequivocal link between chronic pain and NaV1.7 and dem-
onstrated increases in NaV1.7 following injury, these channels
have emerged as an attractive target for drug discovery for the
treatment of pain. Our findings identify manipulation of
NaV1.7 trafficking mechanisms within primary DRG neurons
as a novel strategy for design of antinociceptive therapeutics
against these channels.
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