
Reciprocal Changes in Phosphorylation and Methylation of
Mammalian Brain Sodium Channels in Response to Seizures*□S

Received for publication, March 4, 2014, and in revised form, April 10, 2014 Published, JBC Papers in Press, April 15, 2014, DOI 10.1074/jbc.M114.562785

Je-Hyun Baek‡, Moran Rubinstein§, Todd Scheuer§, and James S. Trimmer‡¶1

From the ‡Department of Neurobiology, Physiology, and Behavior and the ¶Department of Physiology and Membrane Biology,
University of California, Davis, California 95616 and the §Department of Pharmacology, University of Washington School of
Medicine, Seattle, Washington 98195-7280

Background: Sodium channels underlie neuronal excitability and are regulated by seizures.
Results: Mass spectrometric analysis of brain sodium channels revealed novel phosphorylation and methylation sites that
decreased and increased, respectively, after seizures. Inducing methylation increased sodium channel activity.
Conclusion: Reciprocal phosphorylation and methylation after seizures will alter sodium channel function.
Significance: Such regulation would impact neuronal excitability.

Voltage-gated sodium (Nav) channels initiate action poten-
tials in brain neurons and are primary therapeutic targets for
anti-epileptic drugs controlling neuronal hyperexcitability in
epilepsy. The molecular mechanisms underlying abnormal Nav
channel expression, localization, and function during develop-
ment of epilepsy are poorly understood but can potentially
result from altered posttranslational modifications (PTMs). For
example, phosphorylation regulates Nav channel gating, and
has been proposed to contribute to acquired insensitivity to
anti-epileptic drugs exhibited by Nav channels in epileptic neu-
rons. However, whether changes in specific brain Nav channel
PTMs occur acutely in response to seizures has not been estab-
lished. Here, we show changes in PTMs of the major brain Nav
channel, Nav1.2, after acute kainate-induced seizures. Mass
spectrometry-based proteomic analyses of Nav1.2 purified from
the brains of control and seizure animals revealed a significant
down-regulation of phosphorylation at nine sites, primarily
located in the interdomain I-II linker, the region of Nav1.2 cru-
cial for phosphorylation-dependent regulation of activity. Inter-
estingly, Nav1.2 in the seizure samples contained methylated
arginine (MeArg) at three sites. These MeArgs were adjacent to
down-regulated sites of phosphorylation, and Nav1.2 methyla-
tion increased after seizure. Phosphorylation and MeArg were
not found together on the same tryptic peptide, suggesting
reciprocal regulation of these two PTMs. Coexpression of
Nav1.2 with the primary brain arginine methyltransferase
PRMT8 led to a surprising 3-fold increase in Nav1.2 current.
Reciprocal regulation of phosphorylation and MeArg of Nav1.2
may underlie changes in neuronal Nav channel function in
response to seizures and also contribute to physiological modu-
lation of neuronal excitability.

Voltage-gated sodium (Nav)2 channels mediate the rapid
influx of sodium that underlies action potential initiation, prop-
agation, and neuronal excitability. Nav channels are composed
of a large principal voltage-sensing and pore-forming � subunit
of �2,000 amino acids that contains 24 transmembrane seg-
ments. The � subunit polypeptide comprises four internally
repeated homologous domains (I–IV) containing the trans-
membrane and extracellular segments, and linked by cytoplas-
mic linker domains, as well as cytoplasmic N and C termini (1).
The intracellular domains are targets for posttranslational
modification (PTM) by phosphorylation at multiple sites (2, 3).
The mammalian Nav channel gene family encodes 10 distinct �
subunits, four of which (Nav1.1, Nav1.2, Nav1.3, and Nav1.6)
are highly expressed in the mammalian brain (4). Among these,
Nav1.2 is the most highly expressed, and it is found localized in
neuronal axons and nerve terminals, where it controls conduct-
ance of axonal action potentials and neurotransmitter release in
presynaptic terminals (4).

Nav channels, including Nav1.2, are modulated through
changes in phosphorylation state, primarily on the large cyto-
plasmic linker domains between the first and second internally
repeated domains (i.e. the interdomain (ID) I-II linker) (2). Nav
channels are phosphorylated by various protein kinases whose
impact is to modulate Nav channel activity and gating and, as a
consequence, cellular excitability (2, 5). Recent mass spectrom-
etry (MS)-based proteomic analyses of Nav1.2 purified from rat
brain (3) or present in whole mouse brain phosphoproteome
fractions (reviewed in Refs. 6 and 7) have identified �60 in vivo
phosphorylation sites on brain Nav1.2, many more than have
been identified on any other Nav channel. Increased Nav1.2
phosphorylation in the ID I-II linker region is generally associ-
ated with a reduction in Nav current (2), in the ID II-III linker
region changes in channel localization (8), and in the ID III-IV
linker region modulation of inactivation (9, 10).
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Epilepsy is a complex neurological disorder that affects �65
million people in the world (nearly 3 million in the United
States; see the Epilepsy Foundation Web site). The pathogene-
sis of epilepsy or epileptogenesis is complex and has not been
clearly defined, but it generally involves an imbalance between
excitatory and inhibitory neurotransmission in multiple brain
structures (11). Changes in the expression, localization, and
function of a number of ion channels, including Nav1.2 (12, 13),
occur in the period following the initial acute seizures and may
contribute to the resultant epileptogenesis, and at least some of
these are mediated through altered PTMs (14). Nav channels,
including Nav1.2, are also mutated in several forms of inherited
epilepsy (15). Nav channels are targets for many of the most
commonly used antiepileptic drugs (AEDs) (16), yet neurons in
the epileptic brain display resistance to certain Nav channel-
specific AEDs (17–20). Pharmacoresistance may initially arise
in response to acute seizures, and with a time course consistent
with changes in Nav channel PTM and inconsistent with de
novo expression of distinct Nav channel isoforms (21–24).
Acute changes in Nav channel gating, primarily an enhance-
ment of the sustained component, also occur in response to
seizure (22, 25–27). The signaling pathways triggered by a brain
insult and leading to these acquired changes in ion channel
function are not known and represent possible targets for AED
development.

Here we use monoclonal antibody (mAb)-based immunopu-
rification (IP) and MS analyses to provide the first evidence of
aberrantly altered in vivo PTMs of rat Nav1.2 protein upon
acute seizures induced by kainate (KA) treatment. These
include reciprocal changes in phosphorylation and arginine
methylation of Nav1.2 in the ID I-II linker domain that is crucial to
channel modulation. Discovery of seizure-associated changes in
Nav channel PTMs is crucial to a detailed understanding of epilep-
togenesis and the associated changes in gating and pharmacosen-
sitivity of neuronal Nav channels as well as identification of novel
pathways for therapeutic modulation.

EXPERIMENTAL PROCEDURES

Preparation of Seizure Model and Rat Brain Membrane
Proteins—All animal use procedures were in strict accordance
with the Guide for the Care and Use of Laboratory Animals
described by the National Institutes of Health and approved by
the University of California Davis Institutional Animal Care
and Use Committee. Acute seizures were induced in adult
(8 –12 weeks, 250 g) male rats by systemic KA administration at
a dose of 10 mg/kg (28). Seizure progression was assessed by
visual observation of the behavioral seizure stage according to
Racine’s classification (29). A full tonic-clonic behavioral sei-
zure, with loss of postural control, was considered as a class 5
motor seizure. Rats exhibiting stage 5 seizures were sacrificed
by decapitation and rapid preparation of a crude rat brain mem-
brane (RBM) fraction (30) in ice-cold buffer containing prote-
ase and phosphatase inhibitors (28).

IP and Reciprocal IP of Nav Channels—We immunopurified
Nav1.2 from RBM using Nav1.2-specific IgG2a mouse mAb
K69/3 (3), obtained from the University of California Davis/
National Institutes of Health NeuroMab Facility. Frozen or
fresh samples of RBM were individually solubilized at 1 mg of

protein/ml in lysis buffer (1% Triton X-100, 0.15 M NaCl, 1 mM

EDTA, 10 mM sodium azide, 10 mM Tris-HCl, pH 8.0, 2 mM

NaF, 1.5 �g/ml aprotinin, 10 �g/ml antipain, 10 �g/ml leupep-
tin, 0.1 mg/ml benzamidine, 1 mM PMSF) on a rotator at 4 °C
for 30 min. The detergent-insoluble fraction was removed by
centrifugation at 4 °C/16,000 � g/30 min. Nav1.2 was immuno-
purified by incubation of the detergent-soluble RBM fraction
for 13 h at 4 °C with K69/3 mAb cross-linked to protein G-aga-
rose beads. Beads were then washed seven times with lysis
buffer, and the IP product was eluted from the beads by incu-
bation in 5% SDS-containing reducing sample buffer at 37 °C
for 15 min. The eluted Nav1.2 protein was subjected to 7.5%
SDS-PAGE, and efficient IP was confirmed by immunoblotting
analysis. Reciprocal IP of Nav1.2 was performed with anti-
mono- and di-MeArg 7E6 IgG1 mAb (Abcam, catalogue no.
ab5394) and solubilized RBM. For sequential IP experiments,
Nav1.2 was first purified with K69/3 mAb beads, and Nav1.2
protein was eluted with 0.1 M glycine buffer, pH 3.0, followed by
immediate neutralization with 0.1 M Tris-HCl buffer (pH 8.0)
containing 1% Triton X-100, 0.15 M NaCl, and 1 mM EDTA.
Serial IP was performed as for initial IP, using K58/35 IgG1
mAb as a pan-Nav channel positive control (3), anti-Kv2.1
channel K89/34 IgG1 mAb as negative control, and anti-MeArg
7E6 IgG1 mAb for MeArg Nav1.2, followed by immunoblot
analysis with anti-pan-Nav channel K58/35 mAb.

SDS-PAGE and Immunoblotting—For LC-MS analyses, Nav
channel IPs were separated on 10% polyacrylamide-SDS gels
and visualized with colloidal Coomassie staining. For immuno-
blotting analysis, samples were electrotransferred to pure nitro-
cellulose membranes for 3 h at 4 °C. The membrane was
blocked with 4% nonfat dry milk and 0.1% Tween 20 in 1� TBS
buffer (pH 8.0) for 30 min and incubated overnight in primary
mAb solution diluted in blocking buffer. Immunoblots were
washed in blocking buffer and then incubated with horseradish
peroxidase-conjugated secondary antibody diluted in blocking
buffer for 1 h at room temperature and, after serial washes with
TBS buffer, incubated with ECL solution and imaged on a Fluor-
Chem Q imager (Cell Biosciences).

In-gel Digestion and Mass Spectrometry—For MS analyses,
the Nav channel band of 250 kDa was excised from Coomassie-
stained gels and diced into small pieces. The gel bands were
destained with 50% acetonitrile or methanol, 50 mM ammo-
nium bicarbonate, and then washed extensively with distilled
water by vortexing. After dehydrating with 50% acetonitrile, 50
mM ammonium bicarbonate buffer and 100% acetonitrile solu-
tion, the protein was reduced in 10 mM dithiothreitol at 56 °C
for 1 h and alkylated in 5 mM iodoacetamide at room tempera-
ture for 30 min. Gel pieces were then washed for 10 min in 50
mM ammonium bicarbonate; dehydrated in 50% acetonitrile, 50
mM ammonium bicarbonate for 10 min; and dried to complete
dryness. Dried gel pieces were swollen with trypsin solution
(Promega, Madison, WI) at 12.5 ng/ml in 50 mM ammonium
bicarbonate and incubated overnight at 37 °C. Digested peptide
mixtures were extracted three times with 10% formic acid for 15
min on ice and 100% acetonitrile for 5 min at room tempera-
ture. Extracted peptides were desalted and stored on StageTip
C18 at 4 °C (or room temperature) until LC-MS/MS. Peptides
were loaded on a homemade C18 trap column (12 mm � 75
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�m) and separated on a C18 analytical column (120 mm � 75
�m) on an Eksigent nano-LC system and analyzed by LTQ-FT
MS. Mass spectra were acquired in a data-dependent manner,
with a duty cycle that included one full survey FT scan with
100,000 resolution and seven subsequent consecutive tandem
mass scans with 400-ms ion-filling time. All mass spectra were
processed with Sorcerer (SEQUEST), Trans-Proteomics Pipe-
line (X!Tandem), MS-GF�, and MaxQuant software against a
target and decoy database (IPI rat version 3.72 and contaminant
sequences) or two Nav1.2 protein sequences (rat Nav1.2 and
Nav1.2 isoform 2 protein). The false discovery rate was below
1%.

Label-free Quantification and Statistical Data Analysis—La-
bel-free quantification was performed with two sets of
LC-MS/MS data: three technical replicates of in-gel digestion
from the first pair of RBM samples and duplicates from the
second pair of RBM samples (i.e. control and KA-treated sei-
zure rat brains). Ion chromatograms for all Nav1.2 peptide pre-
cursors were extracted with narrow precursor mass window
(e.g. 10 ppm) by Qualbrowser software (Thermo Finnigan), and
peak areas were calculated by the ICIS algorithm considering
retention time at the point of identification. Normalization for
the area of each Nav1.2 peptide was performed with the
summed area of total identified Nav1.2 peptides (n � 107).
Quantitative significance (ANOVA and principle component
analysis) was performed by Perseus software (Max-Planck
Institute of Biochemistry, Department of Proteomics and Sig-
nal Transduction, Munich). Statistical significance between the
means of two samples was estimated by Student’s t test.

Electrophysiology—Human embryonic kidney tsA-201 cells
in DMEM/Ham’s F-12 with 10% fetal bovine serum (Atlanta
Biologicals, Lawrenceville, GA) and 100 units/ml penicillin and
streptomycin (Invitrogen) were grown at 37 °C and 10% CO2.
Cells were transiently transfected with cDNAs encoding
Nav1.2 (2 �g) and GFP (0.5 �g) or Nav1.2 (2 �g) and GFP-
tagged PRMT8 (2 �g) using TransIT-LT1 (Mirus Bio LLC,
Madison, WI).

Currents were recorded in the whole-cell configuration
using an Axopatch 200B amplifier (Molecular Devices, Sunny-
vale, CA). The pipette solutions contained 170 mM N-methyl-
D-glucamine, 5 mM NaCl, 4 mM MgCl2, 0.1 mM 1,2-bis(o-
aminophenoxy)ethane-N,N,N�,N�-tetraacetic acid, 12 mM

Tris-phosphocreatine, 2 mM Tris-ATP, 0.2 mM sodium-GTP,
and 40 mM HEPES, adjusted to pH 7.2 with H2SO4. External
solution contained 140 mM NaCl, 5.4 mM CsCl, 1.8 mM CaCl2, 1
mM MgCl2, and 10 mM HEPES, adjusted to pH 7.4 with NaOH.
Recording pipettes were pulled from borosilicate glass transfer
tubes and fire-polished to resistances of 2– 4 megaohms. Data
were acquired using Pulse software (Heka, Lambrecht, Ger-
many) controlling an ITC18 DA/AD interface (Instrutech,
Great Neck, NY). All analyses were performed using IGOR Pro
(Wavemetrics, Lake Oswego, OR). Standard P/4 subtraction of
linear leak and capacitance was used. Series resistance was typ-
ically 6 – 8 megaohms, of which �80% was compensated
electronically.

The voltage dependence of activation was measured from a
holding potential of �100 mV. Cells were depolarized to poten-
tials from �100 to �100 mV in 10-mV increments, and peak

inward currents were measured. Conductance (G)-voltage rela-
tionships were determined from peak current (I) versus voltage
relationships as G � I/(V � VRev), where V was the test poten-
tial, and VRev was the extrapolated reversal potential. The volt-
age dependence of inactivation was measured from a holding
potential of �100 mV. Cells were depolarized for 100 ms to
potentials from �100 to �15 mV in 5-mV increments followed
by test pulses to 0 mV. Recovery from inactivation was exam-
ined by applying a 20-ms conditioning pulse to 0 mV from a
holding potential of �100 mV, followed by a recovery interval
of variable duration (	1 ms) and a test pulse to 0 mV. Voltage
dependence of slow inactivation was measured by holding the
membrane potential for 5 s at conditioning voltages from �100
mV to 0 mV (at 10-mV increments) before stepping for 20 ms to
�100 mV to recover channels in the fast inactivated state fol-
lowed by a test pulse at 0 mV for 10 ms.

RESULTS

Identification of in Vivo Phosphorylation Sites on Nav1.2—To
discover acute seizure-responsive PTMs in rat brain, we per-
formed MS analysis on Nav1.2 purified from the brains of con-
trol rats and rats subjected to KA-induced seizures. We first
determined that Kv2.1 potassium channels in the brain samples
from KA-seized rats exhibited the altered electrophoretic
mobility that had been seen in previous studies of this seizure
model (28) and that samples from control and KA-seized rats
had comparable levels of Nav1.2 (Fig. 1A). We isolated Nav1.2
protein from control and KA-induced seizure samples by tar-
get-specific IP using the Nav1.2-specific mouse mAb K69/3
rather than PTM-specific enrichment techniques (e.g. phos-
phopeptide or glycol capture methods). This approach allowed
us to analyze in vivo Nav1.2 PTMs independent of the nature of
the PTM. Effective detergent solubilization (Fig. 1B) and IP
(Fig. 1C) of Nav1.2 was confirmed by immunoblotting of deter-
gent-soluble and -insoluble fractions and purified and depleted

FIGURE 1. Immunopurification of rat brain Nav1.2 from control and sei-
zure animals. A, immunoblot analysis of Nav1.2 and Kv2.1 in control (C) and
seizure (S) RBM samples (10 �g of protein/lane). B, solubilization of Nav1.2 in
1% Triton X-100 detergent extract. T, total RBM starting material; S, detergent-
soluble fraction; I, detergent-insoluble fraction. C, immunoblot analysis of
Nav1.2 IP. Input, 20 �g of protein; FT, flow-through fraction from immunopu-
rification; IP, IP fraction. Fractions were each 10 �g of protein. D, colloidal
Coomassie Blue staining of IP products from control and seizure brain. Nav,
Nav channel band excised for analysis. Hspa5, IgG binding protein. mAb, mAb
IgG heavy chain. Numbers to the left of panels refer to Mr standards.
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fractions, respectively. The purified Mr �250,000 Nav1.2 �
subunit protein was further purified by excision from Coomas-
sie Brilliant Blue-stained SDS-PAGE (Fig. 1D). The Nav1.2 �
subunit gel band from control and seizure samples was sub-
jected to trypsinization, and extracted peptides were subjected
to label-free quantitative MS analysis. To increase the identifi-
cation efficiency for low abundant peptides containing PTMs,
such as phosphorylation, we applied two mass spectrometric
options: longer ion accumulation (400 ms) and multistage acti-
vation for tandem MS (specifically useful for phosphopeptide
identification).

In these analyses, we identified a total of 264 Nav1.2 peptides.
Among the five described alternative splice variant isoforms of
rat brain Nav1.2, we observed only two isoforms, with 11 splice
variant isoform-specific peptides from the canonical Nav1.2
isoform (SWISS-PROT P04775), and five splice variant iso-
form-specific peptides from an alternative isoform
(IPI00476429.2), which we refer to hereafter as isoform 2. Iso-
form-specific peptides from the three other alternative splice
variant isoforms of rat brain Nav1.2 (SWISS-PROT: F1LN1,
F1LLV9, F1M7F6) were not detected. The overall coverage of
the Nav1.2 sequence was �50%, with �80% coverage of cyto-
plasmic domains. Of the 107 unique Nav1.2 peptides derived
from cytoplasmic regions, including six peptides from Nav1.2
isoform 2, 11 peptides were derived from the N terminus, 45
from the ID I-II linker, five from the ID II-III linker, four from
the ID III-IV linker, and 20 from the cytoplasmic C-terminal
region (see Fig. 2 for the Nav1.2 membrane topology). In addi-
tion, we identified 13 peptides from the pore domains, four
from transmembrane domains, three from the extracellular
loops, and two from the voltage sensor region (Fig. 2).

We next investigated the nature and extent of Nav1.2 phos-
phorylation in these samples. Our previous MS analyses of in
vivo phosphorylation sites on Nav1.2 purified from rat brain
had identified 15 phosphorylation sites (3). Global mouse brain
phosphoproteome analyses have also identified a partially over-
lapping set of in vivo Nav1.2 phosphorylation sites, which
together yielded a total 61 distinct phosphorylation sites (reviewed
in Refs. 6 and 7).

To increase the sensitivity and reliability of phosphosite
identification in our analyses, we searched our data set against
the entire rat protein sequence database using four search
engines: SEQUEST, X!Tandem, MaxQuant (31), and MS-GF�

(32). We also performed a targeted MaxQuant software-based
analysis against the Nav1.2 and Nav1.2 isoform 2 protein
sequences (false discovery rate 
0.01). As shown in Fig. 2 and
Table 1, using these approaches, we identified a total of 33 in
vivo phosphorylation sites on Nav1.2 purified from rat brain.
This set includes 14 phosphorylation sites known from previous
studies of rat brain Nav1.2 (Ser(P)-4, Ser(P)-468, Ser(P)-471,
Ser(P)-484, Ser(P)-554, iso-Ser(P)-582, Ser(P)-589, Ser(P)-687,
Ser(P)-688, Ser(P)-721, Ser(P)-1930, Ser(P)-1966, Thr(P)-
1969/1970, and Ser(P)-1971; no asterisk in Fig. 2), 10 Nav1.2
phosphorylation sites previously known only in mouse brain
(Thr(P)-113, Ser(P)-488, iso-Ser(P)-543, Ser(P)-553, Ser(P)-
568, Tyr(P)-689, Ser(P)-692, Ser(P)-706, Ser(P)-709, and
Thr(P)-712; one asterisk in Fig. 2), and nine novel sites (Ser(P)-
104, Thr(P)-106, Ser(P)-107, Ser(P)-494(495), Ser(P)-665,
Ser(P)-686, Ser(P)-1076, Tyr(P)-1429, and Ser(P)-1977; two
asterisks in Fig. 2). In this study, of the 33 in vivo phosphoryla-
tion sites identified on Nav1.2, 26 are on Ser, five are on threo-
nine, and two are on tyrosine (closed circles in Fig. 2). All phos-
phorylation sites were found on cytoplasmic domains except
for Tyr(P)-1429, which is predicted to be in the S5-S6 P-loop
region of domain III (Fig. 2).

Arginine Methylation of Nav1.2—Surprisingly, we found
three MeArg sites, Arg-472, Arg-563, and Arg-570, in multiple
tryptic peptides derived from the ID I-II linker region of Nav1.2
(open boxes in Fig. 2). Because MeArg has not been commonly
identified as an in vivo PTM of membrane proteins, we vali-
dated MeArg on Nav1.2 using a number of independent
approaches. We first performed IP experiments on a lysate pre-
pared from a crude rat brain membrane fraction using an anti-
MeArg mAb and probed the resultant MeArg protein fraction
for the presence of Nav1.2 protein by immunoblot. As shown in
Fig. 3A, IPs performed with the anti-MeArg IgG1 mAb con-
tained Nav1.2 protein. However, no Nav1.2 was detected in
negative control IPs performed with irrelevant anti-Kv2.1 IgG1

FIGURE 2. Mapping of in vivo multiple PTMs on rat brain Nav1.2. Closed circles, phosphosites on Ser/Thr/Tyr; open boxes, MeArg. **, novel phosphorylation
sites identified here; *, phosphorylation sites known previously only in mice and identified here in rats.
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mAb or with no mAb (Fig. 3A). To verify that the MeArg yield-
ing the specific IP with the anti-MeArg mAb was on Nav1.2 and
not an associated protein, we performed a sequential IP exper-
iment, first purifying Nav1.2 with an anti-Nav1.2 mAb and then
performing a second IP reaction on the eluted Nav1.2 protein.
As shown in Fig. 3B, the sequential IPs performed on purified
Nav1.2 with a pan-Nav IgG1 mAb and with the anti-MeArg
IgG1 mAb, but not with irrelevant anti-Kv2.1 IgG1 mAb,
yielded Nav1.2 signals. These results indicate that rat brain
Nav1.2 is modified with MeArg. We next confirmed MeArg at
Nav1.2 MeArg-563 by comparison of the tandem mass spec-
trum of the native Nav1.2 tryptic peptide with that of a synthe-
sized standard peptide 552FSSPHQSLLSIRGSLFSPR570 (Mr �
2129.145 Da; MeArg at position 563 in boldface and under-
lined; mirror image in Fig. 3C). We note that this peptide has a
consensus RGX motif (RGS) sequence for MeArg at Arg-563.
These data suggest the existence of a novel MeArg on Nav1.2.

Quantification of Nav1.2 Peptides Using Label-free Quanti-
fication—For statistical analysis, each sample was analyzed on
the LC-MS platform with multiple LC-MS/MS runs. Nav1.2
peptides were quantified using an MS1 intensity-based label-
free quantification method. The procedure was as follows: 1) we
used Qualbrowser software to manually select extracted ion
chromatograms (XICs) for the charge-free Nav1.2 peptides
with a 10-ppm mass window; 2) we assigned the appropriate
XIC to an exact identification time point; and 3) we measured

the area of the XIC using an ICIS peak algorithm in cases where
the peak had a quantifiable shape. When an Nav1.2 peptide was
identified at least once in six LC-MS/MS runs, we considered it
for label-free quantification. We obtained 134 quantifiable
XICs from total of 264 unique peptides from the Nav1.2 pro-
tein, which were merged into a charge state-free set of 107
unique peptides (see supplemental Table 1). We normalized the
abundance of each Nav1.2 peptide with the total sum abun-
dance. Alternatively, we confirmed the normalization using the
abundance of several unmodified peptides of Nav1.2 as internal
standards (I.S.) (see Fig. 5, right box).

To determine the peptides with quantitative significance, we
performed ANOVA (p value calculation) for all 107 Nav1.2
peptides. Alternatively, to extract key components exhibiting
more significant differences, we performed principal compo-
nent analysis (Fig. 4). As shown in Fig. 4A, principal component
analysis discriminated between control and seizure samples
mainly by component 1 (81.2%, p value � 4.57E�3). As shown
in Fig. 4B, combinatorial analysis of ANOVA significance with
principle component analysis was able to highlight key PTMs
showing significant changes in response to acute seizures (8 of
10 closed black circles; ANOVA p value 
0.01 and higher/lower
than �0.1 of component 1). Of these, three phosphorylation
sites in the ID I-II linker region (Ser(P)-554, -589, and -692)
were decreased in the seizure sample, whereas the Ser(P)-488

TABLE 1
Summary of identified Nav1.2 peptides containing PTMs

Position Residue PTM
Novel

ID
Search engine and databasea

Confidence
(no. of hits/5 search engines)S X G M(1) M(2)

4 Ser Phosphorylation � � � Medium (3/5)
104 Ser Phosphorylation Yes � Low (1/5)
106 Thr Phosphorylation Yes � Low (1/5)
107 Ser Phosphorylation Yes � Low (1/5)
113 Thr Phosphorylation � Low (1/5)
468 Ser Phosphorylation � � Medium (3/5)
471 Ser Phosphorylation � � � � � High (5/5)
484 Ser Phosphorylation � � � � � High (5/5)
488 Ser Phosphorylation � � Medium (3/5)
494(495) Ser(Ser) Phosphorylation Yes � Low (1/5)
553 Ser Phosphorylation � � � � High (4/5)
554 Ser Phosphorylation � � � � High (4/5)
568 Ser Phosphorylation � � � Medium (3/5)
543 (isoform 2) Ser Phosphorylation � � � Medium (3/5)
582 (isoform 2) Ser Phosphorylation � � � Medium (3/5)
589 Ser Phosphorylation � � � � � High (5/5)
665 Ser Phosphorylation Yes � Low (1/5)
686 Ser Phosphorylation Yes � � � � High (4/5)
687 Ser Phosphorylation � � � � High (4/5)
688 Ser Phosphorylation � � � � High (4/5)
689 Tyr Phosphorylation � � � Medium (3/5)
692 Ser Phosphorylation � � � � High (4/5)
706 Ser Phosphorylation � � � � High (4/5)
709 Ser Phosphorylation � � � � High (4/5)
712 Thr Phosphorylation � � � Medium (3/5)
721 Ser Phosphorylation � � � � High (4/5)
1076 Ser Phosphorylation Yes � � � � High (4/5)
1429 Tyr Phosphorylation Yes � � � � High (4/5)
1930 Ser Phosphorylation � � Medium (3/5)
1966 Thr Phosphorylation � � � � � High (5/5)
1969(1970) Thr(Thr) Phosphorylation � Low (1/5)
1971 Ser Phosphorylation � � � Medium (3/5)
1977 Ser Phosphorylation Yes � Low (1/5)
472 Arg Methylation Yes � � � � � High (5/5)
563 Arg Methylation Yes � � � Medium (3/5)
570 Arg Methylation Yes � � � Medium (3/5)

a S, searched with rat protein sequences (IPI version 3.72) by SEQUEST; X, searched with rat protein sequences (IPI version 3.72) by X!Tandem; G, searched with rat protein
sequences (IPI version 3.72) by MS-GF�; M(1), searched with rat protein sequences (IPI version 3.72) by MaxQuant; M(2), searched with rat Nav1.2 protein sequences by
MaxQuant.
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site and the corresponding unmodified peptide (amino acids
473– 492) were increased in the seizure sample.

Altered Stoichiometry of Nav1.2 Phosphorylation in Response
to Acute Seizures—As confirmed by immunoblot analysis and
as expected due to the short period of the acute seizure, the
expression level of rat brain Nav1.2 polypeptide was not differ-
ent between the control and acute seizure samples (Fig. 1A). To
determine seizure-induced PTM changes of Nav1.2, we applied

isoform-specific mAb-based purification to obtain similar
amounts of Nav1.2 from control and seizure rat brain mem-
brane fractions. We then used precursor-quantifiable high res-
olution MS (r � 100,000) to reveal the stoichiometry of multi-
ple peptides containing in vivo Nav1.2 PTMs. We calculated the
relative stoichiometry of 29 phosphopeptides in the control and
acute seizure samples (Fig. 5), using five internal standard (I.S.)
peptides as a control. The levels of 16 phosphopeptides were

FIGURE 3. Biochemical confirmation of Arg methylation on Nav1.2. A, IP of Nav1.2 from three independent RBM samples using anti-MeArg mAb. B,
sequential IP of purified Nav1.2 with anti-pan-Nav (K58/35), anti-Kv2.1 (K89/34; negative control), or anti-MeArg (me-R) IgG1 mAbs. All immunoblots were
probed for Nav1.2. C, mirrored mass spectra of seizure rat brain Nav1.2 peptide with MeArg at MeArg-563 (red) and corresponding synthetic peptide (blue).

FIGURE 4. Principle component analyses of Nav1.2 peptides quantified by label-free quantification. A, sample group separation. Closed circles, control
samples; open circles, seizure samples. B, peptide component separation. Black circles (n � 10), ANOVA p value 
 0.001; gray circles (n � 18), 0.001 � p value 

0.01; white circles (n � 79), p value � 0.01.
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significantly changed (p value 
0.05) in response to acute sei-
zures. As shown in Fig. 5, most of these phosphopeptides were
down-regulated in the seizure sample relative to the control (12
peptides, ranging between 0.38- and 0.83-fold control levels),
whereas only four phosphopeptides were up-regulated (rang-
ing between 1.27- and 2.25-fold control levels; note that the
large increases in Ser(P)-494/495 and Ser(P)-665 were not sig-
nificant due to the large coefficient of variation in control sam-
ples). We also found phosphorylation at Ser-543 and Ser-582
sites in Nav1.2 isoform 2, corresponding to the Ser-540 and
Asn-579 sites, respectively, of canonical rat Nav1.2. Overall, the
magnitude of changes in the stoichiometry of phosphorylation
at individual sites between the control and seizure samples was
not large, in general being �2-fold. However, the number of
phosphorylation sites showing significantly altered stoichiom-
etry was high (14 sites in 16 peptides).

Reciprocal Regulation of Nav1.2 Arg Methylation and Phos-
phorylation in Response to Acute Seizures—Three MeArg sites
(MeArg-472, -563, and -570) were found near phosphosites
(Ser(P)-468, -471, -553, -554, and -568) located in the ID I-II
linker, a region especially critical to Nav1.2 modulation. Inter-
estingly, MeArg peptides were within the same tryptic peptides
containing these phosphorylation sites (Table 2). In each case,
peptides were not detected that were simultaneously modified
with both phosphorylation and MeArg, as we found (under-
lined residues indicate the sites with PTMs): QQEEA-
QAAAAAASAESR (MeR472) and QQEEAQAAAAAASAESR
(Ser(P)-468, Ser(P)-471), as well as FSSPHQSLLSIRGSLFSPR
(MeArg-563 and MeArg-570) and FSSPHQSLLSIRGSLFSPR
(Ser(P)-553, Ser(P)-554, Ser(P)-568). Moreover, our quantita-
tive analyses revealed that these two distinct forms of PTMs
were reciprocally regulated in response to seizure (Fig. 6). Two
peptides (MeArg-472 and MeArg-563) with mono-Me were
increased in the seizure sample, whereas the corresponding
peptides with phosphorylation (Ser(P)-471, Ser(P)-554, and
Ser(P)-568) were found decreased in the seizure sample. This
mutual exclusivity and reciprocal presence of these PTMs and
their proximity to one another suggest that the presence of one
PTM may negatively influence the other.

Effects of Increased Arginine Methylation in Nav Channel
Function—The results detailed above suggest a reciprocal rela-
tionship between phosphorylation and arginine methylation of
Nav1.2 in mammalian brain. Because phosphorylation is
known to have diverse effects on Nav1.2 function, primarily to
reduce the overall amplitude of Nav1.2 currents but also to
impact gating, we next determined the impact of increased argi-
nine methylation. We compared the amplitude and biophysical
properties of recombinant Nav1.2 channels expressed in heter-
ologous human embryonic kidney tsA-201 cells in the presence
and absence of coexpressed PRMT8, the major arginine meth-
yltransferase expressed in the brain (33). We found that coex-
pression of PRMT8 led to a significant increase in Nav1.2 cur-
rents (Fig. 7). This is seen in both sets of current traces from
cells with and without PRMT8 coexpression (Fig. 7A) and also
in data pooled from numerous cells (Fig. 7, C and D). Overall,
cells coexpressing PRMT8 exhibited an �3-fold increase in
Nav1.2 current relative to cells expressing Nav1.2 alone (3.1-

FIGURE 5. Stoichiometry of Nav1.2 phosphopeptides observed by label-free quantification. Bars indicate fold changes of phosphopeptides in seizure
samples relative to control samples, normalized against unmodified internal standard (I.S.) peptide levels shown on the right. *, significant (p 
 0.05) changes
by ANOVA analysis with individual p values shown. Error bars, S.E.

FIGURE 6. Phosphorylation (pS554) and Arg methylation (MeR563) in the
Nav1.2 ID I-II linker region are reciprocally regulated in control and sei-
zure samples. A, volcano plot of Nav1.2 peptides from the region 552–570
containing phosphorylation and MeArg. B–D, examples of label-free quanti-
fication of peptides that are either unmodified (B), phosphorylated at Ser(P)-
554 (C), or methylated at MeArg-563 (D) between control (solid line) and sei-
zure (dashed line) samples. The x axis shows the retention time (min) of
peptides on C18-column liquid chromatography, and parentheses with italic
type indicate the charge state of each peptide.
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fold, n � 6 for Nav1.2 alone, n � 10 for Nav1.2 � PRMT8, p 

0.05; Fig. 7D). No significant differences were observed in the
voltage dependence of activation and inactivation (Fig. 7F) or
the voltage dependence of slow inactivation (Fig. 7H) in cells
expressing Nav1.2 alone versus Nav1.2 plus PRMT8. The kinet-
ics of recovery from inactivation were enhanced 1.5-fold with
PRMT8 coexpression (Fig. 7G). Expression of PRMT8 did not
yield any increase in Nav currents in cells in the absence of
Nav1.2 coexpression (Fig. 7, B and E), showing that PRMT8 was
acting on coexpressed Nav1.2 and not any endogenous Nav
channels that may be expressed in tsA-201 cells.

DISCUSSION

Here we show, using MS-based analyses, that Nav1.2 purified
from rat brain exhibits altered phosphorylation and methyla-
tion in response to acute seizures, and that phosphorylation
and MeArg are mutually exclusive PTMs that are reciprocally
regulated on the same Nav1.2 peptides.

Nav1.2 is the most abundant Nav channel in the mammalian
brain, where it is found primarily on axons and in nerve termi-

nals (4). Numerous chromosomal duplications, nonsense, and
missense mutations in the human Nav1.2-coding SCN2A gene
have been associated with a variety of neurological disorders,
including a variety of epilepsies as well as autism spectrum dis-
order (34). These and other findings underscore the impor-
tance of Nav1.2 in normal brain function, as a major Nav chan-
nel important in regulating hyperexcitability associated with
epilepsy, and as an important target of AEDs (34). A number of
classical biochemical studies and more recent MS-based pro-
teomic analyses have revealed a remarkable degree of phosphor-
ylation on Nav1.2 relative to other Nav channels (reviewed in
Refs. 6 and 7). Prior to this study, of the prominent brain Nav
channels, 61 in vivo phosphorylation sites had been identified
on Nav1.2 versus 28 on Nav1.1 and 13 on Nav1.6. Here we
confirm 23 of these sites and provide nine novel in vivo Nav1.2
phosphorylation sites to bring the total to 70 known sites. The
role of phosphorylation at many of these sites remains to be
established. However, the majority of these sites (39 of the 71)
are found in the ID I-II linker region that is known to be crucial
to functional modulation of Nav1.2 (reviewed in Refs. 2 and 5),

FIGURE 7. Coexpression of PRMT8 increases Nav1.2 currents without effects on voltage-dependent properties. A, representative families of Nav1.2
current without and with coexpression of PRMT8. Currents in response to steps from �100 to �100 mV in 20-mV increments are shown. B, average currents
from tsA-201 cells expressing GFP alone or PRMT8 alone at 0 mV, n � 5 for each. C, mean current-voltage (I-V) relationships of peak currents. Currents were
elicited in response to voltage steps to the indicated potentials in 10-mV steps from a holding potential of �100 mV. Peak current is plotted as a function of test
pulse potential. Note that the y axis is in nA. D, percentage change in peak amplitude of Nav1.2 current at 0 mV associated with coexpression of PRMT8. E,
average of maximal inward currents from tsA-201 cells expressing GFP alone or PRMT8 alone at 0 mV. Note that the y axis is in pA. F, voltage dependence of the
activation and voltage dependence of fast inactivation for cells expressing Nav1.2 alone or with coexpression of PRMT8. Conductance-voltage relationships
(circles) were determined from I-V relationships as in B as G � I/(V � VRev), where V is the test potential, and VRev is the extrapolated reversal potential. The
voltage dependence of inactivation (squares) was determined using 100-ms-long prepulses to the indicated potentials, followed by a test pulse to 0 mV.
Normalized peak test pulse current is plotted as a function of prepulse potential. G, recovery from fast inactivation. Nav1.2, � � 4.59 � 0.289 ms, n � 10; Nav1.2 �
PRMT8, � � 3.05 � 0.284 ms, n � 12; p � 0.001. H, voltage dependence of slow inactivation (Nav1.2, n � 6; Nav1.2 with PRMT8, n � 10). Error bars, S.E.
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and a large number of the remaining sites (13 of the 69) are on
the cytoplasmic C terminus, which is critical to modulation by
binding to calmodulin and G protein subunits (34). We did not
detect any of the phosphorylation sites in the ID III-IV linker
region (e.g. Tyr-1497, Tyr-1498, and Ser-1506) that have previ-
ously been shown to be important in modulation of Nav1.2
inactivation gating (35). This region contains multiple trypsin
cleavage sites, making it prone to poor MS detection due to the
short length and high charge state (�4) of the cleavage
fragments.

The proteomics analysis presented here reveals that 12 of
these Nav1.2 phosphorylation sites exhibit significant (p 

0.05) down-regulation in response to acute seizures: Ser(P)-4,
-471, -484, -554, -568, -589, -686, -692, -586/692, -709, -1076,
and -582 on isoform 2. The overall changes in the stoichiometry
of phosphorylation in response to acute seizures were small
(�2-fold); however, it should be noted that these values are
from whole brain samples, and regional changes in areas most
affected by acute KA-induced seizures (e.g. hippocampus) (36)
could potentially be much larger. Interestingly, the bulk (10 of
12) of these regulated phosphorylation sites are located in the
ID I-II linker region, the major modulatory region of Nav chan-
nels. Previous studies have shown a reduction in Nav current
with increased phosphorylation in this region, either by PKA
and/or PKC activation or through protein phosphatase activa-
tion (5). The reduced phosphorylation in this region in
response to acute seizures seen here should enhance Nav cur-
rent in affected neurons. Increased Nav channel activity, the
appearance of a persistent Nav current, and acquired AED
insensitivity are seen in neurons obtained from the brains of
animal models of epilepsy (25, 27, 37, 38), including KA-in-
duced seizures, and in brain tissue from epilepsy patients (22).
Enhancement of ion channel activity is associated with the ini-
tial period following seizures and may promote subsequent epi-
leptogenesis (39). Although some of these changes may be due
to altered Nav channel gene expression, as has been shown in
both KA-seized rats (12, 40) and epilepsy patients (41), a recent
study suggests that altered Nav channel function first appears
in the period immediately following acute seizures (42). Studies
in cultured rat cortical neurons suggest that altered PTM of
Nav channels occurs within 5 min of stimulus and underlies
changes in Nav channel gating as well as altered sensitivity to
AEDs (21, 23). Because biosynthesis and trafficking of neuronal
Nav1.2 are quite slow, with cell surface Nav1.2 appearing on the
cell surface �8 h after translation (43), it is unlikely that
increased Nav channel gene expression, translation, and traf-
ficking could yield the rapid changes in Nav current seen in
response to seizures. As such, modulation of existing pools of
the major brain Nav channel Nav1.2 through changes in PTMs
represents a plausible mechanism for the rapid changes in Nav
channel activity seen in neurons in response to seizures and
other stimuli that impact neuronal excitability.

Our studies reveal MeArg as a novel form of in vivo PTM on
a brain Nav channel. Protein methylation is a common PTM for
nuclear proteins, and few published reports exist of methyla-
tion of plasma membrane proteins. The identification of
MeArg on Nav1.2 further increases the already appreciated
complexity whereby Nav channels can be dynamically regu-

lated by PTMs, including phosphorylation (5), palmitoylation
(44), and glycosylation (45). The emergence of Nav1.2 as a plat-
form for signal integration through a diverse array of signaling
pathways that impact membrane excitability is key to under-
standing the means by which neuronal activity is regulated by
physiological and pathophysiological stimuli. We note that the
MeArg and phosphorylated Ser residues identified here in
Nav1.2 purified from rat brain are well conserved in most
human and rat brain Nav channels, suggesting that this could
represent a conserved mode of Nav channel regulation.

The mutually exclusive nature of Nav1.2 phosphorylation
and MeArg on two different peptides in the intracellular ID I-II
linker (Fig. 6 and Table 2) suggests reciprocal regulation of
these in vivo PTMs in neurons. Although little is known of the
coordinated regulation of protein phosphorylation and methy-
lation in membrane proteins, there exists a rich literature on
these PTMs in nuclear proteins, especially histones (46). These
studies reveal that in many cases, protein phosphorylation and
methylation are mutually exclusive and that the molecular
mechanisms for this opposition are varied. One set of mecha-
nisms acts in cis, such that modification of the target protein
with one class of PTMs inhibits the acquisition or enhances the
loss of the other type of PTM on the same target protein (46). In
the case of Nav1.2, this would lead to a model whereby methy-
lation of Arg-472 could negatively impact phosphorylation at
Ser-471 or Ser-468 and methylation at Arg-563 and Arg-570 for
phosphorylation at Ser-553, Ser-554, and Ser-568. It is interest-
ing to speculate that because basic residues, such as Arg, are
crucial components of the consensus sequence for phosphory-
lation by PKA, PKC, CDK5, etc. (47), the presence of MeArg
could directly prevent phosphorylation at the adjacent Ser
residues.

It should also be noted that another known mechanism for
opposing cross-talk between protein phosphorylation and
methylation can occur in trans via negative regulation of PRMT
activity by phosphorylation, as in the case of inhibition of
PRMT5 by JAK2 phosphorylation during myeloproliferation
and erythroid differentiation (48). Reciprocal regulation of pro-
tein kinase activity by Arg methylation has also been proposed
(49). Although we have not identified the PRMT that methy-
lates Nav1.2 in vivo, the likely candidate is PRMT8, a mem-
brane-associated PRMT specifically expressed in the brain (33)
where it is found at high levels in neurons (50, 51). It is not
known whether PRMT8 is regulated by phosphorylation as are
other PRMTs. One emerging theme from these studies is that
protein methylation may be generally more stable than phos-
phorylation (52), suggesting that once methylation is acquired,
it may have a long lasting impact on target protein function.

TABLE 2
Mutually exclusive identification of protein methylation and phos-
phorylation
Residues in boldface type and underlined indicate sites with PTMs.

Positions Peptide sequence PTM Residues

456–472 QQEEAQAAAAAASAESR MeArg Arg-472
456–472 QQEEAQAAAAAASAESR Ser(P) Ser-468, Ser-471
552–563 FSSPHQSLLSIRGSLFSPR MeArg Arg-563, Arg-

570
552–563 FSSPHQSLLSIRGSLFSPR Ser(P) Ser-553, Ser-554,

Ser-568
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We observed increased amplitude of Nav1.2 currents in het-
erologous cells upon PRMT8 coexpression (Fig. 7). The recom-
binant cardiac Nav1.5 Nav channel isoform expressed in heter-
ologous HEK293 cells is also methylated (53), and coexpression
of Nav1.5 with PRMT3 and PRMT5 in heterologous cells leads
to increased Nav1.5 currents (54). These results are consistent
with increased methylation resulting in enhanced amplitude of
Nav current. In the case of Nav1.5, the authors presented data
supporting increased cell surface expression of Nav1.5 chan-
nels as a mechanism contributing to the increased Nav current
(54). We found in samples from mammalian brain that
increased arginine methylation was associated with decreases
in Nav1.2 phosphorylation. Because increased phosphorylation
in the ID I-II linker region of Nav1.2 can acutely suppress
Nav1.2 currents (reviewed in Ref. 5), it is possible that decreases
in phosphorylation associated with increased Nav1.2 methyla-
tion upon PRMT8 coexpression may contribute to the observed
increase in current. We speculate that the increased methyla-
tion and decreased phosphorylation of mammalian brain
Nav1.2 that we observed in response to acute seizures in vivo
underlie the acquired increases in Nav current in neurons fol-
lowing a seizure or other pro-epileptic insult. We also suggest
that the enzymes catalyzing the reactions that lead to these
alterations in PTMs, and the components of upstream signaling
pathways leading from the initial insult to the disease state, may
represent attractive targets for therapeutic modulation of
Nav1.2 to reduce the altered neuronal excitability that occurs in
epileptic neurons. Coupling of phosphorylation and methyla-
tion also represents an attractive candidate mechanism for
effective physiological regulation of neuronal excitability.
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