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Background: CaMKII is up-regulated in heart failure and modulates Na� current (INa), yet the mechanism is unclear.
Result: CaMKII phosphorylates several sites in the first intracellular loop of NaV1.5, thereby altering INa gating properties.
Conclusion: This multisite phosphorylation may contribute to acquired arrhythmogenesis.
Significance: Identification of these regulatory sites is critical for potential therapeutic targeting of CaMKII and NaV1.5 in
failing hearts.

The cardiac Na� channel NaV1.5 current (INa) is critical to
cardiac excitability, and altered INa gating has been implicated
in genetic and acquired arrhythmias. Ca2�/calmodulin-depen-
dent protein kinase II (CaMKII) is up-regulated in heart failure
and has been shown to cause INa gating changes that mimic
those induced by a point mutation in humans that is associated
with combined long QT and Brugada syndromes. We sought to
identify the site(s) on NaV1.5 that mediate(s) the CaMKII-in-
duced alterations in INa gating.We analyzed bothCaMKII bind-
ing and CaMKII-dependent phosphorylation of the intracellu-
larly accessible regions of NaV1.5 using a series of GST fusion
constructs, immobilized peptide arrays, and soluble peptides. A
stable interaction between �C-CaMKII and the intracellular
loop between domains 1 and 2 of NaV1.5 was observed. This
region was also phosphorylated by �C-CaMKII, specifically at
the Ser-516 and Thr-594 sites. Wild-type (WT) and phospho-
mutant hNaV1.5 were co-expressed with GFP-�C-CaMKII in
HEK293 cells, and INa was recorded. As observed in myocytes,
CaMKII shifted WT INa availability to a more negative mem-
brane potential and enhanced accumulation of INa into an inter-
mediate inactivated state, but these effects were abolished by
mutating either of these sites to non-phosphorylatable Ala res-
idues. Mutation of these sites to phosphomimetic Glu residues
negatively shifted INa availability without the need for CaMKII.
CaMKII-dependent phosphorylation of NaV1.5 atmultiple sites
(includingThr-594 andSer-516) appears to be required to evoke

loss-of-function changes in gating that could contribute to
acquired Brugada syndrome-like effects in heart failure.

Inward Na� current (INa)4 in the heart is produced primarily
by the NaV1.5 channel. INa is responsible for the rapid upstroke
of the cardiac myocyte action potential and for rapid propaga-
tion of depolarization throughout the heart. INa normally acti-
vates and inactivates very rapidly, but genetic or acquired alter-
ations in cardiac sodium channel gating can lead to long QT
syndrome (where INa fails to completely inactivate) and Bru-
gada syndrome (where INa availability is reduced), which can
predispose patients to ventricular arrhythmias (1). Moreover,
one human NaV1.5 mutation (1795InsD) is associated with
both long QT syndrome at low heart rates and Brugada syn-
drome at high heart rates (2). These genetic channelopathies,
although relatively rare, have been extremely important in
understanding the arrhythmogenic basis of channel gating
alterations. Genetically normal channels may exhibit altered
channel gating due to acquired post-translational modifica-
tions that may accompany common diseases, such as ischemic
heart disease and heart failure (3).
Ca2�/calmodulin (CaM)-dependent protein kinase II

(CaMKII) expression and activity levels are increased in both
animal models of heart failure and in failing human hearts
(4–7). CaMKII also co-immunoprecipitates with and phos-
phorylates NaV1.5 in cardiomyocytes (8). Overexpression of
�C-CaMKII, the predominant cardiac myocyte isoform, either
acutely in rabbitmyocytes or transgenically inmousemyocytes,
produces complex effects on INa gating (8). Notably, these
effects phenocopy the human NaV1.5 mutation (1795InsD),
which causes combined long QT syndrome and Brugada syn-
drome (2). These include a hyperpolarizing shift in voltage
dependence of availability, enhanced intermediate inactivation,
and slowed recovery from intermediate inactivation, all of
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which are loss-of-function effects, consistentwith Brugada syn-
drome (8). In addition, CaMKII increases late or persistent INa,
which has also been reported in stressed myocytes and in heart
failure (9) and resembles longQT syndrome. These effects were
blocked by acute CaMKII inhibition, confirming that CaMKII-
dependent phosphorylation is involved. Because CaMKII is up-
regulated in heart failure and can modulate NaV1.5, under-
standing its mechanism of action is essential to understanding
the physiology and pathophysiology of INa gating.

Here, we sought to identify the molecular target of CaMKII-
dependent regulation of INa. Biochemical approaches were
used to identify sites at which CaMKII phosphorylates NaV1.5,
and whole cell patch clamp recordings of wild-type (WT), non-
phosphorylatable, and phosphomimetic mutant NaV1.5 were
used to test for CaMKII-induced INa gating changes.

EXPERIMENTAL PROCEDURES

Recombinant CaMKII—�-CaMKII was expressed using a
baculoviral expression system in insect cells and purified as
described previously (10, 11). �C-CaMKII (expressed with a
His6 tag in the baculoviral expression system) was applied to
Ni�-NTA-agarose and eluted using an imidazole gradient (0–1
M). Fractions containing the kinase were then added to a CaM-
Sepharose column in the presence of 50mMHEPES, pH 7.4, 0.1
mM EDTA, and 2 mM CaCl2, washed, and eluted in 50 mM

HEPES, pH 7.4, 400 mM NaCl, 0.1 mM EDTA, and 10 mM

EGTA. A final gel filtration column purification step was per-
formed as described previously (10, 11). Monomeric �C-
CaMKII (�C-CaMKIImono) with an intein fusion tag was
expressed in Rosetta2 DE3 bacteria, lysed, and enriched using a
chitin affinity column. The kinase was eluted in 50 mMHEPES,
pH 7.4, 0.1 mM EDTA, and 50 mM DTT and subsequently
applied to a CaM-Sepharose column/gel filtration column as
described above for �C-CaMKII.
CaMKII Phosphorylation of NaV1.5—For NaV1.5-stably

expressing HEK293 cell lysates, 10-cm dishes were lysed in 20
mM Tris, pH 7.4, 200 mM NaCl, 0.1 mM EDTA, and 1% Triton
X-100, and NaV1.5 was immunoprecipitated using polyclonal
NaV1.5 antibody (Alomone, catalog no. ASC-005) and protein
A/G-agarose. The immunoprecipitated proteins were exten-
sively washed in lysis buffer, and the immunoprecipitates were
phosphorylated with 1 �g of �-CaMKII in reactionmix (50mM

HEPES, pH 7.4, 100 mM NaCl, 10 mM MgCl2, 100 �M ATP, 2
mM CaCl2, 5 �M CaM, and [�-32P]ATP (10 �Ci/reaction) (12).
After a 4-min incubation at 30 °C, the reaction was quenched
with 50 mM Tris, pH 7.4, and 50 mM EDTA in phosphate-buff-
ered saline. Immobilized proteins were collected by centrifuga-
tion, and the reactionmixwas removed and extensively washed
in quenching buffer. Immobilized proteins were solubilized in
4� LDS sample buffer and �-mercaptoethanol. Following gel
electrophoresis, Western blotting was performed using mono-
clonal pan-NaV antibody (Sigma, catalog no. S8809) and
Alexa680 goat anti-mouse secondary. The immunoprecipitated
NaV1.5 protein was visualized using a LI-COR/Odyssey version
3.0 imaging station, and the phosphorylated proteinswere visu-
alized using autoradiography.

CaMKII Phosphorylation of GST-Proteins and Soluble
Peptides—GST-tagged intracellular regions of NaV1.5 (N ter-
minus, L1–L3, and C terminus) as well as GST-tagged mutants
of the L1 were expressed in Bl-21 cells overnight at 16 °C using
0.1 mM isopropyl 1-thio-�-D-galactopyranoside. Cell pellets
were lysed in lysis buffer (20mMTris, pH 7.4, 200mMNaCl, 0.1
mM EDTA, and 2� protease inhibitors (Calbiochem, catalog
no. 539137)), and GST fusion proteins were bound to glutathi-
one beads in binding buffer (20 mM Tris, pH 7.4, 200 mMNaCl,
1 mM EDTA, and 0.1% Tween 20) for 2 h at 4 °C (12, 13). Fol-
lowing binding, beads were extensively washed (in binding
buffer) to remove any unbound lysate. GST-bound fragments
were then phosphorylated with 25 ng of �C-CaMKII in reaction
mix (see above). �C-CaMKIImono was substituted for �C-
CaMKII in Fig. 3, E and F, to avoid potential contaminating
quantification of L1 phosphorylation with autophosphorylated
�C-CaMKII. After incubation (1 min to 3 h), the reaction was
quenched with 50 mM Tris, pH 7.4, and 50 mM EDTA in PBS,
beads were extensively washed, and protein fragments were
solubilized and denatured using 2� LDS sample buffer with
�-mercaptoethanol at 70 °C. Radioactivity of phosphorylated
proteins was detected directly on the beads using scintillation
counting as described previously (13). Gel electrophoresis fol-
lowed by Coomassie staining allowed for the visualization of
GST fusions. CaMKII phosphorylation of GST fusions was
visualized in the gel with autoradiography or phosphorimaging
using MultiGauge version 3.0. Soluble peptides from different
regions of the intracellular loop 1 (control, EEQNQATIAE-
TEEKE; 483/484, KRRKRMSSGTEECGE; 516, NHLSL-
TRGLSRTSMK; 571, LRRTSAQGQPSPGTS; 593/594, LHGK-
KNSTVDCNGVV; and 571*, LLVPWPLRRTSAQGQ) were
purchased from New England Peptide (Gardner, MA) or syn-
thesized/HPLC-purified and reconstituted in dimethyl sulfox-
ide. For soluble peptide experiments, �C-CaMKII (25 ng) was
incubated with the same reaction mix listed above and 100 �M

(or 500 �M) peptide of interest for 1 min to 1 h at 30 °C. The
solution was then transferred to P-81 filter papers (Whatman,
GE Healthcare), washed with 75 mM phosphoric acid, and
counted in a Beckman �-counter. The purified �-CaMKII,
�C-CaMKII, and �C-CaMKIImono all had specific activity of
4–15�mol/min/mg, as determined using the peptideAC-2 as a
substrate. Statistical analysis of phosphorylation was per-
formed using a one-way ANOVA with post hoc Dunnett’s test
with a statistical significance accepted at p � 0.05. To deter-
mine the stoichiometry of peptide phosphorylation, 100 �M

peptide (483/484, 516, 571, and 593/594) was phosphorylated
in vitro by 25 ng of �C-CaMKII as described above for 3 h. Using
the ATP concentration, specific activity of the in vitro kinase
assay, and the known peptide concentrations, the moles of
phosphate/mole of peptide was calculated. To determine the
stoichiometry of GST-L1 fragment phosphorylation, protein
levels in the Coomassie-stained �58 kDa band corresponding
to full-length GST-L1 were quantified using LI-COR/Odyssey
version 3.0. The concentration of GST-L1 protein was quanti-
fied against a standard curve of BSA (60 kDa; linear from 0.5 to
10 �g). The moles of GST-L1 were then calculated using the
determined concentration and the expected molecular mass of
full-length GST-L1 (58.8 kDa). The full-length GST-L1 band
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was then cut out, and 32P incorporation in the band was quan-
tified using Cerenkov counting in a scintillation counter. Using
the ATP concentration and specific activity of the reaction, the
moles of ATP/GST-L1 band were calculated and compared
with the moles of protein.
CaMKII Co-immunoprecipitation with NaV1.5—HEK293

cells were transfectedwith hNaV1.5 andGFP-�C-CaMKII using
Lipofectamine 2000. Following a 48-h incubation, the trans-
fected cells were lysed in lysis buffer (see above), centrifuged
(14,000 � g at 4 °C for 30 min), and precleared with Protein A-
and G-agarose. GFP-CaMKII was immunoprecipitated with
monoclonal GFP antibody (Clontech, catalog no. 632375).
Mouse IgG was used as a control. Primary antibodies were
pulled down using Protein G-agarose. The agarose was washed
repeatedly using lysis buffer, and the agarose-bound proteins
were solubilized in 4� LDS sample buffer and �-mercaptoeth-
anol. Following gel electrophoresis and transfer, parallel West-
ern blotting was performed using monoclonal GFP and mono-
clonal pan-NaV antibodies. The proteins were detected using a
DyLight800 goat anti-mouse secondary antibody and visualized
using a LI-COR/Odyssey version 3.0 imaging station.
CaMKII Targeting to L1 Domain of NaV1.5—GST-tagged

intracellular regions of NaV1.5 (N terminus, L1–L3, and C ter-
minus) were bound to glutathione-Sepharose as described (12,
13). Prior to the application of CaMKII, the immobilized pro-
teins on the Sepharose beads were blocked in binding buffer
with the addition of 5% BSA. Purified �C-CaMKII (1 �g total
(unlabeled and DyLight800-labeled; 3:1 ratio)) was then bound
to the beads for 1 h at 4 °C. To ensure that CaMKII concentra-
tion was not limited in assays determining the stoichiometry of
binding to GST-L1, 20 �g of unlabeled kinase was added to the
reaction. For treatment groups with naive CaMKII, �C-CaMKII
was diluted in 50mMHEPES, pH 7.4, and 1mMEGTA for 2min
on ice prior to the addition to the binding reaction. For treat-
ment groups with autophosphorylated CaMKII, �C-CaMKII
was incubated in 50 mM HEPES, pH 7.4, 0.5 mM CaCl2, 5 �M

CaM, 5 mM MgCl2, and 1 mM ATP for 2 min on ice and was
subsequently added to the binding reactions. Following incuba-
tion with �C-CaMKII, the beads were then extensively washed.
The beads were then applied to an in vitro CaMKII assay with
20 mM HEPES, pH 7.4, 100 mM NaCl, 2 mM CaCl2, 5 �M CaM,
10 mM MgCl2, 100 �M ATP, 50 �M syntide-2, and 6 �Ci/reac-
tion [�-32P]ATP for 3 min at 30 °C (12). 32P incorporation on
syntide-2 was assessed using a Beckman �-counter after trans-
ferring the solution to P-81 filter papers and washing unincor-
porated 32P with 75 mM phosphoric acid. CaMKII binding was
also visualized using a LI-COR imaging station to detect
DyLight800-labeled CaMKII in the Coomassie-stained electro-
phoretic gel. Student’s t test was performed for statistical com-
parisonwith significance accepted at p� 0.05. Stoichiometry of
binding was assessed by quantifying protein levels of GST-L1
and �C-CaMKII in the Coomassie-stained gel using LI-COR/
Odyssey version 3.0 analysis software. The protein bands at 52
kDa (CaMKII subunit) and 58 kDa (GST-L1) were compared
with a standard curve of increasing amounts of �C-CaMKII (lin-
ear from 0.5 to 10 �g). This allowed for the determination of
each protein concentration. Using this concentration and the

predicted molecular weight of each protein, the moles of
CaMKII and GST-L1 were calculated.
Peptide SPOTS Arrays—Peptide arrays were constructed

using the SPOTS synthesis method (11). Following synthesis,
the peptide membrane is blocked at 4 °C overnight in binding
buffer plus 5% BSA. �C-CaMKII (�34 nM) was added to 50 mM

HEPES, pH 7.4, 100 mM NaCl, 10 mM MgCl2, 100 �M ATP, 2
mM CaCl2, 5 �M CaM, 3 �Ci/ml [�-32P]ATP. The reaction was
incubated for 5 min at room temperature, washed in 75 mM

phosphoric acid three times, and visualized using phosphorim-
aging (Fuji phosphor imager). Phosphorylation of each peptide
spot was detected and quantified usingMultiGauge version 3.0.
Statistical comparison was by one-way ANOVA with post hoc
Dunnett’s test.
Transfection—Electrophysiological recordings were per-

formed in HEK293 cells (Invitrogen, catalog no. 70507), which
provide a well controlled environment to study the direct influ-
ence CaMKII activity has on channel function. The HEK293
cells were cultured in DMEM supplemented with 10% FBS and
5% penicillin/streptomycin and passaged to maintain them
subconfluent (maximum of 20 passages). One day before trans-
fection, cells were plated on 35� 50-mmcoverslips adapted for
electrophysiology. They were transfected using Lipofectamine
2000 (0.5 �l/cm2) in Opti-MEM (Invitrogen) per the manufac-
turer’s instructions, with plasmids (hNaV1.5 WT or mutant, in
all cases with the C373S mutation to reduce tetrodotoxin sen-
sitivity) and, where indicated, GFP-�C-CaMKII, all at 0.5
�g/cm2) for 5–6 h and then washed and incubated for at least
24–36 h before experiments. This overexpression within our
reduced system mimics physiological disease states, such as
heart failure, which exhibit increased CaMKII expression and
activity (4–7). Cells that were visibly fluorescent were identi-
fied as expressing �C-CaMKII. For all experiments, single cells
expressingNaV1.5 were selected based on their appearance and
on the presence of INa without secondary artifacts.
Solutions for Electrophysiology—Pipette solutions and

recording protocols were standard for Na� channel electro-
physiology as described previously (8). Cells were bathed in
Tyrode solution consisting of 140 mM NaCl, 1 mM MgCl2, and
0.5 mMCaCl2 (to help maintain stable pipette seals), with 4 mM

CsCl substituted for KCl. The base pipette solution contained
10 mM NaCl, 50 mM CsCl, 90 mM cesium glutamate, 5 mM

Tris-ATP, 0.3 mM Li-GTP, 5 mM Cs4-1,2-bis(2-aminophe-
noxy)ethane-N,N,N�,N�-tetraacetic acid, and 10 mM HEPES,
titrated to pH 7.2 with CsOH at room temperature. All pipette
solutions contained 1 �M calmodulin (Calbiochem/EMD, cat-
alog no. 208690). CaCl2 and MgCl2 were added to yield 1 mM

free [Mg2�] and 1 �M free [Ca2�] (high Ca2� condition in all
experiments here) or, in preliminary studies, �100 nM free
[Ca2�] (low Ca2�; calculated by MaxChelator). To inhibit
CaMKII in select experiments, 1 �M AIP was added to pipette
solution. Notably, AIP substantially lower than 1 �M did not
unambiguously block �C-CaMKII responses. Pipette and bath
solutions were designed with closely matching osmolarity,
which stabilized pipette access and improved longevity of
recording. All pipette solutions were stored frozen at�80 °C in
500-�l single-use aliquots. Fluoride was not used in the
solutions.
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Electrophysiological Recording—Whole cell INa was recorded
using ruptured patch voltage clamp at room temperature, with
an Axopatch 200B amplifier, 1322A interface, and pClamp 8.2
software (Molecular Devices). Seal resistance for successfully
recorded cells was typically �5 gigaohms, and uncompensated
on-cell access resistance ranged from 1 to 4 megaohms.
Pipettes were made from either type 7052 or 8250 glass, were
thin-walled and broadly tapered to promote diffusion, andwere
heat-polished. After patch rupture, 2 min was allowed for dif-
fusion, at which time each cell was checked for expression of
INa. Records used experimentally were recorded �4 min
postrupture, and where possible the order of protocols was
standardized to limit possible implicit time dependence. A liq-
uid junction potential between pipette and bath solutions, �9
mV, pipette-negative, originated due to substitution of gluta-
mate for most of the chloride in the pipette solution, and was
corrected during recording. Capacitance transients due to
pipette and cell membrane were cancelled, and series (access)
resistance was compensated to �70%. The quality of transient
cancellation and clamp compensation was continuously moni-
tored except during the actual acquisition of data.
Electrophysiological Protocols—At the start of each protocol

as well as between episodes, Na� channels were held at �140
mV, promoting initial rest and subsequent return to the fully
available closed state. During intervals between protocols, cells
were held at �110 mV to promote longer experimental life.
To establish activation voltage dependence, the current-volt-

age relation was recorded. Cells were step-depolarized for 50
ms to test potentials between �80 and �30 mV. To measure
steady state inactivation voltage dependence, cells were prede-
polarized for 500 ms to potentials between �140 and �20 mV.
The extent of inactivation was measured immediately after the
prepulse by applying a �20 mV depolarization for 50 ms. After
each test pulse, 140 ms was allowed at �140 mV for recovery,
followed by a second�20mVpulse, which provided a full avail-
ability reference current for the particular trace.
Time-dependent properties were measured as follows.

Decay of current after its peak at �30 mV during the above
current-voltage protocol was used to measure the rate of fast
inactivation. Recovery from fast inactivation was studied by
applying a 50-ms pulse to �20 mV, which initialized maximal
fast inactivation. Recovery after increasing intervals at �140
mV (duration range 0.5–128 ms) was measured by a second
pulse to �20 mV. Peak INa recorded during the initial pulse
served as a reference for fractional recovery in each episode. INa
decay was fit well by a biexponential function (�1 0.736 � 0.16
and �2 2.3 � 0.16 ms (S.D.) with 89% in the faster component;
n 	 28) and did not differ among NaV1.5 mutants or with/
without AIP. Recovery from fast inactivation was also biexpo-
nential (�1 	 2.98� 1.04, �2 	 149� 182ms (S.D.), with 89% in
the faster component; n 	 8) and did not differ among NaV1.5
mutants or with/without AIP.
To measure the rate and extent of entry into intermediate

and slow inactivated states, pulses at �20 mV were applied for
5 ms to 4.75 s, and recovery at �140 mV was allowed for 20 ms
to allow full recovery from rapid inactivation (see “Results”),
after which a test pulse at�20mVwas applied. In this protocol,
the peak current during the initial inactivating pulse provided a

reference againstwhich the ensuing inactivationwasmeasured.
Corresponding with the recovery from fast inactivation proto-
col, recovery from intermediate and slow inactivation was
measured using a 3-s inactivating prepulse at �20 mV (shown
to be effective at inducing slow inactivation; see “Results”), after
which recovery at�140mVwas allowed for durations from 0.5
ms to 3 s. This protocol was preceded and followed by separate
reference depolarizations to �20 mV applied under full avail-
ability conditions.
Voltage step and time interval sequences in the above proto-

cols were chosen for efficiency. Increments were adjusted to
concentrate data in the voltage or time ranges expected to show
the most variation, and the total number of episodes was cho-
sen sufficient for robust curve fitting without requiring undue
experimental time.
Electrophysiological Analysis—All recordswere corrected for

passive leak. Average current measured during a �140 mV
interval (usually the beginning) within each episode when INa
was assuredly not active was expressed as a point estimate of
conductance (Gleak	 Ileak�Vhold) whichwas then used to infer
and subtract leak current at each time and voltage during the
rest of the episode.
Activation voltage dependence was used to screen cells for

technical errors thatwould preclude further analysis. In records
with good voltage control (based on the slope of the activation
curve), we found that half-activation voltage did not differ sig-
nificantly among transfects or treatments (see “Results”). Leak-
corrected peak current versus voltage data were parameterized
using the Boltzmann equation,

INa � 
Gmax/
1 	 exp

V50 
 Vm�/k���
Vm 
 Erev) (Eq. 1)

in which Gmax is the maximum conductance, V50 is the half-
activation voltage, Vm is the test potential, k is the slope of
voltage dependence, and Erev is the current reversal potential.
Similarly, the steady state inactivation voltage dependence
(availability curve) was found by fitting the following,

INa � Imax/
1 	 exp

Vm 
 V50�/k�� (Eq. 2)

where Imax is a surrogate forGmax because testVm is constant in
the inactivation protocol. Time dependences were fit by either
decreasing the following,

I
t� � Ipeak 
w exp

t 
 tpeak�/�1�

	 
1 
 w� exp

t 
 tpeak)/�2�� 	 C (Eq. 3)

or increasing the following,

I
t� � Ipeak 
1 
 
w exp

t 
 tpeak)/�1�

	 
1 
 w�exp

t 
 tpeak)/�2��� 	 C (Eq. 4)

biexponential functions, where Ipeak and tpeak were measured
directly from records, andw (weight; 0�w�1), �1 and �2 (time
constants), and C (asymptotic value) were fit. In some analyses,
C or w was constrained to 0, or a plateau was included before a
single decreasing exponential.
Preliminary INa experiments under several conditions

(pipette solutions with and without AIP and low versus high
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Ca2�, transfection of hNaV1.5 � GFP-�C-CaMKII) were used
to optimize detection of CaMKII effects (supplemental Fig. S3).
All data reported here were recorded with GFP-�C-CaMKII
and hNaV1.5 co-transfected andwith pipette solutions contain-
ing 1 �M CaM and 1 �M free Ca2� � 1 �M AIP unless noted
otherwise. All data were processed and parameterized for sta-
tistical treatment using home-written Microsoft Visual Basic
scripts run with Microsoft Excel. We analyzed parameterized
data when appropriate with unpaired Student’s t tests and one-
way or two-wayANOVA followed by post hoc Tukey test for all
pairwise comparisons, using the NaV1.5 isoform and the pres-
ence of AIP as factors, using GraphPad Prism software, version
5.02 for Windows (GraphPad Software, San Diego, CA).

RESULTS

Identification of CaMKII Phosphorylation Sites on NaV1.5—
Sodium channels are multiprotein complexes. The �-subunit
(e.g.NaV1.5) contains the channel pore andmajor determinants
of gating and drug binding. These large transmembrane pro-
teins (�220 kDa) contain four domains (I–IV in Fig. 1A), each
containing six �-helical transmembrane segments, with a volt-
age sensor and a pore loop. The NaV1.5 �-subunit has intracel-
lular N and C termini, plus three major intracellular loops con-
necting domains I–IV, termed L1–L3, respectively (Fig. 1A).
When we express human NaV1.5 in HEK293 cells, it is a sub-
strate for recombinant rat �-CaMKII, based on 32P incorpora-
tion (Fig. 1B), similar to rodent NaV1.5 immunoprecipitated
from heart (8). No CaMKII phosphorylation is observed in
untransfectedHEK293 cells at themolecularweight forNaV1.5.
To narrow down the CaMKII phosphorylation site(s), we con-
structed GST fusions of the major cytoplasmic regions of
hNaV1.5 (L1–L3 and the N and C termini). Bacterially

expressed GST fusion proteins were purified and phosphory-
lated directly on glutathione-Sepharose by recombinant
human �C-CaMKII (the predominant cytoplasmic cardiac iso-
form). Relative expression patterns for these GST fusion pro-
teins are shown in the Coomassie-stained gel in supplemental
Fig. S1A (which also shows the predicted molecular weight for
each fusion protein). CaMKII phosphorylation assessed by 32P
incorporation and autoradiography was limited primarily to
the L1 region of NaV1.5, as illustrated by the autoradiographic
image (Fig. 1C) and quantified data (Fig. 1D); the L1 domain is
reproducibly the best CaMKII substrate tested under these
conditions.When phosphorylation of theGST-tagged intracel-
lular regions is normalized to the protein expression level of the
predicted molecular weight for each fusion protein, the L1 is
still the predominant CaMKII substrate (supplemental Fig.
S1B). An estimated 1.59 � 0.10 mol of phosphate were incor-
porated/mol of GST-L1, suggesting that there is more than one
phosphoacceptor site per full-length L1. These data are in good
agreement with recent reports using a similar strategy to con-
firm L1 as a CaMKII phosphorylation hot spot (14, 15).
CaMKII Binding to L1—The proximity of protein kinases to

their substrates is important for the timing and specificity of
signal transduction (16). CaMKII was previously shown to
coimmunoprecipitate with cardiac NaV1.5 (8).We first verified
these findings in HEK293 cells expressing hNaV1.5 and GFP-
�C-CaMKII. As expected, �C-CaMKII co-immunoprecipitated
with hNaV1.5 (Fig. 2A). No GFP-�C-CaMKII or hNaV1.5 were
detected when pulled downwith an IgG control (Fig. 2A). Next,
we aimed to identify which intracellular domain of NaV1.5 (N
terminus, L1–L3, and C terminus) stably interacted with
CaMKII. For this, �C-CaMKII (naive, in the presence of Ca2�/

FIGURE 1. CaMKII phosphorylates L1 of NaV1.5. A, human NaV1.5 has five major intracellular regions (N and C termini plus loops 1–3 (L1–L3). Potential CaMKII
phosphorylation sites in the L1 are highlighted. Single-letter amino acid codes are shown. B, hNaV1.5 immunoprecipitated from HEK293 cells was exposed to
activated �-CaMKII with [�-32P]ATP. Western blot (left) indicates hNaV1.5 in stably expressing HEK293 cells, and the autoradiogram (right) indicates phosphor-
ylation at NaV1.5 molecular weight. C and D, bacterially expressed GST fusion proteins of intracellular hNaV1.5 regions were exposed to activated �C-CaMKII
with [�-32P]ATP. C, autoradiograph indicates phosphorylation of the L1 after �C-CaMKII phosphorylation. D, average 32P incorporation (n 	 3, �S.D. (error bars))
of GST fusion proteins detected following Cerenkov counting.
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CaM, and autophosphorylated) was applied to beads bound
with GST-tagged intracellular fragments or GST alone as
described previously (11, 12). Gel electrophoresis withWestern
blot detection of CaMKII indicated that autophosphorylated
CaMKII preferentially targets to GST-L1 (Fig. 2B). This finding
was verified using DyLight800-labeled �C-CaMKII. Fluorescent
detection of CaMKII indicated that autophosphorylated
CaMKII forms a stable interaction with the first major intracel-
lular loop of NaV1.5 (Fig. 2C; for full Coomassie-stained gel, see
supplemental Fig. S2A). There was appreciably less binding
when naive CaMKII (non-activated) was incubated with either
GST or GST-L1, suggesting that, analogous to other ion chan-
nels and accessory proteins (12, 17–19), CaMKII activation
exposes a targeting site for interacting with the L1 domain of
hNaV1.5. The stoichiometry of CaMKII binding was 0.92 �
0.11 mol of kinase subunit (52 kDa)/mol of full-length GST-L1.
The binding of CaMKII to L1 was also quantified using an in
vitro kinase assay (12, 13). In this assay, an increase in syntide-2
phosphorylation is associated with CaMKII binding to a target
protein. A significant increase in syntide-2 phosphorylation
was only observed when autophosphorylated CaMKII was
incubated with and allowed to bind GST-L1 (Fig. 2D). These
data demonstrate for the first time that activatedCaMKII forms
a stable interaction with the L1 domain of NaV1.5.
Identification of CaMKII Phosphorylation Sites in L1—There

are seven consensus CaMKII phosphorylation sites in five
regions of L1 conforming to Arg/Lys-X-X-Ser/Thr (20) (Fig.
1A). However, CaMKII can also phosphorylate non-canonical
phosphorylation motifs (21). Therefore, we experimentally
scanned the entire L1 domain for potential CaMKII phos-
phorylation sites using a non-biased overlapping peptide array.
A total of 141 peptideswere constructed using a robotic peptide
synthesizer (Intavis, MultiPep). Each peptide is 15 amino acids
in length, and tiled peptides are shifted by two amino acids (13
overlapping amino acids per peptide). Thus, each potential

CaMKII phosphorylation motif is represented within multiple
peptides, creating several opportunities for the Ser/Thr resi-
dues to be phosphorylated as theymove in and out of a family of
overlapping peptides. These immobilized peptides are synthe-
sized on a modified cellulose membrane using routine Fmoc
(N-(9-fluorenyl)methoxycarbonyl) chemistry (22, 23). Acti-
vated �C-CaMKII was applied to the immobilized peptides (11)
in the presence of [�-32P]ATP. Phosphorylated peptides were
imaged on autoradiographic film (Fig. 3A) and quantified using
phosphorimaging (Fig. 3B). In this non-biased strategy, several
overlapping peptide motifs were phosphorylated, including
Ser-483/Ser-484, Ser-516, and Ser-593/Thr-594 (Fig. 3, A and
B). Our in vitro phosphorylation approach did not recognize
Ser-571, a site recently reported to be a CaMKII substrate on
NaV1.5 (15).

We further investigated the potential CaMKII phosphoryla-
tion sites identified in the immobilized peptide array using sol-
uble peptides (Fig. 3C). For comparison, a peptide containing
Ser-571 was also included. Using this assay, only soluble pep-
tides encompassing the region around Ser-516 and Ser-593/
Thr-594 exhibited significantly greater 32P incorporation than
a control peptide (encompassing residues 417–431 of the L1
domain) (Fig. 3C). The stoichiometry of this phosphorylation
following a 3-h incubation was 1.18 � 0.12 mol of phosphate/
mol of Ser-516 peptide and 0.44 � 0.01 mol of phosphate/mol
of Ser-593/Thr-594 peptide. These data suggest that the Ser-
516 peptide is a better CaMKII substrate; however, it is also
conceivable that the reduced stoichiometry displayed by the
593/594 peptide is due to a Cys residue forming disulfide bonds
between peptides. We did not observe significant phosphory-
lation over background for a soluble peptide harboring the Ser-
483/Ser-484motif (0.01mol of phosphate/mol of peptide), con-
sistent with previous work showing that this region was not
important for CaMKII regulation of NaV1.5 (15). Although we
do not fully understand this discrepancy, it is conceivable that

FIGURE 2. Autophosphorylated CaMKII tethers to L1 of NaV1.5. A, HEK293 cells expressing hNaV1.5 and GFP-�C-CaMKII were lysed, pulled down with
monoclonal GFP antibody, and subsequently blotted for GFP-�C-CaMKII (right) and hNaV1.5 (left). Full-length hNaV1.5 co-immunoprecipitated (IP) with GFP-
�C-CaMKII. B, Western blot detection of �C-CaMKII bound to GST-tagged fragments of the major intracellular loops of hNaV1.5 under naive conditions (top), in
the presence of Ca2�/CaM (middle), and when �C-CaMKII was preautophosphorylated (bottom). C, image of 1 �g of Ca2�/CaM/autophosphorylated DyLight800-
labeled �C-CaMKII bound to GST-L1 and not GST alone (right lanes). Naive �C-CaMKII (left lanes) did not bind GST-L1. D, average phosphorylation (n 	 3, � S.D.
(error bars)) of syntide-2 with GST-L1 pull-down fragments bound to autophosphorylated �C-CaMKII (right bars) and not naive CaMKII (left bars). Data are
represented as specific activity with 1 �g of multimeric human �C-CaMKII. *, significant difference compared with GST alone (p � 0.05; t test).
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the Ser-483/Ser-484 motif is picked up as a substrate using the
immobilized assay because multivalent proteins bind to immo-
bilized peptides with a much higher affinity on a two-dimen-
sional surface (24). As observed with immobilized peptides, a
soluble peptide containing the Ser-571 motif was again not
phosphorylated above background (Fig. 3C), with only 0.02mol
of phosphate incorporated/mol of peptide. However, in this
Ser-571 peptide, the phosphorylation site was located
toward the N-terminal end of the peptide (as derived from
the unbiased immobilized array; see “Experimental Proce-
dures” for sequences). Because it was possible that this unbi-
ased approach resulted in a peptide that was missing a compo-
nent of the CaMKII targeting sequence, another peptide with
the Ser-571 phosphorylation site at the center of the sequence
was generated, termed 571*. Similar to the original Ser-571
peptide, 571* was not a CaMKII substrate in vitro even when
incubation was extended from 1 to 60min or when the working
peptide concentrationwas increased to 500�M (Fig. 3,D andE).
Thus, Ser-571 is not phosphorylated by CaMKII in vitro.

To identify the contribution of Ser-593 versusThr-594 as the
CaMKII phosphoacceptor site, immobilized peptides with
point mutations of each site individually as well as in combina-

tion were generated and phosphorylated with �-CaMKII. This
revealed that Thr-594 is the preferential CaMKII target in pep-
tides containing both Ser-593 and Thr-594 (Fig. 3F).
To examine these CaMKII substrate sequences in the con-

text of the L1 domain, we constructedGST fusions of the full L1
domain harboringmutations of each phosphoacceptor Ser/Thr
amino acid to Ala (Fig. 4, A and B). We included Ala substitu-
tions for Ser-571 and Ser-593. The extent of phosphorylation
following a 1-h incubation with �C-CaMKIImono was compared
betweenWT L1 and each point mutation in L1 along with GST
alone. Monomeric �C-CaMKII was used to minimize potential
contamination of the 32P signal in GST-L1 and itsmutants with
autophosphorylated CaMKII. Protein levels for each L1 fusion
protein (including GST) are shown in the upper panel of Fig.
4A. Because GST is a much smaller protein (28 kDa versus 60
kDa for L1), a Coomassie-stained cutout is shown for this pro-
tein (the full Coomassie-stained gel is shown in supplemental
Fig. S2B). An autoradiograph is shown in Fig. 4A, but CaMKII
phosphorylation was quantified using phosphorimaging. To
compensate for differences in protein expression levels and
GST pull-down, each GST fusion was normalized for protein
levels using LI-COR imaging of the Coomassie-stained bands.

FIGURE 3. CaMKII phosphorylates Ser-516 and Ser-593/Thr-594 in L1. A, phosphor image of immobilized tiled peptide array of L1 after �C-CaMKII phos-
phorylation with [�-32P]ATP (darkness indicates 32P incorporation on that peptide). Single-letter amino acid codes are shown. B, phosphorylation intensity of
each peptide spot in A, detected using MultiGauge version 3.0. C, soluble peptide (50 �M) phosphorylation by monomeric �C-CaMKII (n 	 3, �S.D. (error bars);
*, p � 0.05 versus control peptide). 15-mers were centered near the indicated sites. D, time course of monomeric �C-CaMKII phosphorylation of 500 �M control
peptide, original unbiased Ser-571 peptide, the biased 571* peptide (see “Experimental Procedures” for sequence), and 50 �M AC2, a known CaMKII substrate.
E, average phosphorylation (n 	 3, �S.D.) of soluble peptides in D at the 1 min time point. F, average phosphorylation (n 	 3, �S.D.) of immobilized peptides
with wild-type control, as well as Ser-593/Thr-594 single point Ala mutations and a double-point Ala mutation. S593A/T594A and T594A exhibit decreased
phosphorylation compared with wild-type control (n 	 3, �S.D.; *, p � 0.05 versus control Ser-493/Thr-494; one-way ANOVA, post hoc Dunnett’s test).
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The relative phosphorylation for each mutation normalized to
WT L1 is shown in Fig. 4B. Compared with unconjugated GST,
WTL1-GSTexhibited significant phosphorylation as expected.
Phosphorylation of the L1 was significantly reduced when
either Ser-516 or Ser-594 was mutated to Ala (Fig. 4, A and B).
The greatest reduction in phosphorylation was observed when
both Ser-516 and Ser-594 were mutated in combination
(S516A/S594A) (Fig. 4, A and B). Neither the S593A nor the
S571Amutation reduced L1 phosphorylation significantly (Fig.
4,A andB). A full time course of GST phosphorylation up to 3 h
indicated that S516A and T594A but not Ser-571 reduced
phosphate incorporation in the L1 fragment (Fig. 4C), again
indicating that Ser-516 and Thr-594, but not Ser-571, are
CaMKII phosphoacceptor sites in L1. Phosphorylation of L1
with phosphomimetic (Glu) substitutions was also examined.
The full time course (5 min to 3 h) of the phosphomimetic
phosphorylation directly mimicked the Ala mutants shown in
Fig. 4C (see supplemental Fig. S2C). As with the Ala mutants,
S516E and T594E exhibited a significant reduction in phospho-
rylation at the 3 h time point (the point of saturation; Fig. 4D).
This decrease was not observed with S571A or S571E. These
data and the fact that the Ser-571 putative phosphorylation was
not identified by the Scansite 2.0 prediction tool, even on lowest
stringency (25), suggest that this sequence is not a phosphoac-
ceptor site for CaMKII.
Electrophysiological Analysis of CaMKII Effects on WT and

Mutant NaV1.5 Activation—To examine functional effects of
these phosphorylation sites on INa, we expressed full-length
WT and mutant hNaV1.5 in HEK293 cells and analyzed INa
using voltage clamp. In vitro phosphoacceptor sites, Ser-516
and Thr-594, were mutated to non-phosphorylatable Ala or
phosphomimetic Glu residues. We also tested S571A and
S571E for comparison with the results of Hund et al. (15) and
S593A. WT and Ser to Ala mutant channels were co-trans-
fected with GFP-�C-CaMKII. Based on extensive preliminary
studies (e.g. see supplemental Fig. S3), we included 1 �M free
[Ca2�] and 1 �M CaM (to activate CaMKII) in all pipette solu-
tions. To assess CaMKII-specific effects, we compared INa with
and without the selective CaMKII peptide inhibitor AIP (1 �M)
in the pipette. The presence of AIP controls for potential Ca2�

and CaM effects on INa and ensures that the effects measured
are via CaMKII.
Representative INa traces from a holding potential (VH) of

�140 mV and INa-voltage relationship forWT, S516A, S593A/
T594A, T594A, S571A, and S593A (with and without AIP) are
shown in Fig. 5A. There was no difference in either INa ampli-
tude or the shape of the I-V curves. Fig. 5, B and C, shows that
CaMKII had no effect on the V50 of activation for any channel;
nor was there any significant difference between mutant and
WT channels. This agrees with results in cardiomyocytes in

FIGURE 4. CaMKII phosphorylation of Nav1.5 L1-GST fragments. A, Coo-
massie stain (top) and phosphor image (bottom) of GST-tagged wild-type L1
and various L1 mutants. B, average phosphorylation (n 	 3, �S.D. (error bars))
of L1 constructs shown in A. S516A, T594A, and S516A/T594A are significantly
decreased compared with wild-type GST-L1, as indicated (*, p � 0.05, one-

way ANOVA, post hoc Dunnett’s test). C, phosphorylation time course of
GST-L1 wild-type and mutant fragments. D, stoichiometry of phosphoryla-
tion of GST-L1 wild-type and mutant fragments following 180-min phos-
phorylation by monomeric �C-CaMKII (time of saturation in C). Ala and Glu
substitutions at Ser-516 and Thr-594 result in significantly decreased phos-
phorylation compared with wild-type and Ser-571 mutants (n 	 3, �S.D.; *,
p � 0.05, one-way ANOVA, post hoc Dunnett’s test).
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which CaMKII did not alter INa activation (8) and also shows
that these mutant channels have normal WT activation.
Electrophysiological Analysis of CaMKII Effects on WT and

Mutant NaV1.5 Inactivation—Steady state inactivation (or
availability) has been reported to be negatively shifted by
CaMKII in cardiac myocytes (8). The availability of INa was
measured after a 500-ms pulse to potentials between �140 and
�20 mV (Fig. 5, D and E). When CaMKII was activated, there
was a hyperpolarzing shift in theV50 for availability in bothWT
NaV1.5 and the S593A channel (versus when AIP was present).
Furthermore, the S593A control was not significantly different
fromWTunderCaMKII-activating conditions. UnlikeWTand
S593A, the channels with Ala substitution at Ser-516, Ser-571,
and Thr-594 did not display a hyperpolarizing shift upon
CaMKII activation. The V50 of availability for phosphomutant
channels was similar to that in WT channels with CaMKII
blocked by AIP. Thus, mutating any one of Ser-516, Ser-571, or
Thr-594 to Ala can prevent the CaMKII-dependent shift in
Na� channel availability. The implication is that all three sites
are involved in the CaMKII-dependent shift in INa availability.
Preliminary studies with S483A/S484A exhibited behavior that
was inconsistent with block of CaMKII-induced negative shifts
in availability and was not used for further analysis.

We also tested for enhanced INa entry into intermediate inac-
tivation (another reported effect of CaMKII on INa in cardiac
myocytes) (8). Cells were depolarized to �20 mV for various
times, with a subsequent 20-ms repolarization to allow recov-
ery from fast inactivation before a test pulse (Fig. 6A). Fig. 6, B
and C, shows that CaMKII activation in WT NaV1.5 exhibits
significant accumulation into intermediate inactivation, and
this was inhibited by the inclusion of AIP. Like the availability
shift, these changes resemble measurements in adult ventricu-
lar myocytes, where CaMKII enhanced intermediate inactiva-
tion (8). Neither S516A nor T594A with CaMKII activation
exhibited as much intermediate inactivation as WT (Fig. 6B).
Ala substitution at Ser-516, Thr-594, and Ser-571 (and double
mutant at both Ser-516 and Thr-594) all prevent the CaMKII-
dependent accumulation of intermediate inactivation, andwith
CaMKII, all are similar to WT plus AIP (Fig. 6C).
Phosphomimetic mutant NaV1.5 channels with Glu replac-

ing Ser-516, Thr-594, or Ser-571 or both Ser-516 and Thr-594
were used to test whether those mimic CaMKII phosphoryla-
tion effects on INa. Phosphomimetic mutants were studied
without CaMKII co-transfection and with AIP in the pipette
to eliminate potentially confounding effects of endogenous
CaMKII phosphorylation at other sites.

FIGURE 5. CaMKII shifts INa availability but not activation. INa was measured in HEK cells expressing WT, S516A, S593A/T594A, T594A, S571A, or S593A
mutant hNaV1.5 plus GFP-�C-CaMKII (pipette containing 1 �M Ca2� plus 1 �M CaM with or without AIP). A, representative raw INa and mean current-voltage
relationships. Protocols for I-V (top) and steady state inactivation (SSI; bottom) for D and E are shown. B and C, voltage dependence and V50 of activation were
not different among groups or with/without AIP. D and E, INa availability was shifted to more negative Vm by �C-CaMKII in WT and S593A control, which was
prevented by AIP. S516A, S593A/T594A, T594A, and S571A did not show this effect (n as indicated, �S.E. (error bars); *, p � 0.05 by t test versus with AIP and
two-way ANOVA but no difference among the indicated groups).
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With respect to enhanced accumulation into intermediate
inactivation observed for WT upon CaMKII activation, we
tested the phosphomimetic channels with AIP in the pipette.
No single phosphomimetic (S516E, S571E, or T594E) was able
to recapitulate WT accumulation into intermediate inactiva-
tion (fraction INa inactivated at 2.5 s of 0.10 � 0.005 (n 	 3),
0.093 �.04 (n 	 4), and 0.11 � 0.012 (n 	 3) respectively).
However, the S516E/T594E double phosphomimetic (�AIP)
enhanced accumulation into intermediate inactivation (versus
WT � AIP) and was not significantly different from WT with

activated CaMKII. These results are consistent with multiple
sites (Ser-516 and Thr-594) being involved in the CaMKII-de-
pendent enhancement of intermediate inactivation.
We also repeated INa activation and availability measure-

ments for S516E, T594E, S571E, and S516E/T594E channels
(Fig. 7). The V50 of activation was again unaltered fromWT in
any of these mutants (Fig. 7A). However, the T594E and S516E
mutants exhibit a strong negative shift of availability compared
withWT�AIP and are not different from that seen inWTwith
activated CaMKII (Fig. 7B).

We also measured availability in phosphomimetic chan-
nels when AIP was omitted, a case where endogenous CaMKII
would be active and could phosphorylate other sites (Fig. 7C).
When AIP was omitted, T594E was not altered versus the AIP
condition. This suggests that there is little additional CaMKII
effect once Thr-594 phosphorylation is prevented. The S571E
phosphomimetic did not shift with AIP present but did when
CaMKII activity was allowed. That indicates that S571E could
not mimic the CaMKII effect but that another available
CaMKII target site (e.g.Thr-594) could. S516Emimics CaMKII
effects in the presence of AIP, but surprisingly when CaMKII
was allowed, the availability moved back toward WT � AIP. A
similar availability result was seen with the S516E/T594E (with
and without AIP) or the triple mutant (including S571E; Fig.
7C). It is possible that when Ser-516 is a Glu, either a Glu or a
phosphate at Thr-594 antagonizes the functional mimic of
CaMKII effects on INa availability seen with either site mutant.
This indicates a complex functional interplay between these
phosphorylation sites that will merit further study.
In the above studies, we also tested for the appearance of

sustained or late INa, another characteristic effect of CaMKII on
native cardiac INa (8, 14). We saw no evidence of late INa in any
of themutant NaV1.5 channels studied; nor were the kinetics of
fast inactivation altered (not shown). This is consistent with the
notion that an additional protein(s) indigenous tomyocytes but
not present in HEK293 cells (e.g. �-subunit) is required for the
appearance of late INa (26–30).
These data also suggest that the phosphorylation status of

Ser-516 and Thr-594 on NaV1.5, even in the absence of the
�-subunit, is an important mediator of the CaMKII-dependent
negative shift in NaV1.5 INa availability and accumulation of
intermediate inactivation.

DISCUSSION

The �-subunit of the human cardiac voltage-gated sodium
channel is phosphorylated by CaMKII in the L1 loop. These
data are consistent with the L1 region as a hot spot for CaMKII
phosphorylation as noted before (14, 15). We show for the first
time that activated CaMKII forms a stable interaction with the
L1 loop, a targeting mechanism that may contribute to co-lo-
calization of CaMKII with NaV1.5 previously observed in myo-
cytes by immunohistochemistry and heart tissue by immuno-
precipitation (8, 31). Recently, Ser-571 was identified as an
important CaMKII phosphorylation site in L1 (15), a site impli-
cated in regulating NaV1.5 INa. However, using multiple bio-
chemical assays, we did not observe Ser-571 to be a CaMKII
phosphorylation target in our study. Rather, our unbiased
measurement of CaMKII phosphorylation sites in L1 identified

FIGURE 6. CaMKII enhances INa entry into intermediate inactivation.
A, representative raw WT INa trace of enhanced entry into intermediate inac-
tivation and two-pulse voltage protocol. B, time dependence of accumula-
tion into intermediate inactivation during pulses to �20 mV was significantly
greater in WT under CaMKII-activating conditions and 516E/594E phospho-
mimetic (�AIP) versus WT � AIP and phosphomutants. C, average accumula-
tion of intermediate inactivation at 2.5 s from the bounding box in B (n as
indicated, �S.E. (error bars); *, p � 0.05 by ANOVA or t test versus with AIP; #,
p � 0.05 by t test versus with AIP; p 	 not significant versus WT-AIP).
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three phosphorylationmotifs for CaMKII at positions Ser-483/
Ser-484, Ser-516, and Thr-594. Unlike Ser-483/Ser-484, the
Ser-516 and Thr-594 sites were verified as CaMKII substrates
using multiple approaches, including GST fusion mutations of

L1 directly, as well as using soluble and immobilized peptides.
Thus, these phosphorylation sites were the best candidates for
further characterization using functional studies.
To understand the influence of CaMKII phosphorylation of

these sites, we co-transfected GFP-�C-CaMKII, the predomi-
nant cytosolic CaMKII isoform found in the heart, along with
WT and mutant forms of hNaV1.5, into HEK293 cells and
measured INa using intracellular pipette conditions supporting
acute CaMKII activation (1 �M free Ca2� plus CaM). Interest-
ingly, high Ca2� in the pipette without CaMKII overexpression
was sufficient to produce a small but significant hyperpolariz-
ing shift in WT NaV1.5 availability (supplemental Fig. S3).
Thus, endogenous CaMKII may be activated by 1 �M pipette
Ca2� (32), but higher levels of CaMKII were necessary formax-
imal functional effects. The potent peptide CaMKII inhibitor
AIP was included to verify that changes in INa were due to
CaMKII and not direct effects of Ca2� (33–36) and/or Ca2�/
CaM (34, 35, 37–41). We found that Ala point mutations at
Ser-516 andThr-594 identified in our biochemical phosphoryl-
ation assays disrupted CaMKII-induced alterations in INa
gating. In further support of Ser-516 and Thr-594 being
functionally relevant CaMKII targets, we observed that phos-
phomimetic mutations (S516E and T594E) functioned to reca-
pitulate CaMKII effects on Na� channel availability (in the
absence of CaMKII overexpression and presence of AIP).
It is unclearwhy theAlamutagenesis data are consistentwith

both Ser-516 and Thr-594 phosphorylation and Ser-571 pres-
ence being required to shift INa availability, whereas Glu substi-
tution suggests that either Ser-516 or Thr-594 phosphorylation
may suffice. Of course, Glu substitution is an imperfect phos-
phomimetic and the Ser/Thr to Ala mutation might be less
supportive of functional competency of phosphorylation at
other sites.
Using a biased approach to screen CaMKII phosphorylation

sites on NaV1.5 based on the Arg-X-X-Ser/Thr motif, Hund et
al. (15) reported that of the mutations tested (including Ser-
484, Ser-571, and Ser-664), only S571A blocked CaMKII-de-
pendent regulation of NaV1.5 INa gating, whereas S571E was
reported to mimic WT NaV1.5. We also observed that S571A
disrupted CaMKII regulation of INa gating when CaMKII was
co-expressed with the mutant channel. However, unlike S516E
and T594E, the S571Emutant was not sufficient to recapitulate
CaMKII functional changes in INa gating when CaMKII was
inhibited by AIP. Moreover, S571E channel availability could
only shift negative with active CaMKII, suggesting that phos-
phorylation at other CaMKII target sites (Ser-516 and/or Thr-
594)might be required. Thus, although Ser-571may be a site of
phosphorylation, although not by CaMKII in our hands, we
suspect that its role in CaMKII-dependentNaV1.5 gatingmight
be less direct than that of Ser-516 and Thr-594. For example,
Ser-571might have an absolute requirement for �IV spectrin to
allow CaMKII to gain access (15), or its direct phosphorylation
might be mediated by another kinase. Notably, this site is con-
served among animal species and other NaV1.X isoforms (sup-
plemental Fig. S4). Moreover, bioinformatic screening indi-
cates that Ser-571 could be a target for PKA, Akt, or PKG.
Further work is required to clarify Ser-571 phosphorylation.

FIGURE 7. S516E and T594E phosphomimetics shift INa availability inde-
pendent of CaMKII. A, V50 of activation was not different among phospho-
mimetics or compared with WT. B, T594E and S516E INa V50 of availability was
shifted to negative Vm in the presence of AIP and without �C-CaMKII co-ex-
pression (indicated by striping). V50 of availability for S571E and S516E/T594E
was not significantly different from WT with AIP (*, p � 0.05 by ANOVA versus
WT with AIP; bracket indicates no difference by t test for S516E and T594E
versus WT with �C-CaMKII). C, expanded version of B, for comparing the effect
of AIP omission (versus with AIP) in the pipette for different NaV1.5. For the
T594E phosphomimetic, availability was not altered when endogenous
CaMKII was allowed to function (versus with AIP). For S516E, endogenous
CaMKII partly reversed the effect of the phosphomimetic. S571E, which did
not mimic the CaMKII-induced shift in V50 when AIP was present (in contrast
to S516E and T594E) could still shift V50 negative by endogenous CaMKII activ-
ity. (n as indicated, �S.E. (error bars); AIP and exogenous CaMKII present only
where indicated). #, p � 0.05 by t test versus with AIP for the same NaV1.5 type.
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Whether the CaMKII regulatory sites identified in our study
are simultaneously, sequentially, or individually phosphory-
lated in vivo by CaMKII is unclear at this point. The simplest
interpretation of Fig. 5E would be that Ser-516, Ser-571, and
Thr-594 must all be phosphorylated to produce the INa avail-
ability effects observed here. These data made it surprising that
either T594E or S516E alone could recapitulate CaMKII-de-
pendent INa availability shifts, whereas these sites appear addi-
tive in their effects on accumulation into intermediate inactiva-
tion. The ability of the S516E/T594E double phosphomimetic
to fully recapitulate CaMKII effects of enhanced accumulation
into intermediate inactivation in Fig. 6 but not the shift in INa
availability (Fig. 7B) reinforces the complexity and dynamic
nature of phosphorylative regulation at these sites. Additional
work and new tools, including the use of myocytes, could fur-
ther clarify this (e.g. kinetics and sequence of site phosphoryla-
tion, channel state dependence effects). An intriguing possibil-
ity is that, as seen for neuronal KV1.2 channel gating (42),
graded regulation of NaV1.5 by phosphorylation may also reg-
ulate myocyte excitability via modulation of NaV1.5 gating. It is
currently unclear whether the presence of multiple phosphory-
latable sites in the L1 region of NaV1.5 represents redundancy
or permits fine tuning and/or cross-talk between multiple pro-
tein kinases.
Notably, Thr-594 in L1 is perfectly conserved among the

seven mammalian NaV1.5 channels (supplemental Fig. S4A).
Among other NaV1.X channels (supplemental Fig. S4B), only
SCN8A (NaV1.6) has the Thr-594 equivalent and also the basic
Arg/Lys at the P�3 position (most others have Met at P�3 or
Ala at the P0). Although Ser-516 is well conserved in NaV1.5
across species, all non-human mammalian NaV1.5 proteins
possess a His rather than Arg at P�3, which could alter the
ability of CaMKII to phosphorylate this site. Although Clust-
alW alignment of NaV1.X channels does not indicate conserva-
tion of Ser-516 in the other isoforms, neuronal voltage-gated
sodium channels do contain Arg/Lys-X-X-Ser/Thr motifs in
the region upstream from Ser-516 in NaV1.5. Thus, further
explorationwill be required to determinewhether CaMKII also
targets the sites studied here in other voltage-gated sodium
channels.
We tested for, but did not detect, CaMKII-induced late INa

(not shown). This indicates that NaV1.5 and �C-CaMKII alone
are not sufficient to recapitulate CaMKII-induced late INa seen
in cardiomyocytes (8, 9, 14). It is possible that CaMKII-induced
late INa involves phosphorylation by CaMKII at the same sites
on the sodium channel as studied here but that an additional
protein (e.g. �-subunit) is required for translation into late INa
(26–30). We also assayed for CaMKII-induced changes in
recovery from inactivation but did not observe a significant
difference across tested conditions (data not shown). Again,
this may reflect the importance of regulatory �-subunits in
modulating recovery from inactivation and other gating phe-
nomenon (30, 43–46). Although the use of the heterologous
expression system limits the number of functional effects
observed, all of the CaMKII-induced functional changes in INa
seen in HEK293 cells are consistent with those observed in
myocytes under similar recording conditions (8, 15), indicating
that this reduced system can be used to dissect components of

CaMKII-dependent functional changes in NaV1.5, and suffice
for the CaMKII-induced shifts in availability and intermediate
inactivation.
Themechanismunderlying the complex functional effects of

CaMKII on cardiac sodium channel is of extreme interest
because of the therapeutic potential of these targets in arrhyth-
mias and heart failure (47–50). Indeed, the CaMKII-dependent
effects on INa gating in cardiacmyocytes (negative-shifted avail-
ability curve, accumulated intermediate inactivation, slowed
recovery from inactivation, and enhanced late INa) directly phe-
nocopy a human NaV1.5 arrhythmogenic mutant (Ins1795D),
where individual patients exhibit both Brugada syndrome (due
to loss of Na� channel function at high heart rates and reduced
cardiac conduction velocity) and long QT syndrome (where
late INa causes action potential duration prolongation), and
both can lead to life-threatening arrhythmias. Because CaMKII
expression and activation is elevated in heart failure patients
(and animal models of heart failure) (4–7), these CaMKII-de-
pendent alterations in Na� channel gating may cause arrhyth-
mogenesis inmanymillions of people carrying the clinical diag-
nosis of heart failure. The altered sodium channel gating may
also contribute to alterations in intracellular [Na�]i and [Ca2�]i
regulation in this same large population, and this can contrib-
ute to both systolic and diastolic dysfunction in heart failure.
Understanding the molecular and structural details of INa reg-
ulation by CaMKII-dependent phosphorylation will require
further work, but our identification of Ser-516 and Thr-594 as
functionally important CaMKII target sites on NaV1.5 is a
major step forward.
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