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Navl.6 is the primary voltage-gated sodium channel isoform
expressed in mature axon initial segments and nodes, making it
critical for initiation and propagation of neuronal impulses.
Thus, Navl.6 modulation and dysfunction may have profound
effects on input-output properties of neurons in normal and
pathological conditions. Phosphorylation is a powerful and re-
versible mechanism regulating ion channel function. Because
Nav1.6 and the multifunctional Ca>*/CaM-dependent protein
kinase II (CaMKII) are independently linked to excitability dis-
orders, we sought to investigate modulation of Nav1.6 function
by CaMKII signaling. We show that inhibition of CaMKII, a
Ser/Thr protein kinase associated with excitability, synaptic
plasticity, and excitability disorders, with the CaMKII-specific
peptide inhibitor CN21 reduces transient and persistent cur-
rents in Navl.6-expressing Purkinje neurons by 87%. Using
whole-cell voltage clamp of Nav1.6, we show that CaMKII inhi-
bition in ND7/23 and HEK293 cells significantly reduces tran-
sient and persistent currents by 72% and produces a 5.8-mV
depolarizing shift in the voltage dependence of activation.
Immobilized peptide arrays and nanoflow LC-electrospray ioni-
zation/MS of Nav1.6 reveal potential sites of CaMKII phospho-
rylation, specifically Ser-561 and Ser-641/Thr-642 within the
first intracellular loop of the channel. Using site-directed muta-
genesis to test multiple potential sites of phosphorylation, we
show that Ala substitutions of Ser-561 and Ser-641/Thr-642 re-
capitulate the depolarizing shift in activation and reduction in
current density. Computational simulations to model effects of
CaMKII inhibition on Navl.6 function demonstrate dramatic
reductions in spontaneous and evoked action potentials in a
Purkinje cell model, suggesting that CaMKII modulation of
Navl.6 may be a powerful mechanism to regulate neuronal
excitability.

The voltage-gated sodium channel (Nav) family is a class of
ion channels that is critical for generating and propagating
action potentials (AP). Navs are large heteromultimeric protein
complexes that are formed by « subunits, which are the func-
tional pore-forming subunits of the channel, and one or more
auxiliary 8 subunits. Sodium channel a subunits are encoded
by 10 genes that control expression in various excitable cells
(1). In the brain, the isoform Navl.6 is critical for regulating
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and maintaining neuronal excitability (2). Navl.6 is unique
both in its expression pattern and biophysical properties. In
adult neurons, Navl.6 is predominantly expressed at the axon
initial segment (AIS), the proximal unmyelinated region of the
neuron where APs are initiated (3), and at nodes of Ranvier,
where APs are propagated down the axon (3, 4). This provides
Nav1.6 with significant control of AP initiation as well as prop-
agation of neuronal impulses (3, 5). Furthermore, Nav1.6 dis-
plays unique biophysical properties that enable the channel to
exert powerful tuning capabilities of these impulses. For exam-
ple, Nav1.6 can generate large persistent currents (6—8), which
is an atypical form of sodium current activity that may pro-
foundly impact the physiology of excitable cells (9, 10).

Changes in Navl.6 expression and function are associated
with excitability disorders including neuropathic pain (11-13),
epilepsies (2, 6, 14—16), autism-spectrum disorders (17, 18), is-
chemia (19), and stress-induced changes in signal transduction
(20, 21). Notably, many of these changes are significantly influ-
enced by intracellular mediators, including protein-protein
interactions and post-translational modifications. Phosphoryl-
ation is a powerful mechanism that can rapidly modulate Nav
function and expression. The most widely studied phosphoryl-
ation-mediated modulation of neuronal Navs has focused on
the roles of protein kinases A and C (22-26) and p38 mitogen-
activated protein kinase (20, 27) in excitatory dysregulation.
Dysfunction in aCaMKII activity is also significantly linked to
excitatory disorders and is highly co-localized with Navs in
neurons (28-32). CaMKII, therefore, may be contributing to
pro-excitatory changes within the brain by modulating the ac-
tivity of neuronal Navs. However, CaMKII phosphorylation
and modulation of Nav1.6, the major isoform critical for AP ini-
tiation and propagation, has not been investigated.

CaMKII is a multifunctional serine/threonine protein kinase
highly concentrated in the brain and is critical for neuronal
excitability (33). There are four genes that encode mammalian
subunits, with the a subunit predominating in excitatory neu-
rons of the forebrain and Purkinje neurons of the cerebellum
(34, 35). During excitatory events, CaMKII is transiently acti-
vated upon calcium influx and may retain persistent activity
(36—38), providing CaMKII with a unique capability to decode
these events and form molecular memory of its activation (39—
42). Fluctuations in CaMKII activity are often associated with
neuronal diseases, including epilepsy and autism-spectrum
disorders (32), ischemia (43, 44), and pain (45-47). Previous
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studies suggest that coupling between CaMKII and Navs
contributes to regulation of neuronal excitability (28, 30).
To this end, CaMKII inhibition has been shown to reduce
excitability of small and medium trigeminal ganglion neu-
rons in addition to decreasing sodium current amplitude
(48). Moreover, CaMKII inhibition also reduces sodium cur-
rent amplitude in cerebellar granule cells (49), in which
Navl.6 is the predominant isoform (10). These studies sug-
gest that CaMKII signaling may play a major role in neuro-
nal excitability, possibly through modulation of Nav1.6 so-
dium currents.

In this study, we directly investigate the potential for
CaMKII to phosphorylate and modulate Nav1.6. Multiple
biochemical approaches, including MS and immobilized
peptide arrays, were used to identify CaMKII phosphoryla-
tion sites on Navl.6, and whole-cell voltage-clamp electro-
physiology was used to examine the functional effects of this
phosphorylation on channel biophysical properties. Using
computational simulations, we further sought to examine
how functional changes in Nav1.6 induced by CaMKII mod-
ulation may impact spontaneous and evoked AP initiation in
neurons.

Results

Effects of CaMKiIl inhibition on sodium currents in Purkinje
neurons

Electrophysiological recordings of bulk sodium currents
from trigeminal neurons and cerebellar granule cells show
significantly decreased transient sodium currents following
CaMKII inhibition with KN93 or KN62 (48, 49). To further
explore the potential for CaMKII to regulate sodium currents
in neurons, we recorded from Purkinje cells incubated with the
CaMKII inhibitor CN21 conjugated to the tat cell-penetrating
motif (tatCN21) or its inactive analog tatCN21Ala (50). Sodium
currents from Purkinje cells treated with no peptide (leff),
tatCN21 (middle), or tatCN21Ala (right) were elicited with a
series of depolarizing steps ranging from —100 to +15 mV for
50 ms from a holding potential of —100 mV (Fig. 14). Applica-
tion of tatCN21 to inhibit CaMKII significantly reduced tran-
sient sodium current density by 87% (Fig. 1C) in Purkinje neu-
rons compared with no peptide or tatCN21Ala-treated cells.
We also examined persistent current generation in Purkinje
neurons in the context of CaMKII inhibition by using the same
depolarizing step protocol as described above. Persistent cur-
rent is a noninactivating, or very slowly inactivating, sodium
current and was measured at the end of the current trace (Fig.
1B). These currents are known to amplify subthreshold inputs
and mediate repetitive action potential firing (9, 51, 52). In
addition to decreasing transient sodium currents in Purkinje
neurons, CaMKII inhibition with tatCN21 also reduces persis-
tent current density (Fig. 1D). Current densities were calculated
by normalizing the current amplitude at —25 mV by the cell
capacitance. We used —25 mV for transient and persistent
sodium current measurements to minimize clamp error
artifacts during analysis. We did not determine the impact
of CaMKII inhibition on Purkinje neuron sodium current
voltage dependence because of issues with space-clamp
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errors. Because Navl.6 is the predominant sodium current
observed in Purkinje neurons (53), these data suggest that
Navl.6 may be a substrate for CaMKII and modulated by
CaMKII signaling.

Biophysical characterization of CaMKiIl effects on Nav1.6
activity

While Nav1.6 is the predominant sodium current in Purkinje
neurons (53), it is conceivable that the expression of another
tetrodotoxin (TTX)-sensitive voltage-gated sodium channel
isoform (e.g. Navl.1l) in Purkinje neurons could contaminate
our recordings. The TTX metabolite 4,9-anhydro-TTX has
been reported to selectively target Navl.6 sodium currents
(54). However, recent evidence shows that 4,9-anhydro-TTX
also blocks Navl.1 currents at similar concentrations required
to block Nav1.6 activity (55). Therefore, we turned to a heterol-
ogous expression system, where the role of CaMKII in modu-
lating Nav1.6 sodium currents could be explored without sig-
nificant contamination from other endogenous voltage-gated
sodium channel isoforms. Whole-cell voltage-clamp recordings
were obtained in neuronal ND7/23 cells transiently co-trans-
fected with GFP (positive selection) and a tetrodotoxin-resist-
ant (TTX-R) form (Y371S point mutation) of the human
Navl.6 channel that makes Nav1.6 resistant to TTX, yet does
not appear to alter its biophysical properties (56). In this sys-
tem, TTX can be used to block endogenous currents, allowing
TTX-R Navl.6 current to be effectively studied in isolation.
Space- and voltage-clamp errors are also more effectively con-
trolled in ND7/23 cells. The CaMKII peptide inhibitor CN21 or
its inactive analog, CN21Ala, was included in the patch pipette.
Whereas we observed 159 * 1.9% autonomously active
CaMKII in our cultured ND7/23 cells (see “Experimental pro-
cedures”), we also included Ca>" and calmodulin in the patch
pipette to promote further activation of endogenous CaMKII
as described previously (57). A representative family of current
traces for WT human Navl.6 treated with no peptide (leff),
CN21 (middle), or CN21Ala (right) that were elicited with a se-
ries of depolarizing steps ranging from —80 to +60 mV for 50
ms from a holding potential of —80 mV are shown in Fig. 2A4.
Endogenous CaMKII inhibition with CN21 resulted in a 72%
decrease in Navl.6 transient current density compared with no
peptide or CN21Ala control treatments (Fig. 2B). Representa-
tive families of persistent current traces are shown in Fig. 34
with the percentage of persistent current-voltage curves shown
on the left in Fig. 3B and the peak current density values plotted
on the right. We observed a significant down-regulation of per-
sistent current density with CN21 treatment (72% reduction), a
reduction proportional to the decrease observed in the peak
transient current. As a complementary approach, we also
recorded sodium currents from HEK293 cells stably expressing
recombinant TTX-R human Nav1.6 and, as with ND7/23 cells,
observed significant reductions in Nav1.6 transient and persis-
tent current densities with CaMKII inhibition (Fig. S1). We
used 0 mV for peak sodium current measurements in both
ND7/23 and HEK293 cells because the sodium current voltage
dependence is shifted to more positive values in these cell
types. Thus, consistent with our data in Purkinje neurons, we
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Figure 1. CaMKIl inhibition reduces sodium currents in acutely dissociated Purkinje neurons. Shown are a representative family of transient (A) and per-
sistent (B) sodium current traces recorded from acutely dissociated Purkinje neurons with no peptide (left, black), tatCN21 (middle, red), and tatCN21Ala (right, gray).
Boldface traces represent sodium current at —25 mV. C, transient current density values (—25 mV). F(2, 326) = 44.5, p < 0.0001 by two-way ANOVA performed
across voltages ranging from —100 to +15 mV. D, persistent current density values (—25 mV). F(2, 72) = 13.45, p < 0.0001 by two-way ANOVA performed across
voltages ranging from —65 to —15 mV. *, p < 0.05; **, p < 0.01; **** p < 0.0001. n = 3-7. Two-way ANOVA = S.E. (error bars), Tukey's post hoc test. pF, picofarads.
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Figure 2. CaMKIl inhibition reduces Nav1.6 transient current density. A, representative family of transient current traces generated by TTX-R hNav1.6
transiently expressed in ND7/23 cells recorded with no peptide (right), CN21 (middle), and CN21Ala (right) in the patch pipette. Currents were elicited with 50-
ms step depolarizations ranging from —80 to +60 mV (inset). Peak current traces (0 mV) are in boldface. B, transient current density-voltage curve (left) for
Nav1.6 with no peptide (black circles), CN21 (red triangles), and CN21Ala (gray squares) in the pipette. Current density values were calculated by normalizing
the current amplitude at each voltage by the cell capacitance. Peak current density values are plotted on the right. With CN21 treatment, Nav1.6 transient cur-
rents are significantly attenuated compared with no peptide and CN21Ala controls (F(2, 841) = 367.7, p < 0.0001. No peptide and CN21Ala are not significantly
different (p = 0.4800). ****, p < 0.0001.n = 11-12. Two-way ANOVA = S.E. (error bars), Tukey’s post hoc test.

observed consistent CN21-mediated reductions of Nav1.6 tran- In addition to current density and persistent currents, we
sient and persistent sodium currents in two different cell lines, also examined whether CaMKII modulates the voltage depen-
ND7/23 and HEK293s. dence of activation and steady-state inactivation (channel
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Figure 3. CaMKIl inhibition reduces Nav1.6 persistent current density. A, representative family of persistent current traces generated by TTX-R hNav1.6
transiently expressed in ND7/23 cells with no peptide (black), CN21 (red), or CN21Ala (gray) in the patch pipette. Currents were elicited with 50-ms step depola-
rizations ranging from —80 to +60 mV (inset) and were measured at 45 ms into the current trace. B, percentage persistent current-voltage curve (left) for
Nav1.6 with no peptide (black circles), CN21 (red triangles), and CN21Ala (gray squares) in the pipette (F(2, 483) = 45.91, p < 0.0001 with two-way ANOVA). Peak
persistent current density values are plotted on the right and were calculated by normalizing the current amplitude at each voltage by the cell capacitance.
There is a significant reduction of Nav1.6 persistent sodium currents with CaMKIl inhibition by CN21 compared with no peptide and CN21Ala controls (F(2,
267) =42.07, p < 0.0001). No peptide and CN21Ala persistent currents are not significantly different (p = 0.9855). *, p < 0.05; **, p < 0.01. n = 9-10. Two-way
ANOVA = S.E. (error bars), Tukey's post hoc test.
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Figure 4. CaMKiIl inhibition produces a depolarizing shift in Nav1.6 voltage-dependence of activation. A, voltage dependence of steady-state activation
and inactivation (channel availability) curves fit with a Boltzmann function. Steady-state inactivation was measured by holding cells for 500 ms at a range of
prepulse voltages from —130 to +40 mV, followed by a 20-ms test pulse to 0 mV to measure channel availability (inset). B, activation (top) and availability (bot-
tom) midpoints. CN21 treatment produced a significant depolarizing shift in the activation midpoint (F(2, 26) = 6.220, p = 0.0062); however, it had no sig-
nificant effect on the midpoint of inactivation (F(2, 29) = 2.229, p = 0.126). *, p < 0.05; **, p < 0.01; n = 6-12. One-way ANOVA = S.E. (error bars),
Tukey's post hoc test.

availability) of Navl.6. Activation and inactivation curves fit
with a single Boltzmann function are shown in Fig. 44 for
Navl.6 transiently expressed in ND7/23 cells. CaMKII inhibi-
tion with CN21 resulted in a significant depolarizing shift in
the midpoint for the voltage dependence of activation (Fig. 4B,
top). No significant shifts in channel availability (inactivation
midpoint) were observed (Fig. 4B, bottom). Additionally, we
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examined the effects of CaMKII inhibition on the ability of
Navl.6 to recover from fast inactivation. No significant shifts in
time constants (1) were observed across treatments (Fig. S2). In
total, these data are consistent with CaMKII inhibition produc-
ing loss-of-function effects on Navl.6 channel activity, includ-
ing decreased transient current density with a proportional
decrease in persistent currents relative to the peak transient
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Figure 5. Topology of voltage-gated sodium channel SCN8A. Potential
CaMKIl phosphorylation sites are shown in L1 and /abeled as follows: Ser-541
(pink), Ser-561 (green), Ser-641 (dark purple), and Thr-642 (light purple).

current, and a depolarizing shift in the voltage dependence of
activation.

Identifying novel CaMKIl phosphorylation sites on Nav1.6

The a subunit of Navl.6 is comprised of four transmem-
brane domains (I-IV), each containing six a-helical segments
(S1-S6), with a voltage sensor (S1-S4) and a re-entrant P-loop
(S5-S6) that constitutes ion selectivity and the pore of the chan-
nel (58). The a subunit contains cytoplasmic N and C termini
as well as multiple intracellular loops (L1-L3) that link the four
domains (I, II, ITI, and IV) of the « subunit (Fig. 5). We investi-
gated potential CaMKII phosphorylation of Navl.6 by immu-
nopurifying it from HEK293 cells stably expressing the channel
(59) under conditions promoting and inhibiting CaMKII activ-
ity and interrogated Nav1.6 channel phosphorylation via nano-
flow LC-ESI/MS (detailed descriptions of all treatments and
procedures are outlined under “Experimental procedures”). In
these experiments, we compared the phosphorylation status of
Nav1.6 in naive cells versus cells treated with CaMKII active
inhibitors (KN93 overnight at 30°C and tatCN21 immedi-
ately before harvesting) or inactive compounds (KN92 and
tatCN21Ala). Whereas we observed 21.5 = 1.6% autono-
mously active CaMKII in our Navl.6-expressing HEK293
cells, which is similar to previously reported values (60), we
also exposed these cells to the calcium ionophore ionomycin
to promote CaMKII signaling (61) as well as exposing the
immunopurified Nav1.6 to recombinant preautophosphory-
lated (activated) aCaMKII, two treatments that might be
expected to maximize CaMKII phosphorylation of Nav1.6.
Therefore, a phosphorylation site was considered to be
CaMKII-dependent if phosphorylation of that site was
observed by nanoflow LC-ESI/MS in both the ionomycin
and activated aCaMKII conditions. Phosphosites that were
not present in both the ionomycin and activated aCaMKII
conditions or were present in the inhibitor condition were
likely not phosphorylated by CaMKII and therefore not con-
sidered as CaMKII target sites.

Nanoflow LC-ESI/MS analyses of tryptic phosphopeptides
revealed an overall coverage (representative coverage map
shown in Fig. S3) of the major cytoplasmic regions at 52.5%
(513 of 978 amino acids), with 23.5% for the N terminus (31 of
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132 amino acids), 64.3% for L1 (222 of 345 amino acids), 42.2%
for L2 (94 of 223 amino acids), 52.4% for L3 (33 of 63 amino
acids), and 61.9% for the C terminus (133 of 215 amino acids).
The identified proteins, Navl.6 peptide sequences, spectral
counts, and amino acid coverage for each experimental condi-
tion are shown in Tables S1-S3. Nanoflow LC-ESI/MS analysis
under the different conditions led to the identification of eight
phosphorylation sites (Table 1). Among the eight phosphosites
we repeatedly observed, seven are located in the L1 region of
the channel (Ser-504, Ser-541, Ser-561, Ser-579, Ser-589, and
Ser-641 and/or Thr-642), and one is located in the C terminus
(Ser-1949). Four phosphosites (Ser-504, Ser-579, Ser-589, and
Ser-1949) showed measurable phosphorylation across all ex-
perimental conditions and were not reactive to CaMKII inhibi-
tion by tatCN21/KN93, suggesting that these sites are not
sensitive to phosphorylation by CaMKII but are basally phos-
phorylated in the channel by a different kinase. Bioinformatic
screening indicates that Ser-504, Ser-579, and Ser-589 could be
targets for casein kinase II phosphorylation, whereas Ser-1949
could be a target for the AGC family of kinases. Potentially four
phosphosites (Ser-541, Ser-561, Ser-641, and/or Thr-642) have
observable phosphorylation in both ionomycin and preauto-
phosphorylated «CaMKII conditions, suggesting CaMKII-de-
pendent phosphorylation. Fig. 6A shows a representative MS/
MS spectrum for a singly phosphorylated Nav1.6 peptide at m2/
z 695.32 that was fragmented to produce the tandem mass
spectrum with b- and y-ion series that correspond to the
sequence HNSKSSIFSFR (amino acids 559-569). The b2 and
b3 ions unambiguously confirm phosphorylation of residue
Ser-561. Fig. 6B shows a representative MS/MS spectrum for a
phosphorylated Navl.6 peptide at m/z 778.50 containing the
adjacent sites Ser-641 and Thr-642 that was fragmented to pro-
duce the tandem mass spectrum corresponding to the sequence
NSTVDCNGVVSLIGGPGSHIGGR (amino acids 640—662).
Although the a2 and a3 in addition to the b2 and b3 ions sug-
gest phosphorylation at Thr-642, possible phosphorylation at
Ser-641 cannot be discounted. The nonphosphorylated MS/
MS spectra corresponding to Fig. 6 are shown in Fig. S4. The
MS/MS spectra for the remaining phosphorylated residues
listed in Table 1 are shown in Figs. S5-S8.

Navs are large complex transmembrane proteins, which can
make them difficult to work with for in vitro studies, including
technical limitations in obtaining full sequence coverage by MS
analysis. Whereas our phosphoproteomic analyses covered
over half of the major intracellular regions in Nav1.6, a propor-
tion of these Nav1l.6 regions remained uncovered in our spec-
tral analysis. Thus, we sought to experimentally scan each
major intracellular region of the channel using immobilized
peptide arrays as a complementary method for identifying
potential CaMKII phosphorylation sites. Peptides were con-
structed such that each potential CaMKII phosphorylation site
would be represented within multiple peptides (15-mers skip-
ping 4 residues in consecutive peptides), creating multiple
opportunities for Ser/Thr phosphorylation by aCaMKII (Fig.
7A) to be observed in our peptide arrays. As observed in our
nanoflow LC-ESI/MS analysis, Navl.6 phosphorylation was
primarily limited to L1 (Fig. 7B) and included Ser-541, Ser-561,
and Ser-641/Thr-642 as potential phosphorylation target sites
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Table 1

Normalized phosphorylation ratios of identified phosphorylation sites on Nav1.6 by nanoflow LC-ESI/MS analysis. Phosphorylation sites
were examined following no treatment, CaMKIl inhibition with KN93 and tatCN21, inhibition control with inactive analogues KN92 and tatC-
N21Ala, ionomycin, and preautophosphorylated a«CaMKIl treatment (for a detailed description of treatments, see “Experimental proce-

dures”). ND, not determined

Normalized phosphorylation ratios = S.E.

KN93 + KN92 + Preautophosphorylated
Phosphopeptide Residue Naive tatCN21 tatCN21Ala Ionomycin aCaMKII
% % % % %

QKELSEGEEKGDPEK Ser-504 40.1 £ 14.6 285 *0.350 46.1 = 18.6 51.7 £ 31.7 54.5 = 5.80
FSIMNQSLLSIPGSPFLSR Ser-541 ND ND ND 1.00 10.9 = 5.00
HNsKSSIFSFR Ser-561 ND ND 0.002 4.10 = 3.30 14.8 = 10.7
FRDPGSENEFADDEHSTVEESEGRR Ser-579 393 *+21.1 344 *133 349 =*119 27.6 £9.10 38.9 + 14.8
FRDPGSENEFADDEHSTVEESEGRR Ser-579/Ser-589 194 £ 16.1 15.6 =9.80 15.2 = 9.05 6.40 = 1.80 17.6 = 12.5
RNstVDC (carbamidomethyl)NGVVSLIGGPGSHIGGR  Ser-641 and/or Thr-642 ND ND ND 6.50 319 = 11.7
NstVDC (carbamidomethyl)NGVVSLIGGPGSHIGGR ND ND ND 0.500 *= 0.400 33.6 = 1.00
KESTPSTASLPSYDsVTKPEKEK Ser-1949 0.800 0.700 0.600 0.900 10.2

for CaMKIIL. Moreover, peptides containing Ser-504, Ser-579,
Ser-589, and Ser-1949 were not phosphorylated in the array,
further supporting our hypothesis that these sites are not CaM-
KII-dependent. No significant phosphorylation of the N termi-
nus, L2, L3, or C terminus was observed.

To further investigate the contribution of CaMKII phospho-
rylation at the phosphosites identified in our MS and peptide
arrays (Ser-541, Ser-561, Ser-641, and Thr-642), we again used
the immobilized peptide arrays to generate mutant peptide
phospho-acceptor peptides whereby nonphosphorylatable ala-
nine point mutations of each site were individually tested (Fig.
7C). This approach revealed Thr-642 to be the preferential
CaMKII target in peptides containing both Ser-641 and Thr-
642. Furthermore, similar to our phosphoproteomic analyses,
Ser-541 and Ser-561 were again identified as phospho-acceptor
sites via site-specific mutagenesis. In total, these data suggest
that Ser-541, Ser-561 and Thr-642 are potential candidates for
CaMKII phosphorylation regulating CaMKII-dependent func-
tional changes in Nav1.6.

Electrophysiological analysis of CaMKIl effects on mutant
Nav1.6 activity

To test the role of Ser-541, Ser-561, and Thr-642 in CaMKII
regulation of Navl.6 sodium currents, we again performed
whole-cell voltage-clamp on ND7/23 cells transiently express-
ing mutant forms of hNav1.6. Individual Ala substitutions were
introduced at Ser-541, Ser-561, and Thr-642 to mimic a non-
phosphorylatable state at these specific residues. For adjacent
residues Ser-641 and Thr-642, we chose to introduce Ala at
both sites individually and in combination (S641A/T642A) to
verify the specificity of our MS and peptide array analyses. To
probe CaMKII-specific effects, we included the CaMKII pep-
tide inhibitor CN21 or its inactive analog CN21Ala with Ca**/
CaM in the patch pipette. Our reasoning was that phosphoryla-
tion site mutations would be considered CaMKII-specific
should the point mutations occlude additional functional
effects seen in the presence of the CaMKII inhibitor CN21. To
this end, an important CaMKII phosphorylation site would be
revealed by a phospho-null mutant decreasing current density
in the absence of CN21 while remaining insensitive to CN21
treatment. However, it is conceivable that CN21 effects may
not be completely occluded by a single site-specific mutation as
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we observed previously for the multisite phosphorylation of the
cardiac Nav1.5 by CaMKII (57).

A representative family of current traces for S541A, S561A,
S641A, T642A, and S641A/T642A treated with no peptide
(left), CN21 (middle), or CN21Ala (right) are shown in Fig. S9.
Current density curves are shown in Fig. 84, and their peak val-
ues within each treatment are plotted in Fig. 8B. Substituting
an Ala at Ser-541 up-regulates Nav1.6 current density (com-
pared with WT; Fig. 8B), suggesting that S541A might prevent
a potential phosphorylation site that reduces current density or
that this region of L1 is structurally sensitive to mutation. How-
ever, treatment with CN21 reduces current density by 36%
(compared with no peptide; Fig. 8B), indicating that the S541A
channel retains sensitivity to current density modulation by
CaMKII. Ablation of another potential CaMKII site (S561A)
does not alter the current density compared with WT in each
treatment (Fig. 8B) and retains CN21 sensitivity, displaying a
48% reduction in current density with CaMKII inhibition (Fig.
8B). Although less than the current density inhibition observed
in the WT channel with CaMKII inhibition, both S541A and
S561A still retain CN21 sensitivity.

Further investigation into potential CaMKII modulatory
phosphorylation sites in the Navl.6 L1 domain revealed that
introducing an Ala at Ser-641 appears to up-regulate current
density in the absence of CaMKII inhibition (compared with
WT; Fig. 88), whereas treatment with CN21 reduces its current
density by 28% (compared with S641A no peptide; Fig. 8B). In
contrast, we found that an Ala substitution at the adjacent site
Thr-642 reduces current density by 26% in the absence of
CaMKII inhibition (compared with WT; Fig. 8B) and displays
insensitivity to CN21-mediated reductions in current density.
Interestingly, introducing Ala at both Ser-641 and Thr-642 in
combination (S641A/T642A) displays a 50% reduction in cur-
rent density. This double mutant, like the single mutant
T642A, displays insensitivity to CN21 treatment (Fig. 8B) and
closely recapitulates the CN21-mediated current density
reductions observed in WT. Although significant down-regula-
tion of Navl.6 persistent currents was observed with CN21
treatment (Fig. 3), we could not explore the effects of point
mutants on Navl.6 persistent currents because peak currents
were too small to reliably measure persistent currents in these
mutants under our whole-cell voltage-clamp conditions.
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Figure 6. MS/MS spectra for CaMKIl phosphorylation sites on Nav1.6 identified by nanoflow LC-ESI/MS. A, representative tandem mass spectrum of
human Nav1.6 peptide containing pSer-561. The spectrum of a singly phosphorylated Nav1.6 peptide at m/z 695.32 was fragmented to produce a tandem
mass spectrum with y-ion and b-ion series that correspond to the sequence HNSKSSIFSFR (amino acids 559-569) and confirm the phosphosite at Ser-561. B,
representative tandem mass spectrum for a phosphorylated Nav1.6 peptide at m/z 778.50 containing adjacent sites Ser-641 and Thr-642 that could not be
confidently differentiated by MS/MS analysis. The peptide was fragmented to produce the tandem mass spectrum with a-ion and b-ion series that correspond
to the sequence NSTVDcNGVVSLIGGPGSHIGGR (amino acids 640-662).
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Figure 7. Immobilized peptide arrays of potential CaMKIl phosphorylation sites in Nav1.6. A, schematic of the SPOTs immobilized peptide tiling assay
performed in B and C. B, phosphorylation intensity of peptides tiled from the intracellular regions of human Nav1.6 after aCaMKiIl phosphorylation with [y->2P]
ATP. Corresponding intracellular regions are labeled and single-letter amino acid codes/phosphorylation motifs for each putative phosphorylation site are
shown. Inset, representative phosphor image of immobilized tiled peptide spots (darkness intensity indicates >2P incorporation in that peptide). Phospho-
sites were identified if two or more successive peptides were phosphorylated at the indicated threshold (dotted line) of known phosphorylated sub-
strates AC2 and GIuN2B (positive controls). C, average phosphorylation of immobilized peptides with WT and Ala point mutations introduced at
phosphosites identified by peptide array in B and nanoflow LC-ESI/MS analysis. Double Ala mutations were introduced at the adjacent sites Ser-641/
Thr-642 to identify preferential contribution of CaMKIl phosphorylation. The N terminus of EAAT1 served as the negative control; AC2 and GIuN2B

phosphorylation served as positive controls.

We next explored whether the Ala point mutations at Ser-
541, Ser-561, Ser-641, and Thr-642 have any effect on the volt-
age dependence of activation and channel availability. Voltage
dependence of activation and availability curves fit with a single
Boltzmann function for WT, S541A, S561A, S641A, T642A,
and S641A/T642A Navl.6 are shown in Fig. 9A4. An Ala substi-
tution at Ser-561 displays a depolarizing shift in the activation
midpoint independent of CaMKII inhibition (Fig. 9B), similar
to that of WT Navl.6 treated with CN21. Although there might
be a trend for S541A, S641A, and T642A to shift channel acti-
vation, none of these mutants, in addition to S641A/T642A,
were significantly different from WT. Next, we examined
effects of CaMKII nonphosphorylatable point mutants on
channel availability. Although we did not observe any signifi-

11852 J Biol. Chem. (2020) 295(33) 11845-11865

cant shifts in WT Navl.6 treated with CN21, we did observe a
trend for S641A/T642A to produce a hyperpolarizing shift in
channel availability when compared with WT treated with
CN21 (Fig. 9C). This effect may be explained by the small
depolarizing shift CN21 produces in the WT channel. Last,
we examined whether CaMKII nonphosphorylatable point
mutants have an effect on the ability for the channel to recover
from fast inactivation. Although S641A/T642A produces a sig-
nificant increase in the recovery time constant (1) (Fig. S10), this
increase does not appear to be CaMKII-dependent, as WT
treated with CN21 does not display any changes in recovery from
inactivation. These data suggest a complex functional relation-
ship between multiple CaMKII phosphorylation sites within the
L1 domain in the modulation of Nav1.6 channel properties.
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Figure 8. CaMKIl modulates Nav1.6 sodium currents at Ser-641/Thr-642. Shown are transient current density-voltage curves (A) and corresponding bar
graphs (B) of peak current densities for Nav1.6 phospho-null mutations with no peptide (left), CN21 (middle), and CN21Ala (right) in the pipette. The dotted line
serves as a visual control representing Nav1.6 WT current density with no peptide. S541A and S641A increase Nav1.6 current density, whereas T642A and
S641A/T642A decrease current density compared with WT Nav1.6 in the absence of CaMKIl inhibition, while S561A displayed no change (F(5, 1419) = 66.84,
p < 0.0001 by two-way ANOVA). When treated with CN21, only S561A and S641A/T642A maintain a similar current density to WT Nav1.6 with CN21 treatment (F
(5,1101) = 91.15, p < 0.0001 by two-way ANOVA). Similar to the no peptide condition, S541A and S641A increased Nav1.6 current density compared with WT
treated with CN21Ala whereas S641A/T642A displayed a significant decrease, and S561A displayed no change (F(5, 956) = 59.17, p < 0.0001). No peptide: S561A
versus WT, p = 0.9029. CN21: S561A versus WT, p = 0.4133 and S641A/T642A versus WT, p = 0.4861. CN21Ala: S561A versus WT, p > 0.9999 and T642A versus WT, p =
0.3856. %, p < 0.05; **, p < 0.01; #, p < 0.001; ¥, p < 0.0001. n =4-15. Two-way ANOVA = S.E. (error bars), Dunnett’s post hoc test versus WT within treatment.

Computational simulations of CaMKIl modulation of Nav1.6
on action potential firing in Purkinje neurons

We simulated AP firing in a Navl.6 single-compartment
model of a Purkinje neuron (62) to model potential changes in
neuronal excitability with CaMKII modulation of Navl.6.
Spontaneous and evoked APs were simulated by adjusting the
sodium channel parameters of the Markov state sodium chan-
nel model (62) to reflect the functional changes observed in our
CN21-treated Navl.6 channel (CN21 neuron). The default so-
dium channel parameters of the Khaliq model simulated no
peptide treatment (control neuron). Voltage-clamp simulations
were performed to validate that the relative CN21-mediated
shift in activation and reduction in current density observed in
our experimental data were successfully recapitulated in our
model (Fig. 10). Simulations of spontaneous action potential
frequency in a Purkinje neuron with and without CN21-medi-
ated functional changes to Nav1.6 are shown in Fig. 11A4. Only
the control neuron fired spontaneous action potentials,
whereas the CN21 neuron did not spontaneously fire at all.
Because our experimental data suggest that the shift in the volt-
age dependence of activation and reduction in current density
produced by CN21 treatment appear to be independently regu-
lated in part by the CaMKII phosphosites Ser-561 and Ser-641/
Thr-642, respectively, we next modeled these effects independ-
ently to further explore how site-specific CaMKII modulation
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of Nav1.6 activity impacts excitability. Interestingly, the shift in
activation (Ser-561 neuron) or reduction in current density
(Ser-641/Thr-642 neuron) alone ablated spontaneous AP firing
similar to the CN21 neuron (Fig. 11A4).

Next, we simulated evoked AP firing in Purkinje neurons.
Evoked AP frequency is shown in Fig. 11B, and representative
traces of those APs are displayed in Fig. 11C. Evoked excitability
of the CN21 and Ser-641/Thr-642 neurons was profoundly
reduced compared with the control and Ser-561 neurons. The
Ser-561 neuron was less excitable in response to lower range
stimulation; however, its AP firing frequency continued to
increase with higher-range stimulation despite never reaching
the same AP firing frequency as the control neuron. Intrigu-
ingly, the Ser-641/Thr-642 neuron began firing at lower stimu-
lation values than the Ser-561 neuron; however, it maintained
low AP firing frequency across the entire range of stimulation,
similar to the CN21 neuron. Our simulations demonstrate that
the CN21-mediated reduction in current density alone has a
stronger impact on neuronal excitability than the change in acti-
vation, and, when modeled together, they produce a potentiated
inhibition on AP firing. These modeling data reveal that CaM-
KII modulation of Nav1.6 may have profound effects on neuro-
nal excitability and that distinct CaMKII phosphosites on the
channel may differentially tune neuronal excitability in response
to neuronal stimuli.
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Figure 9. Effects of CaMKIl phospho-null mutations in Nav1.6 on voltage-dependence of activation and channel availability. A, voltage dependence
of steady-state activation and inactivation (channel availability) curves fit with a Boltzmann function comparing WT and phospho-null mutants with no pep-
tide (left), CN21 (middle), or CN21Ala (right) in the patch pipette. Steady-state inactivation was measured by holding cells for 500 ms at a range of prepulse vol-
tages from —130 to +40 mV, followed by a 20-ms test pulse to 0 mV to measure channel availability. B, voltage dependence of steady-state activation
midpoints. Compared with WT, S561A is the only mutant that displays a significant depolarizing shift in activation midpoint independent of CaMKll inhibition.
No peptide: F(5,42) =3.114, p = 0.0177.CN21: F(5, 35) = 0.6870, p = 0.6365. CN21Ala: F(5, 31) = 2.865, p = 0.0307. C, voltage dependence of steady-state inacti-
vation midpoints. No peptide: F(5,41) = 2.392, p = 0.0541. CN21: F(5, 37) = 2.109, p = 0.0861. CN21Ala: F(5, 34) = 2.760, p = 0.0338. %, p < 0.05; **, p < 0.01.n =
4-12. One-way ANOVA = S.E. (error bars), Dunnett’s post hoc test (versus WT). Conductance: no peptide versus WT: S541A, p = 0.0749; S561A, p = 0.0304;
S641A, p = 0.0893; T642A, p = 0.1760; S641A/T642A, p = 0.9999. CN21 versus WT: S541A, p = 0.9868; S561A, p = 0.8290; S641A, p > 0.9999; T642A, p = 0.8514;
S641A/T642A, p =0.7207. CN21Ala versus WT: S541A, p = 0.2407; S561A, p = 0.0050; S641A, p = 0.1456; T642A, p = 0.6502; S641A/T642A, p = 0.1812. Availability:
no peptide versus WT: S541A, p = 0.8900; S561A, p = 0.8494; S641A, p = 0.9530; T642A, p = 0.9620; S641A/T642A, p = 0.0889. CN21 versus WT: S541A, p =
0.9847; S561A, p = 0.9824; S641A, p = 0.9998; T642A, p = 0.7540; S641A/T642A, p = 0.0265. CN21Ala versus WT: S541A, p = 0.5310; S561A, p = 0.1049; S641A,
p=0.4346;T642A, p = 0.8963; S641A/T642A, p = 0.6977.

Discussion cantly reduces transient and persistent sodium currents, indicating
that CaMKII modulates sodium currents in neurons. These data

Voltage-gated sodium channels play a critical role by regulat- i ) ]
are consistent with inhibition of CaMKII impacting excitability in

ing Na* permeability across the cellular membrane and are
essential for action potential initiation and propagation in ex- other neuronal paradigms where Nav1.6 is the predominant volt-
citable cells (3, 63). While there are multiple Nav isoforms with ~ age-gated sodium channel (49), supporting the role of CaMKII
tissue-specific and developmental expression patterns (64, 65), ~asa powerful modulator of neuronal Nav1.6, an isoform pre-
Nav1.6 activity is a well-known and powerful driver of neuronal ~dominantly localized to axon initial segments and nodes (3).
excitability. Our data demonstrate direct coupling between Neurons have a complex expression profile for the voltage-
Navl.6 function and CaMKII, a critical mediator of synaptic  gated sodium channel isoforms, and our data are the first to our
plasticity, learning, and memory (39, 40, 66). We observed that knowledge to directly demonstrate Navl.6 modulation by
pharmacological CaMKII inhibition in Purkinje neurons signifi- ~CaMKIL Inhibition of CaMKII in the presence of Ca** and
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Figure 10. Voltage-clamp simulations of modeled Nav1.6 channels with and without CN21-mediated functional alterations. A, voltage dependence
of activation; B, normalized current density-voltage curves for modeled (left) and experimental (right) channels. The model exemplifies the relative functional
alterations (shift in activation and reduction in current density) that were observed with CN21 treatment in our experimental data.
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Figure 11. Current-clamp simulations of modeled Nav1.6 channels on action potential firing in simulated Purkinje neurons. Shown is quantification
of spontaneous (A) and evoked action potential frequency (B) from modeled Purkinje neurons with either no peptide control (black), CN21 (pink), Ser-561
(teal), or Ser-641/Thr-642 (purple) modeled Nav1.6 currents. Neither the CN21, Ser-561, nor Ser-641/Thr-642 modeled currents fire spontaneous action poten-
tials. Representative traces of evoked action potentials at 40 pA are shown in C.

calmodulin in the patch pipette reduced transient and persis- functional effects are likely mediated by phosphorylation of
tent current densities of Nav1.6 in both ND7/23 and HEK293  Navl.6 at multiple phosphorylation sites within the L1 loop,
cells as well as shifted the voltage dependence of activation to  Ser-561 and Ser-641/Thr-642, and that each site regulates dis-
more depolarized potentials. Moreover, we show that these tinct biophysical characteristics of the channel. We found that
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substitution of Ser-561 with an Ala residue is sufficient to reca-
pitulate the CN21-mediated shifts in voltage dependence of
activation as observed with CaMKII inhibition. Furthermore,
we also determined that whereas the single substitution of Thr-
642 with Ala produces an intermediate attenuation of the
effects observed with CaMKII inhibition, simultaneous Ala
substitutions at both Ser-641 and Thr-642 largely abrogate
Navl.6 current density. Using computational simulations that
model the functional phenotypes we observed in our pharma-
cological and mutant studies, we observed that CaMKII modu-
lation of Nav1.6 is a powerful mediator of neuronal excitability,
with phosphorylation sites differentially mediating distinct
responses to evoked stimuli. Together, our data suggest that
CaMKII modulation of Nav1.6 is a complex and flexible mecha-
nism based on site-specific phosphorylation to regulate neuronal
excitability by differentially modulating Nav1.6 function.

Voltage-gated sodium channels undergo multiple post-
translational modifications, mechanisms crucial for regulating
neuronal input-output properties in physiological and patho-
logical conditions. The phosphorylation of Navs by diverse ki-
nases (e.g PKA, PKC, p38 mitogen-activated protein kinase,
and CaMKII) has been shown to modulate several aspects of
their function. This kinase diversity represents multiple differ-
ent signaling pathways that allow Navs to be regulated in com-
bination or uniquely by different second messengers. For exam-
ple, the regulation of Navs by PKA (cAMP dependence) and
PKC (calcium/lipid hydrolysis) has been studied in the greatest
detail. Sodium channels from the central nervous system
(Navl.l and Navl.2), peripheral nervous system (Nav1l.7 and
Navl.8), cardiac tissue (Navl.5), and skeletal muscle (Nav1.4)
are all modulated by PKA and/or PKC and produce differential
functional effects (26, 67). Whereas PKC appears to consis-
tently attenuate sodium currents across most isoforms (22, 23,
68-71), the effects of PKA phosphorylation are more diverse,
resulting in attenuated Nav1.1 (72), Nav1.2 (25, 73), and Nav1.7
(23) sodium currents while potentiating Nav1l.5 (74, 75) and
Nav1.8 (23, 76) sodium currents and producing shifts in volt-
age-dependent gating properties. The PKA phosphosites Ser-
573 and Ser-687 (71, 73, 77, 78) and the PKC phosphosite Ser-
576 (71) have been shown to underlie functional modulation of
Navl.2 sodium currents. Interestingly, despite carrying homol-
ogous PKA and PKC phosphosites, to date Nav1.6 appears to
be largely resistant to modulation by these kinases (79). Using
multiple approaches, including immobilized peptide arrays and
nanoflow LC-ESI/MS, we observed that Ser-561, which is ho-
mologous to the PKA phosphosite Ser-573 in Navl.2, is phos-
phorylated by aCaMKII. We demonstrate that substituting
Ser-561 with an alanine at this position recapitulates the shifts
in the voltage dependence of activation with CaMKII inhibition
in WT Navl.6, suggesting that calcium signaling acting through
CaMKII may be a powerful mechanism to tune neuronal excit-
ability via regulating Nav1.6 function.

CaMKII is a multifunctional serine/threonine Ca**-CaM-
dependent protein kinase with previous ties to regulating neu-
ronal excitability (29). CaMKII inhibition using the small mole-
cule inhibitor KN93 or KN62 has been observed to decrease
sodium currents recorded from cerebellar granule cells (49)
and trigeminal ganglion neurons (48), neuronal cells known to
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express Nav1.6, in addition to decreases in AP firing and ampli-
tude. Moreover, data from our study show that CaMKII inhibi-
tion using specific peptide inhibitors decreases both transient
and persistent sodium currents in Purkinje neurons, a cell type
in which Nav1.6 is predominantly expressed. These data sug-
gest that CaMKII signaling is a powerful modulator of sodium
currents produced by neuronal Navs, possibly through modula-
tion of Nav1.6, and may contribute to alterations in AP-firing
properties.

A previous report by Belmeguenai et al. (80) suggests that AP
firing in Purkinje neurons is unaltered in «CaMKII knockout
mice. Purkinje neurons express « and BCaMKII as heteromul-
timeric holoenzymes in an estimated 1:1 ratio (81, 82), with all
aCaMKII subunits associating with BCaMKII in Purkinje neu-
rons of WT mice (83). One possibility for unaltered AP firing in
Purkinje neurons of aCaMKII knockout mice is functional
compensation, because these neurons express multiple iso-
forms of CaMKII.

Although there are no reports directly investigating CaMKII
modulation of Navl.6 to our knowledge, there are studies
exploring the effects of CaMKII modulation of other Nav iso-
forms in neuronal and cardiac excitability. A recent study has
shown that Scrn2a?°* mice with a gain-of-function Nav1.2 epi-
lepsy mutation display hyperexcitability that is regulated by
CaMKII activity (84). In these mice, CaMKII inhibition results
in reduced sodium currents, a shift in availability, and a
decrease in the number of APs, implicating CaMKII modula-
tion of Nav1.2 activity with altered excitability. CaMKII modu-
lation of aberrant Navl.2 activity is underscored by MS data
identifying Navl.2 as a known binding partner of aCaMKII
(85); however, the functionally relevant phosphosites contrib-
uting to this modulation remain to be determined. In addition
to Navl.2, there is strong evidence for CaMKII modulation of
the cardiac isoform Nav1.5 and its potential role in cardiomyo-
cyte excitability (28, 57, 86). Work from our laboratory and
others has found that CaMKII phosphorylates Nav1.5 at multi-
ple phosphorylation sites within the L1 domain (57, 87). Our
data identifying Nav1.6 L1 as the target for CaMKII phospho-
rylation are consistent with these reports identifying Nav L1 as
a hot spot for CaMKII phosphorylation. CaMKII phosphoryla-
tion of Navl.5 is reported to produce a hyperpolarizing shift in
channel availability (57, 88), retard slow inactivation with inter-
mediate kinetics as well as recovery from inactivation, and
increase persistent sodium current (89). These effects were
abrogated with CaMKII inhibition. Studies have also demon-
strated that inhibition of endogenous CaMKII in rat ventricular
myocytes results in decreased Navl.5 sodium current (90).
Ashpole et al. (57) demonstrated that the CaMKII phosphosites
Ser-516 and Thr-594 modulate aspects of Navl.5 function
including channel availability and entry into intermediate inac-
tivation. Notably, the only other Nav isoform with the equiva-
lent Thr-594 site conforming to the CaMKII recognition motif
(Arg/Lys-X-X-Ser/Thr) is Thr-642 of Navl.6. Using multiple
biochemical approaches, we identified Thr-642 as a novel
CaMKII phosphosite in HEK293 cells stably expressing Nav1.6.
We found that introducing an Ala point mutation at Thr-642
produces an intermediate attenuation of sodium current den-
sity, instead of shifting availability as in Nav1.5, independent of
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CaMKII inhibition. Although we did not observe significant
Ser-641 phosphorylation in our immobilized peptide arrays, we
found that introducing an Ala at the adjacent site Ser-641
appears to increase current density in the absence of CaMKII
while retaining sensitivity to CaMKII modulation. Moreover,
we determined that introducing an Ala at both Ser-641 and
Thr-642 reduces sodium current density to a greater degree
compared with Thr-642 alone. It is unclear why the double Ala
mutation at Ser-641/Thr-642 strongly inhibits sodium current
density, whereas the individual Ala substitutions at Ser-641 and
Thr-642 independently display a proportion of residual CN21-
resistant sodium current. Of course, mutagenesis may sterically
alter channel structure and function independent of phospho-
null activity. Therefore, if mutagenesis of the Nav1.6 L1 domain
at Ser-641/Thr-642 alters the structure of this regulatory hot-
spot, it might explain the sensitivity of this region to PTMs in
addition to why the effects of S641A/T642A are greater than
those of either site alone. It is also plausible that disrupting
phosphorylation at either Ser-641 or Thr-642 could reveal a
third phosphorylation site that opposes the effects of S641A/
T642A or promotes channel modulation by another kinase that
competes with CaMKII effects on the channel. Further investi-
gation determined that introducing an Ala at another site, Ser-
561, did not alter the current density and largely mimicked the
WT channel in its response to current density with CN21 treat-
ment, which suggests that this site is not a major determinant
in CaMKII modulation of Navl.6 current density. Alanine
mutation at Ser-541 produced a large increase in current den-
sity compared with WT; however, this construct retained
CN21 sensitivity, thereby remaining partially sensitive to
CaMKII activity. Interestingly, recent evaluation of SCN8A in
the ClinVar database (RRID:SCR_006169) identified the S541A
mutation as a variant (rs753587420) associated with early in-
fantile epileptic encephalopathy. Although S541A is classified
as a variant of unknown clinical significance, its association
with early infantile epileptic encephalopathy is consistent with
the increase in current density we observed, suggesting that the
polymorphism S541A alters this regulatory hotspot and may be
associated with a gain of function. Further studies may also be
required to determine whether Ser-541 phosphorylation could
be acting as an opposing brake on current density modulation
by CaMKII or a different kinase. If the sites are differentially
phosphorylated, it is possible that CaMKII phosphorylation of
Ser-541 and Thr-642 may have opposing roles, with Ser-541
contributing to inhibitory tone and Thr-642 to excitatory tone.
Whereas none of the phospho-null mutants fully mimicked the
current density reduction observed in WT with CN21 treat-
ment, the reduction of current density with phospho-null mu-
tagenesis, coupled with the loss of CN21-mediated reduction as
observed in WT, S541A, S561A, and S641A, suggests that Thr-
642 phosphorylation and the potential structural sensitivity
induced by mutagenesis of the double Ala mutation (S641A/
T642A) represents a promising mechanism in the CN21-medi-
ated reductions in W'T Nav1.6 sodium current density. Impor-
tantly, these data in total show that different isoforms of
sodium channels differ in their functional response to phos-
phorylation at homologous sites by the same kinase, as in the
case of CaMKII modulation of Navl.5 versus Navl.6, or by dif-
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ferent kinases, as in Navl.2 Ser-573 phosphorylation by PKA
versus the equivalent Ser-561 phosphorylation in Nav1.6 by
CaMKII. Whether multiple phosphosites in L1 of Nav1.6 sim-
ply represent redundancy or fine tuning of channel function or
provide a more complex function like cross-talk between multi-
ple modulatory kinases remains to be determined. Future stud-
ies utilizing phosphomimetic substitutions to mimic a negative
charge independent of kinase-mediated phosphorylation may
be a complementary approach to further dissect the contribu-
tions of multisite phosphorylation.

To predict how CaMKII modulation of Nav1.6 may impact
excitability at the single-neuron level, we performed computa-
tional simulations using a single-compartment Purkinje neuron
model (62). We demonstrate that the modeled alterations to
channel function due to CaMKII inhibition abrogates sponta-
neous and evoked AP firing. Because the phospho-null Ala sub-
stitutions at Ser-561 and Ser-641/Thr-642 appear to regulate
distinct biophysical characteristics of the channel, we extended
our model to simulate site-specific modulation of Nav1.6 activ-
ity on neuronal excitability. Our simulations demonstrate that
targeting the Ser-641/Thr-642—mediated change in current
density alone has a greater effect on AP firing frequency than
the Ser-561-mediated shift in activation. Importantly, these
data reveal that the impact of CaMKII modulation on neuronal
excitability can be calibrated by targeting specific residues on
Navl.6 and further demonstrate the remarkable intricacies of
Nav modulation.

How can CaMKII modulation of Nav1.6 coordinate responses
to synaptic inputs and regulate neuronal excitability? During
excitatory events, CaMKII becomes transiently activated in
response to Ca®" influx and may retain persistent activity prior to
inactivation, providing CaMKII with the unique capability to
decode excitatory events and form molecular memory of its acti-
vation (39-42). While CaMKII is typically considered important
for postsynaptic modulation, such as the postsynaptic density
(91, 92), CaMKIl is enriched at AISs in neurons and is targeted to
the same compartment as Navs via BIV-spectrin/ankyrin-G
interactions (28, 30, 31). Previous studies have reported that
casein kinase II, which is also localized to the AIS, phosphorylates
Navl.2 and increases the affinity for channel insertion at the AIS
in neurons (93). Therefore one might envision a Ca>* -dependent
situation where CaMKII phosphorylation of Nav1.6 at Thr-642
may be modulating insertion of channels at the plasma mem-
brane, whereas phosphorylation at Ser-561 may be shifting the
activation midpoint of already existing channels, both of which
could contribute to increased neuronal excitability. To this end,
transient intracellular Ca®" levels at the AIS during physiological
activity can increase to ~1.1-3.2 um (94), which can result in
increased local CaMKII activity. A key feature of CaMKII is its
ability to decode Ca®" transient frequency into graded levels of
activation (95, 96). Importantly, Ca>* transients may greatly vary
in frequency, depending on cell type and subcellular compart-
ment. One can speculate that CaMKII activity may produce a
graded response on Nav1.6 phosphorylation dependent upon the
activation state of CaMKII, which is determined by different pat-
terns of neuronal activity. Conversely, it might be speculated that
the loss-of-function effects of Nav1.6 produced by CaMKII inhi-
bition may be adaptive. CaMKII is known to inactivate in
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response to prolonged excitotoxic insult (50, 97-100), and there-
fore this reduction in CaMKII activity may serve a neuroprotec-
tive role by keeping Nav1.6 in its unphosphorylated state.

Future studies will be required to determine how the reduc-
tion in Nav1.6 current density is triggered with CaMKII inhibi-
tion. It is plausible that phosphorylation at Thr-642 stabilizes
Navl.6 channels at the membrane, and upon CaMKII inhibi-
tion, a subset of these channels may be internalized from the
cell surface through a clathrin-dependent mechanism (101).
Ubiquitination of Nav1.6 may also be a possible mechanism
mediating decreased current density and triggered by CaMKII
inhibition. Nav1.6 contains multiple PY motifs (proline-rich
sequence) that allow ubiquitin ligases to bind (102—105), which
may in turn be regulated by CaMKII phosphorylation of the
channel. Another important level of sodium channel regulation
is through phosphatase activity. Multiple studies have demon-
strated phosphatase-dependent regulation of CaMKII target
proteins (106), including Navs (67). Recent evidence suggests
that phosphatases may form macromolecular complexes with
Navs and CaMKII in cardiomyocytes, which may contribute to
inhibitory balance of CaMKII-dependent modulation of the
cardiac isoform Navl.5 (107). A similar mechanism may be
occurring in the context of CaMKII phosphorylation of Nav1.6
such that when CaMKII is inhibited, phosphatase activity may
be balancing the inhibitory tone by functioning as a brake on
CaMKII activity to differentially control multisite phosphoryla-
tion of the channel. Alternatively, alterations to single channel
conductance or open probability may also contribute to Nav1.6
modulation by CaMKIL Thus, future studies will need to define
how both direct and indirect modes of CaMKII modulation of
Navl.6 may mediate alterations in channel function and
expression.

The mechanisms underlying the complex functional effects
of CaMKII on Navl.6 activity are important to elucidate
because of their roles in both neuronal physiology and pathol-
ogy. A recent study identified polymorphisms in the gene
encoding a«CaMKII, CAMK2A, in autism and epilepsy disor-
ders (32). Likewise, mutations in the gene encoding for Nav1.6,
SCNB8A, are known to cause excitability disorders as well, par-
ticularly severe cases of epilepsy. Whether CaMKII phospho-
sites in Navl.6 are phosphorylated simultaneously, sequen-
tially, or individually remains to be determined. Understanding
the molecular and structural landscape of Nav1.6 regulation by
CaMKII-dependent phosphorylation requires further study;
however, our identification of Ser-561 and Thr-642 as func-
tionally important CaMKII phosphosites on Nav1.6 adds valua-
ble insight into the remarkable complexities of channel modu-
lation and possible phospho-dependent changes in neuronal
activity.

Experimental procedures
Voltage-gated sodium channel Nav1.6 expression construct
and site-directed mutagenesis

Optimized human Nav1.6 encoding the amino acid sequence
corresponding to the accession number NP_055006.1 in the
NCBI database was designed in our laboratory, synthesized by
Genscript, and subcloned into pcDNA3.1 using Kpnl and
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BamHI restriction enzyme sites. Point mutations were intro-
duced into WT tetrodotoxin-resistant Nav1.6 cDNA using the
QuikChange II XL site-directed mutagenesis kit from Agilent
Technologies following the manufacturer’s instructions. Dou-
ble mutants were carried out sequentially. All mutant channels
were fully sequenced with traditional Sanger sequencing
(ACGT, Inc.) to confirm the presence of the correct mutation
(s) and no additional off-target mutations.

Purkinje neuron acute dissociations

Procedures performed on mice were done in accordance
with the Institutional Animal Care and Use Committee—
approved protocol. C57/BL6 mice were purchased from Envigo
(Indianapolis, IN). These mice were housed under standard
conditions with free access to food and water. Acutely dissoci-
ated Purkinje neurons were isolated from individual cerebelli of
P14-P21 mice of both sexes. Briefly, the vermal layer of the cer-
ebellum was removed and minced. The tissue was then trans-
ferred to 5 ml of preoxygenated dissociation solution (82 mm
Na,SOy, 30 mm K,SO4, 5 mm MgCl,, 10 mm HEPES, 10 mum glu-
cose, buffered to pH 7.4 with NaOH) containing 3 mg/ml pro-
tease XXIII (Sigma—Aldrich) and incubated for 7 min at 30°C
with constant oxygenation. Following incubation, tissue was
washed three times in warmed dissociation solution containing
1 mg/ml BSA (Sigma—Aldrich) to inhibit enzymatic activity.
Tissue was then triturated with large-, medium-, and small-di-
ameter fire-polished glass pipettes to liberate individual neu-
rons and plated onto poly-p-lysine (Sigma—Aldrich)-coated
35-mm tissue culture dishes. Plated cells were then incubated
in a 5% CO, atmosphere at 37 °C for 1 h prior to recording and
were recorded from for up to 3 h. For treatments involving
tatCN21 and tatCN21Ala, cells were incubated as described
previously with tatCN21 or tatCN21Ala (10 um) (50) for 30
min prior to recordings. Purkinje cells were identified by
their large-diameter, pear-shaped cell body and single apical
dendrite.

Cell culture

ND7/23 cells (Sigma—Aldrich catalog no. 92090903) were
cultured in 4.5 g/liter p-glucose, L-glutamine, and 110 mg/liter
sodium pyruvate Dulbecco’s modified Eagle’s medium (Thermo
Fisher Scientific) supplemented with 10% fetal bovine serum
(Nucleus Biologicals), penicillin (10 units/ml), and streptomycin
(10 pg/ml) at 37°C in 5% CO,. Cells were passaged at 85-90%
confluence with mechanical dissociation. ND7/23 cells were
transiently transfected at 80% confluence using Lipofectamine
2000 (0.5 ul/cm? Invitrogen) according to the manufacturer’s
instructions, with 4 ng of WT or mutant TTX-R channel con-
struct and 250 ng of EGFP (for positive selection) for 4 h, after
which the cells were washed and the medium was replaced.
Cells were passaged evenly into 4—35-mm cell culture dishes 4 h
post-transfection and incubated at 30°C overnight to increase
protein surface expression. Cells were identified by robust
expression of EGFP using a fluorescence microscope, and
whole-cell patch-clamp recordings were obtained 24—36 h post-
transfection. For MS experiments, HEK293 cells (ATCC, CRL-
1573) stably expressing human Nav1.6 were used. Stable lines
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were maintained in culture medium (described above) with
G418 (Sigma—Aldrich, 800 pg/ml). Nav1.6 stable cell lines were
generated and characterized in our laboratory.

CaMKIl and calmodulin purification

Recombinant aCaMKII was expressed in a baculoviral
expression system as described previously (50) with modifica-
tions (95). Recombinant calmodulin was expressed and purified
in Escherichia coli as described previously (95).

Autonomous CaMKll activity assays

ND7/23, HEK293, and Navl.6-expressing stable HEK293
cultures were briefly rinsed in PBS and lysed in 50 mm HEPES,
pH 7.4, 4 mm EGTA, 10 mm EDTA, 15 mm NayP,0,-10H,0,
100 mm [B-glycerophosphate, 25 mm NaF, 1% Triton X-100
with phosphatase inhibitors (Calbiochem catalog no. 524624)
and protease inhibitors (1 mwm 4-benzenesulfonyl fluoride
hydrochloride, 300 nm aprotinin, 2 um E-64, 2 um leupeptin) as
described previously (44, 108). Lysates were sonicated briefly
and incubated for 30 min on ice. Ca®>"/CaM-dependent
CaMKII activity was measured by incubating the lysate with 50
mwm HEPES, pH 7.4, 100 mm NaCl, 10 mm MgCl,, 100 um ATP,
2 mm CaCl,, 5 uM calmodulin, 100 um AC2 (KKALRRQETV-
DAL), and [y-**P]JATP (3 uCi/reaction) for 4 min at 30°C.
Reactions were spotted onto Whatman P81 paper and washed
three times for 5 min each in 75 mM phosphoric acid. Radioac-
tivity was quantified via liquid scintillation counting. Ca**/
CaM-independent activity was measured by incubating the
lysate under similar conditions, except 5 mm EGTA replaced
Ca®"/CaM. Autonomous activity was calculated by the ratio of
Ca*"-independent to Ca>*/CaM-dependent activity. To con-
trol for nonspecific AC2 phosphorylation in the lysate, reac-
tions were incubated in the absence of AC2. The linear range of
the AC2 phosphorylation reactions was greater than 10 min
under these conditions.

Peptide SPOTS phosphorylation assays

Standard Fmoc  (N-(9-fluorenyl)methoxycarbonyl)-pro-
tected and activated amino acids (Anaspec, Fremont, CA) were
spotted onto derivatized cellulose membranes (PEG linkers;
Invatis AG, Cologne, Germany) to create 15-mer peptides syn-
thesized in 20 X 30 peptide arrays using an Invatis MultiPep
robot (Cologne, Germany) employing the SPOTS-synthesis
method chemistry (109, 110) as described previously (95, 111,
112). Immobilized tiled peptide arrays of Nav1.6 intracellular
regions (N terminus, amino acids 1-132; L1, amino acids 409—
753; L2, amino acids 977—-1199; L3, amino acids 1461-1523; C
terminus, amino acids 1766-1980) were tiled, skipping four
residues between consecutive peptides (1-15, 5-19, 9-23, etc.).
Control peptides were also added to the blot to validate signal
intensity between known CaMKII peptide substrates (Auto-
camtide-2 (AC2), KKALRRQETVDAL; GluN2B, RNKLRRQ-
HSYDTFVD) and peptides that are not phosphorylated by
CaMKII (N terminus of EAAT1, MTKSNGEEPKMGGRM).
Following synthesis, the membranes were stained with brom-
phenol blue for annotation and deprotected two times (88%
TFA, 2.0% triisopropylsilane, 5.0% phenol, and 5.0% water for
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90 min at room temperature), with each deprotection step fol-
lowed by three 50-ml washes of dichloromethane, three 50-ml
washes with dimethylformamide, and three 50-ml washes with
ethanol for 5 min each. Before use, the dried membrane was
hydrated by exposure to 50 ml of ethanol for 15 min, 50 ml
dimethylformamide for 15 min, followed by three washes with
50 ml of PBS. The hydrated blot was then blocked in PBS with
5% filtered BSA (Sigma—Aldrich catalog no. 7030) for 1 h before
washing three times with 20 mm Tris, pH 7.4, 200 mm NaCl, 1
mwm EDTA, and 0.1% Tween 20 to remove excess blocking
agent. The phosphorylation reaction was performed using
human a«CaMKII (10 nm) in 50 ml of reaction buffer containing
50 mm HEPES, pH 7.4, 100 mMm NaCl, 10 mm MgCl,, 0.10 mm
ATP, 2 mm CaCl,, 0.000005 mm CaM and 3—6 pCi/ml [y->2P]
ATP for 5 min at room temperature with gentle agitation. The
reaction was terminated with three washes of kill buffer (100
mwm sodium phosphate, pH 7.0, 1000 mm NaCl, and 10 mm
EDTA) (95) and subsequently washed in 75 mm phosphoric
acid three times. The phosphorylated peptides were detected
using a Fujifilm or an Azure Biosystems phosphorimager. Phos-
phorylation at each peptide spot was quantified using Multi-
Gauge version 3.1 or the Azure Biosystems Array system. Phos-
phosites were considered positive if two or more successive
peptides were phosphorylated at the indicated threshold of
known phosphorylated substrates AC2 and GluN2B (positive
controls).

Immunoprecipitation

HEK293 cells stably expressing human Navl.6 were treated
as described below and lysed in 600 ul of 50 mm HEPES, 4 mm
EGTA, 10 mm EDTA, 15 mm NayP»,0O, 100 mm B-glycerophos-
phate, 25 mMm NaF, 0.1 mm leupeptin, 75 mm uMm pepstatin A,
0.1 mg/ml aprotinin, 1% Triton X-100, and 2X protease and
phosphatase inhibitor mixtures (Calbiochem), sonicated, and
centrifuged at 10,000 rpm for 15 min at 4 °C. Nav1.6 was immu-
noprecipitated by incubating 10 pg of the monoclonal K58/35
pan-Nav antibody (Sigma—Aldrich, S8809-.1MG) with 1 ml of
total lysate at 4 °C overnight. The following day, Protein G—aga-
rose beads (Pierce) were added to the lysate-antibody complex
and incubated for 2 h at room temperature. The lysate-anti-
body-bead complex was subsequently washed five times in lysis
buffer and stored in PBS.

Mass spectrometry

CaMKII phosphorylation sites on Navl.6 were examined
with MS by treating Navl.6-expressing cells with KN93
and tatCN21, KN92 and tatNC21Ala, ionomycin, or auto-
phosphorylated purified aCaMKIIL. Autophosphorylation of
CaMKII was performed in the presence of 50 mm HEPES, pH
7.4, 10 mm MgCl,, 0.5 mm CaCl,, 5 um CaM, 500 um ATP with
500 nm recombinant purified aCaMKII for 10 min on ice to au-
tophosphorylate aCaMKII at Thr-286. HEK293 cells stably
expressing human Nav1.6 were plated onto 150-mm cell cul-
ture dishes and grown to 70% confluence prior to the following
treatments. To inhibit CaMKII, cells were treated with a 1 um
concentration of the small molecule CaMKII inhibitor KN93
(Sigma—Aldrich) overnight (or the control compound KN92) at
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30°C. Incubation at 30°C facilitates maximal membrane
expression of the channel as described previously (6). The fol-
lowing day, cells were washed three times with PBS and incu-
bated at 30 °C with 10 um tatCN21 (50) (or the control peptide
tatCN21Ala) in Hanks’ balanced salt solution for 20 min prior
to cell lysis and immunoprecipitation (described above). To
control for temperature-dependent effects, cells were also incu-
bated with no additional treatments (naive treatment group).
To promote Ca®"-dependent activation of endogenous CaM-
KII, cells were treated with 10 um ionomycin and 2 mm CaCl,
for 5 min in Hanks’ balanced salt solution prior to cell lysis and
immunoprecipitation. Whereas ionomycin treatment pro-
motes endogenous CaMKII activity, it may also activate other
Ca”*-dependent cellular kinases. Therefore, we also treated
cell lysates with recombinant autophosphorylated aCaMKII in
vitro. For this experiment, cells were similarly processed to
minimize variation. The Navl.6-antibody-bead complex was
washed with an immunoprecipitation wash buffer containing
50 mm HEPES, 0.1% Tween 20, 100 mm NaCl, 10 mm MgCl,,
and 0.5 mMm CaCl, to remove traces of EGTA/EDTA. Auto-
phosphorylated «CaMKII was then added to the washed bead
complex and incubated for 10 min at room temperature fol-
lowed by three washes in PBS. Beads were kept in PBS prior to
submission for MS analysis.

Samples were submitted to the Indiana University School of
Medicine Proteomics Core Facility for sample processing
(described below) and subsequent PTM analysis by nanoflow
LC-ESI/MS to identify CaMKII phosphorylation sites on the
channel. Following washes, the Navl.6-antibody-bead com-
plexes were first denatured in 8 M urea and reduced with 5 mm
tris(2-carboxyethyl)phosphine hydrochloride, followed by al-
kylation with 10 mwm chloroacetamide. Bead complexes were
then incubated with 0.5 ng of trypsin_LysC (Promega) in 2 M
urea overnight at 37 °C. Digested peptides were injected onto
an Acclaim PepMap C18 trapping column and eluted on a Pep-
Map C18 analytical column with a linear gradient of 3—-35%
acetonitrile (in water with 0.1% formic acid) and developed
over 120 min at room temperature at a flow rate of 700 nl/min.
Effluent was electrosprayed into Thermo Dionex UltiMate
3000 RSLC nano system and Velos Pro Orbitrap or Qexactive
mass spectrometer. A blank was run prior to each injected sam-
ple to ensure there was no significant signal from solvents or
the column. Raw files were analyzed using Xcaliber Qual
Browser (version 2.2.48), and database searches (Proteome Dis-
coverer version 2.2, SEQUEST XCorr and Scaffold Q) against
the human proteome from Uniprot (version downloaded Feb-
ruary 15, 2017) were performed with the following parameters:
a peptide mass tolerance of 10.0 ppm, fragment mass tolerance
of 0.80 Da, trypsin digestion (cleavage after lysine and arginine)
allowing two missed cleavages, carbamidomethylation of Cys
set as a fixed modification, and oxidation of methionine and
phosphorylation (serine, threonine, tyrosine) considered as
variable modifications. False discovery rate was set to 1.0%, and
peptide spectral matches were accepted if they could be estab-
lished at >90% probability. Results and quantitative data from
each nanoflow LC-ESI/MS analysis are reported in Tables S1
and S2. Each MS/MS spectrum exhibiting possible phosphoryl-
ation was manually validated based on an observed 98-Da mass
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loss (—H3PO,) for both precursor and fragmented ions using
Xcaliber Qual Browser (version 2.2.48). Phosphorylation ratios
were measured by normalizing the area under the MS peak to
that of the parent peptide identified in all samples for normal-
ization across all conditions.

Whole-cell voltage-clamp recordings

All whole-cell voltage-clamp recordings were obtained at
room temperature using a HEKA EPC-10 amplifier and Pulse
v9 (HEKA electronic) for data acquisition. For experiments
with ND7/23 and HEK293 cells, electrodes were fabricated
from 1.7-mm capillary glass and fire-polished to a resistance of
0.8-1.3 megaohms using a Sutter P1000 micropipette puller
(Sutter Instrument Co.). The bath solution contained 140 mm
NacCl, 1 mm MgCl,, 3 mm KCl, 1 mm CaCl,, 10 mm HEPES and
adjusted to pH 7.35 with NaOH and 500 nm TTX to silence en-
dogenous channels (for recordings in Purkinje neurons or
HEK293 cells, no TTX was added). Whereas Navs are typically
recorded in conditions using fluoride in the patch pipette, a flu-
oride-free internal solution was used to avoid complications of
intracellular fluoride inhibiting calcium signaling and kinase
activity (113). The pipette solution contained 10 mm NaMeSOs3,
120 mm CsMeSOs, 5 mm EGTA, 10 mm HEPES, 10 muM glucose,
5 mm MgATP, 5 mm CaCl, and adjusted to pH 7.35 with CsOH
(290 mosm). Internal solutions were then aliquoted into single-
use aliquots and stored at —80°C. To promote Ca*"-depend-
ent acute activation of endogenous CaMKII, 1 um free Ca%*
(calculated using WEBMAXC) and calmodulin were included
in the internal solution. Calmodulin was added to the solution
directly before use. To assess CaMKII-specific effects on
Nav1.6 activity, biophysical properties were measured with and
without the CaMKII peptide inhibitor CN21 (10 um) or its
inactive analog, CN21Ala (10 um), in the pipette. Including
CN21 in the pipette eliminates the potential for Ca®" and cal-
modulin effects on Nav1.6 sodium currents and ensures that
the effects measured are specific to CaMKII. All voltage proto-
cols were started 5 min after obtaining the gigaohm seal and
entering whole-cell configuration to allow for enough time for
diffusion of calmodulin and the CN21 or CN21Ala peptides
into the cell and to control for time-dependent effects on chan-
nel properties. The estimated liquid junction potential for these
solutions was <9 mV; data were not corrected to account for
this offset. The offset potential was zeroed before the cells were
patched. Voltage errors were minimized using >70% series re-
sistance compensation, and passive leak currents were canceled
by subtraction. Only cells with a seal resistance of greater than
1 gigaohm were initially selected for analysis. For all recordings
involving Purkinje neurons, the tat-conjugated CaMKII in-
hibitory peptide tatCN21 (10 um) or the inactive analog
tatCN21Ala (10 um) was incubated in the bath solution for 30
min prior to recording. The same fluoride-free internal solution
was used without additional calmodulin in the pipette.

Electrophysiological analysis

Electrophysiological data were analyzed using Pulsefit (ver-
sion 9.0, HEKA), Microsoft Excel, and Prism (version 8.2,
GraphPad Software). For recordings performed in ND7/23 or
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HEK293 cells, transient currents were measured during a series
of depolarizing steps ranging from —80 to +60 mV for 50 ms
from a holding potential of —80 mV. Persistent currents were
measured at 45 ms into the depolarizing step and held to strict
selection criteria such that each cell analyzed had a seal resist-
ance greater than 1 gigaohm, had a leak current smaller than 50
pA, and displayed inward currents 45 ms into the current trace
for greater than 70% of the trace. Persistent current densities
were calculated by normalizing the persistent current at each
voltage to the cell capacitance. We chose to analyze the persis-
tent currents as a function of cell capacitance (current density)
because the currents produced with CN21 treatment were too
small in amplitude to reliably measure as a function of the peak
transient current (percentage of peak transient current). Persis-
tent current displayed as percentage of peak transient current
was used to visualize voltage dependence. For recordings per-
formed in acutely dissociated Purkinje neurons, sodium cur-
rents were measured during a series of depolarizing steps rang-
ing from —100 to +15 mV for 50 ms from a holding potential
of —100 mV. Sodium current conductance (Gy,) was calcu-
lated using the equation,

GNa = INaT/(V_ Vrev) (Eq 1)

where V., is the reversal potential of Na™ obtained in the Pul-
sefit software (version 9.0, HEKA Electronic) for each individ-
ual cell. Activation curves were generated by plotting the
normalized conductance against the depolarizing potential
and fitting these values with the Boltzmann function,

GNa/Gmax = 1/1 +exp ((VSO.aCtiv) /kact> (Eq 2)

where Gy, is the maximal Na® conductance, Vg is the
half-maximal potential for activation, V is the depolarizing
command potential, and k. is the slope factor. The voltage
dependence of steady-state inactivation (availability) of
Nav1.6 was measured by holding cells for 500 ms at a range of
prepulse potentials from —130 to +40 mV, followed by a 20-
ms test pulse at 0 mV to measure channel availability. Steady-
state inactivation curves were generated by plotting the nor-
malized sodium current against the corresponding prepulse
potentials and subsequently fitting these values with the Boltz-
mann function,

I/Imax = 1/ (1 +exp (( VSOA,inacti V) /kinact) ) (Eq 3)

where I,,,,, is the peak sodium current, Vs i,ac is the potential
at which half of the sodium channels are available for activa-
tion, V is the prepulse command potential, and ki, is the
slope factor. Recovery from fast inactivation was measured
by applying an initial depolarizing step to 0 mV to measure
peak current amplitude, followed by a repolarizing step to —80
mV for increasing durations and a final 20-ms test pulse to 0
mV to measure channel availability. Time constants (1) for re-
covery from fast inactivation were obtained by plotting the nor-
malized noninactivated sodium currents against the duration of
repolarizing steps fitted with a single first-order exponential
function.
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Simulations

Computational modeling of Nav1.6 channels and simulation
of action potential firing were conducted in a single-compart-
ment model of a Purkinje neuron (62) in the NEURON simula-
tion environment (version 7.7.2) (114). Sodium currents were
modeled using a Markov state model as described previously
(62) with minor adjustments to the kinetic parameters to repli-
cate the relative functional changes observed in our experimen-
tal data. Default parameters were used to model the control
channel (Nav1.6 with no peptide), and any modifications made
were relative to these parameters. To model the relative shift in
the voltage dependence of activation, we changed the rate of
activation (a) from 150 to 92 and changed the O,, rate from
0.75 to 1.3 to match the small but insignificant shift in inactiva-
tion we observed. To model the effects on current density, we
reduced the default current density of the model from 0.015 to
0.0045 S/cm?. Curve fitting and quantitative analysis were per-
formed to validate that the experimental changes were success-
fully recapitulated in our model. Spontaneous and evoked
action potential simulations were conducted with and without
these modifications to simulate the effects of CaMKII inhibi-
tion on neuronal excitability. Neuronal morphology, channel
distribution, and kinetic parameters of all other existing chan-
nels remained identical to the original model.

Statistics

GraphPad Prism (version 8.2, GraphPad Software) was used
for statistical analyses and curve fitting. All data sets were tested
for outlier identification using the ROUT method in GraphPad
Prism and were subsequently excluded from analysis. The Sha-
piro—Wilk normality test was used to confirm normal distribu-
tion of each data set. The nonlinear least-squares minimization
method was used for all fitted curves. All data points are pre-
sented as the mean * S.E., and # is the number of cells used per
experiment. Statistical significance was assessed using one- or
two-way ANOVA with Dunnett’s or Tukey’s post hoc test.

Data availability

Data presented and discussed are included in the article.
Detailed proteomics data sets, including raw MS data and
corresponding Scaffold files, have been deposited in Figshare
(10.6084/m9.figshare.12328031.v1, 10.6084/m9.figshare.12328052.v1,
10.6084/m9 figshare.12328295.v1, 10.6084/m9.figshare.12328478.v1,
10.6084/m9.figshare.12330644.v1, and 10.6084/m9.figshare.
12330836.v1) and are publicly accessible.
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