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Voltage-gated sodium channels maintain the electrical
cadence and stability of neurons and muscle cells by selectively
controlling the transmembrane passage of their namesake ion.
The degree to which these channels contribute to cellular excit-
ability can be managed therapeutically or fine-tuned by endog-
enous ligands. Intracellular calcium, for instance, modulates
sodium channel inactivation, the process by which sodium con-
ductance is negatively regulated. We explored the molecular
basis for this effect by investigating the interaction between the
ubiquitous calcium binding protein calmodulin (CaM) and
the putative sodium channel inactivation gate composed of the
cytosolic linker between homologous channel domains IIT and
IV (DIII-IV). Experiments using isothermal titration calorime-
try show that CaM binds to a novel double tyrosine motif in the
center of the DIII-IV linker in a calcium-dependent manner,
N-terminal to a region previously reported to be a CaM binding
site. An alanine scan of aromatic residues in recombinant DIII-
DIV linker peptides shows that whereas multiple side chains
contribute to CaM binding, two tyrosines (Tyr'*** and Tyr'**%)
play a crucial role in binding the CaM C-lobe. The functional
relevance of these observations was then ascertained through
electrophysiological measurement of sodium channel inactiva-
tion gating in the presence and absence of calcium. Experiments
on patch-clamped transfected tsA201 cells show that only the
Y1494 A mutation of the five sites tested renders sodium channel
steady-state inactivation insensitive to cytosolic calcium. The
results demonstrate that calcium-dependent calmodulin bind-
ing to the sodium channel inactivation gate double tyrosine
motif is required for calcium regulation of the cardiac sodium
channel.

Voltage-gated sodium channels control rhythmic firing in
excitable cells by driving the rapid upstroke of the action poten-
tial. These channels are composed of four homologous domains
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(DI-DIV), each housing six a-helical transmembrane segments
that form the voltage sensor (S1-54) and the pore-forming (S5-
S6) modules. Within a few milliseconds of opening, channels
enter a non-conducting, inactivated state from which they must
recover before subsequent opening. Sodium channels may also
enter this inactivated state directly from the resting state in a
voltage-dependent manner (1). It has been suggested that inac-
tivation proceeds through a “hinged lid” mechanism analogous
to allosteric enzymes (2) whereby the ~50-amino acid cytoplas-
mic linker between domains III and IV (DIII-IV)? acts as the
“lid” to rapidly occlude the permeation pathway. This mecha-
nism is consistent with mutational analysis, where replacement
of the DIII-IV linker hydrophobic triplet I***FM*57 with
QQQ (3) can substantially reduce the rate and steady-state lev-
els of inactivation. In addition to the DIII-IV linker and its puta-
tive binding sites in the S4-S5 linker of domains III (4) and IV
(5), the inactivation “complex” includes the C terminus of the
channel (6, 7) and the auxiliary B subunit (8). Inactivation can
also be regulated by serine/threonine (9) and tyrosine phos-
phorylation (10) of DIII-IV residues.

Calcium ions in the heart act as an electrochemical link
between membrane depolarization and myocyte contraction
where their levels can oscillate between submicromolar and
micromolar with each excitation-contraction cycle. Sodium
channels take advantage of this dynamic environment by allow-
ing Ca®>" and calmodulin (CaM) to fine-tune channel availabil-
ity by making more channels available for each action potential
(6, 11, 12). Although the precise mechanistic details of this
modulation remain speculative, the C-terminal region contains
EF-hand like domains and an IQ motif that dynamically bind
Ca®" and Ca®"/CaM, respectively, and mutations in these
regions affect both calcium sensitivity and inactivation gating
(6,11,13-16). Additionally, recent evidence suggests that CaM
can bind directly to the DIII-DIV linker, a possibility that has
been suggested previously in the context of an “inactivation
complex” (14, 17), therefore providing yet another pathway for
Ca?"/CaM regulation of channel gating (18). Interestingly,
introduced mutations into the putative Ca?*/CaM binding
regions in the DIII-IV linker or the IQ motif do not explicitly
interfere with calcium modulation of channel inactivation (16,
18), suggesting that Ca®>"/CaM binding to the channel per se
may not play a pivotal role in sensitizing the inactivation pro-

3 The abbreviations used are: DIII-IV, domain llI-IV; CaM, calmodulin; ITC, iso-
thermal titration calorimetry.
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cess to calcium. Alternatively, it is possible that CaM binding
plays a central role in calcium regulation of inactivation
through yet undetermined binding scenarios.

Inherited and acquired dysfunctions of sodium channels can
affect the inactivation process and channel modulation by
intracellular calcium, respectively (19). The DIII-IV linker and
the C terminus of the channel are “hot spot” regions for gain of
function mutations that contribute to electrical instability
through the generation of a “late” or persistent sodium current
that arises when channels fail to completely inactivate (7, 20).
Furthermore, Ca®>*/CaM has been demonstrated to be a con-
tributing factor in cardiomyopathic calcium dysregulation
associated with the emergence of late sodium current that
underlies life-threatening cardiac arrhythmia (21, 22). There-
fore, the mechanism of sodium channel inactivation and its
modulation by calcium is of interest for the management of
hyperexcitability disorders and for the general understanding
of the basic events that underlie ion channel gating.

Here we employ isothermal titration calorimetry (ITC) to
confirm that the sodium channel DIII-IV linker binds CaM
with high affinity and show that CaM binding to calcium is
required for the interaction, thus adding a novel molecular
determinant to calcium regulation of cardiac sodium channels.
An alanine scan of the DIII-IV linker shows that aromatic res-
idues support CaM binding, with Tyr'*** and Tyr'*® being
central to the interaction with the calmodulin C-lobe. The bio-
physical implications of CaM binding to the DIII-IV linker were
investigated by patch-clamping tsA201 cells transfected with
wild type and DIII-IV mutant channels in high and low calcium.
The mutations are well tolerated and generate channels with
little or no alteration in their voltage dependence of gating. The
results show that the single Y1494 A channel mutant is insensi-
tive to cytosolic calcium, whereas mutation of other DIII-IV
aromatics produced channels that display calcium-dependent
inactivation gating effects. These observations add another
mechanistic layer to calcium regulation of the cardiac sodium
channel and suggest that Ca>*/CaM binding to the DIII-IV
linker is an essential determinant of the regulatory process.

EXPERIMENTAL PROCEDURES

Protein Purification and Isothermal Titration Calorimetry—
All recombinant proteins were derived from cDNA from
humans. The DIII-IV (Asp*”*~Phe'*??) was cloned into a
modified Pet28 (Novagen) vector. For purification, all con-
structs included an N-terminal tag of His,, maltose-binding
protein, and a tobacco etch virus cleavage site denoted as an
“HMT” tag. Human CaM wild type, N-lobe (residues 1-78),
C-lobe (residues 79-148), and CaM1234 (a CaM quadruple
Ca®" binding knock-out mutant) were generated previously
(23). Plasmids were transformed into BL21 (DE3) cells and
grown in 2X YT media at 37 °C and induced with 1 mm isopro-
pyl 1-thio-B-p-galactopyranoside. After centrifugation, pellets
were lysed in buffer A (250 mm KCl, 10 mm Hepes, pH 7.4) plus
14 mm B-mercaptoethanol and 1 mm phenylmethylsulfonyl
fluoride and were sonicated and then centrifuged. Filtered cell
lysate was loaded onto a Talon (Clontech) column, washed with
buffer A, and eluted with buffer A plus 500 mm imidazole. Frac-
tions were then run on an amylose column in buffer A and were
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eluted with buffer A plus 10 mm maltose. His-tagged tobacco
etch virus protease was used to cleave the tag for ~12 h. To
remove the HMT tag and tobacco etch virus protease, protein
solution was run again on the Talon and amylose, in which case
the flow-through was collected. To completely remove trace
amounts of the HMT tag, a final ion exchange column
(Resource Q) was used, using buffer C (10 mm KCI, 20 mm
Tris, pH 8.8) and D (1 m KCl, 20 mm Tris, pH 8.8), going from
0 to 40% buffer D over 12 column volumes. Protein integrity
and identity were confirmed by both SDS-PAGE and mass
spectrometry (electrospray ionization with a quadrupole
mass analyzer).

ITC experiments were performed with an ITC-200 (Micro-
Cal) with concentrated, purified protein after dialysis for at
least 17 h in 150 mm KCl, 10 mm Hepes (pH 7.4), 14 mMm B-mer-
captoethanol, and either 1 mm CaCl,, 10 mm CaCl,, or 10 mm
EDTA at 25 °C. Protein concentrations were determined by the
Edelhoch method (24), where in the case of the N terminus of
the CaM N-lobe, which lacks an endogenous aromatic, an engi-
neered tryptophan was used. CaM constructs were used at a
10-fold molar excess when titrated against DIII-IV linker pep-
tides. ITC experiments were repeated with different prepara-
tions to confirm thermodynamic parameters and stoichiometry
values. Binding of wild type CaM to DIII-IV in the presence of
10 mm Ca®>” yielded the same affinity as for 1 mm Ca®". All
other ITC experiments were performed in 1 mm Ca*".

The binding isotherms were analyzed using a single site bind-
ing model using the Microcal Origin version 7.0 software pack-
age, yielding binding enthalpy (AH), stoichiometry (#), entropy
(AS), and association constant (K,). Due to the low affinity of
the N-lobe interaction, very high concentrations were used (6
mM N-lobe was titrated in 600 um DIII-IV).

Electrophysiology and Transfection—Human Na,,1.5 (NM_
198056 (25)) and DIII-IV linker alanine mutations were gener-
ated using standard methods and were verified by DNA
sequencing. The calcium phosphate method (Invitrogen) was
used to transiently co-transfect tSA201 cells with channel DNA
and a bicistronic vector expressing calmodulin and the CD8
marker protein to minimize the possibility that overexpression
of sodium channels could exhaust the endogenous population
of CaM molecules. Transfected cells were identified by binding
the anti-CD8-coated beads (Invitrogen). Voltage-gated sodium
currents were recorded as described previously (10). Briefly, all
data were collected between 10 and 15 min after the establish-
ment of the whole cell configuration to avoid the documented
leftward shift in the steady-state inactivation gating. In this time
window, no voltage-dependent drift was seen with either wild
type or mutant sodium channels. Electrode resistance was in
the range of 1-1.5 megaohms, and the voltage errors due to
series resistance were always <3 mV after compensation. Liq-
uid junction potentials between the bath and the pipette solu-
tion were corrected. All experiments were performed at room
temperature. The patch pipette contained the following for
“zero” calcium: 10 mmol/liter NaF, 100 mmol/liter CsF, 20
mmol/liter CsCl,, 20 mmol/liter BAPTA, and 10 mmol/liter
HEPES (pH 7.35). For 10 um calcium, it contained the follow-
ing: 10 mmol/liter NaF, 100 mmol/liter CsF, 20 mmol/liter
CsCl,, 1 mmol/liter BAPTA, 1 mmol/liter CaCl,, 10 mmol/liter
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FIGURE 1. Calmodulin binding to the sodium channel inactivation gate is calcium-dependent. Shown is a diagram of the orientation of the DIl pore (blue),
DIII-IV linker (white), and DIV voltage-sensing domain (gray (S1-S3) and red (54)) with putative hydrophobic anchor points for the calmodulin interaction
highlighted. B-D show ITC characterization of DIII-DIV linker interactions with calmodulin and demonstrate the calcium dependence of the interaction. B, 2000
um CaM to 200 um of linker in 10 mm CaCl,. C, 1260 um linker to 126 um of CaM in 10 mm EDTA. D, 1170 um CaM1234 to 117 um of linker in 1 mm CaCl..
Lobe-specific interactions with the DIII-IV linker were characterized by titration of 2000 um C-lobe of CaM to 200 um DIII-IV linker (E) and 6000 um N-lobe of CaM
to 600 um DIII-IV linker (F). The results produced a binding constant of ~19 and ~595 um for C-lobe and N-lobe, respectively.

HEPES (pH 7.35). The bath contained 150 mmol/liter NaCl, 2
mmol/liter KCI, 1.5 mmol/liter CaCl,, 1 mmol/liter MgCl,, and
10 mmol/liter HEPES (pH 7.4).

RESULTS

Calcium Dependence and Contribution of CaM N- and
C-lobes to DIII-1V Binding—In order to better understand how
intracellular calcium affects sodium channel inactivation gat-
ing, we investigated via ITC the interaction between recombi-
nant CaM and the Na,/1.5 DIII-IV linker. This experimental
approach is particularly advantageous because ITC provides a
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full cadre of thermodynamic parameters (enthalpy, entropy,
AG, K,,;,) that contribute to the binding of two proteins. Wild
type and mutant DIII-IV linker and CaM proteins were pre-
pared as described under “Experimental Procedures” and were
verified for integrity and purity by mass spectrometry before
and after titrations (data not shown). Fig. 1A represents the
transmembrane orientation and topology of the domain III
pore region in blue (S5-S6) and the domain IV voltage sensor
composed of S1-S4 in gray (S1-S3) and red (S4). The model
was based on potassium channel structures and solution NMR
data of the DIII-IV linker (26, 27). The DIII-IV linker aromatic
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TABLE 1

Thermodynamic parameters for DIlI-IV Na, 1.5-Ca®*/CaM
interactions at pH 7.4 in the presence of 1 mm CaCl,

Titrations were performed with 2 um calmodulin against 200 mm linker peptide
in the cell (except for the FIF mutant, which was 133 uM). The Y1494A titration
was repeated a total of three times with different preparations of protein. Errors
for measurements are estimated errors based on a x> minimized fit of the exper-
imental data to a single-site binding model as implemented in Origin (see
“Experimental Procedures”).

K, AH AS Nvalue  K,/K,wid type)
M keal/mol cal/mol/
degree

Wild type 3.09 =021 —2.96 = 0.02 15.3 1.15 £ 0.01 1.00
F1473A 9.61 £1.58 —3.61*0.11 10.9 0.87 = 0.02 0.32
F1486A 357021 —2.92*0.02 15.1 1.14 = 0.01 0.86
Y1494A 0.00
Y1495A 8.85*+ 051 —1.25*0.02 18.9 1.14 = 0.01 0.35
F1520A 6.94 =100 —3.96 *0.08 10.3 0.94 = 0.01 0.44
FIF - AIA 794 +1.13 —1.81*0.06 17.3 0.78 = 0.02 0.39

residues investigated in this study are highlighted. A represent-
ative experiment is shown in Fig. 1B, where CaM is titrated
against the sodium channel inactivation gate composed of res-
idues Asp'*”*—Phe’*?2, The data are fit with a standard binding
equation yielding the thermodynamic parameters for the inter-
action in Table 1. In the presence of Ca*>*, CaM binds witha ~3
uM K, an interaction driven by both enthalpic and entropic
contributions, confirming a previous report that CaM can bind
the sodium channel DIII-IV linker with high affinity (18).

The calcium dependence of the CaM interaction with the
DIII-1V linker is relevant because this characteristic would con-
tribute to the dynamic “calcium sensing” complex that allows
calcium ions to rapidly influence sodium channel inactivation
gating. Alternatively, if the binding between the inactivation
gate and CaM was independent of local calcium levels, such an
interaction could support calcium regulation by stabilizing the
channel in a conformation that is “permissive” to regulation by
calcium through other channel domains. To distinguish these
possibilities in terms of CaM/DIII-IV binding, the calcium
dependence of the interaction was explored directly by remov-
ing calcium from the buffer used in the binding experiment.
Under these conditions, we were unable to detect a significant
interaction between CaM and the DIII-IV linker (Fig. 1C). In
addition, CaM1234, a CaM mutant that cannot bind calcium in
either lobes, also fails to show significant heat signals (Fig. 1D),
showing that Ca®>* binding to CaM is strictly required for asso-
ciation with the DIII-IV linker.

Each CaM molecule contains two functional binding units in
the N- and C-terminal lobes, and each is capable of interacting
with target proteins. Fig. 1, E and F, shows the contribution of
the isolated CaM lobes to DIII-IV linker binding. In Fig. 1F, 6
mM CaM N-lobe was titrated against the DIII-IV linker, and the
interaction, although energetically significant, is considerably
weaker (K, > 500 um) than full-length CaM (K, ~3 um). Con-
versely, the relatively robust interaction between the CaM
C-lobe and the DIII-1V linker (K, ~19 um) is evidenced in both
the quantity of released heat and the pronounced curvature of
the integrated heats. The overall result demonstrates that the
interaction between CaM and the sodium channel inactivation
gate is strongly dependent on calcium, and this binding relies
primarily on the C-lobe of CaM. The stoichiometry value for
the N-lobe is close to 2, suggesting that there are two N-lobe
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binding sites in the DIII-IV linker. However, it is commonly
observed that the N-lobe can associate with a C-lobe binding
site in the absence of a C-lobe (23).

A Role for DIII-IV Aromatic Residues in Ca®"/CaM Binding—
Upon binding four calcium ions, CaM undergoes a conforma-
tional rearrangement that exposes hydrophobic pockets into
which aromatic/hydrophobic side chains on a target protein
may favorably interact. In order to determine the direct contri-
bution of the aromatic residues shown in Fig. 14, each was
individually mutated to alanine, and the resulting recombinant
alanine mutant DIII-IV linker peptides were assayed for their
ability to bind CaM, as measured by ITC analysis. The first
residue, Phe'*”?, connects the distal pore-lining S6 segment in
domain III and the amino terminus of the III-IV linker. The
data in Fig. 24 show that the Ala mutation lowers affinity for
CaM by a relatively modest ~3-fold compared with wild type.
We then investigated the role of Phe*®®, a residue in the inac-
tivation particle or “IFM motif” that is essential for normal inac-
tivation gating (3). Fig. 2B shows that the F1486A substitution
has little effect on either entropic or enthalpic contribution to
CaM binding, suggesting that although this site is essential for
proper inactivation gating, it does not play a direct role in CaM
binding to the DIII-IV linker.

A Double Tyrosine Motif and Distal DIII-IV Linker Aromatics—
A pair of aromatic residues in the cardiac sodium channel
DIII-1V linker, Tyr'*** and Tyr'*°*, have been implicated pre-
viously in the coupling of activation and inactivation (28) and as
sites of phosphorylation by the tyrosine kinase Fyn (10). Fig. 2C
shows that Ala replacement at these sites drastically affects the
CaM/DIII-IV interaction. Due to the very low heat signals,
attempts to fit the data for the Y1494 A substitution were unsuc-
cessful, showing clearly that Tyr'***is involved in CaM binding.
Alanine mutation at the adjacent site, Tyr'***, (Fig. 2D) reduces
the binding affinity by almost 3-fold in addition to a 2-fold loss
in the AH of the interaction. Taken together, the data suggest
that this double Tyr motif, with Tyr1494 in particular, contrib-
utes substantial binding energy to the interaction of the DIII-IV
linker with CaM, and the energetic basis for this effect is inves-
tigated in detail below with an isolated CaM C-lobe. Recent
work has suggested that the distal C terminus of the III-IV
linker, in particular an “FIF” motif, is also a molecular determi-
nant for the interaction with CaM (18). We therefore investi-
gated the contribution of these side chains to CaM binding with
a single F1520A or double F1520A/F1522A mutation. The
results in Fig. 2, E and F, show that the effect on CaM binding of
either the single or double mutation is surprisingly modest,
suggesting that these sites play, at most, supporting roles in the
interaction.

Binding of the CaM C-lobe to the DIII-IV Linker—In the pres-
ence of Ca®>", CaM interacts with target proteins through the
collective binding energy provided by the N- and C-terminal
lobes. Although it would be mechanistically revealing to mea-
sure the contribution of each CaM lobe to DIII-IV linker bind-
ing, the data in Fig. 1F show that N-lobe binding is relatively
weak (K, = 595 um), a characteristic that would preclude a
complete study of alanine mutants that further lower the affin-
ity. We therefore chose to study the interaction between an
isolated C-lobe and DIII-IV linker alanine mutants, which,
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FIGURE 2. Contributions of aromatic residues in the DIII-IV linker to CaM binding. A-F, ITC traces for titration of calmodulin into the indicated wild type and
mutant DIII-IV linker peptides. The thermodynamic properties of the interactions are shown in Table 1 except for Y1494A, which could not be accurately fit.
Titrations with this mutant were repeated three times with different preparations of protein, and in each case the results yielded similar thermodynamic
properties and binding characteristics. Mutation of the neighboring aromatic, Y1495A, produces a 3-fold loss in binding affinity and 2-fold loss in AH (Table 1)

confirming a role for this site as well in CaM binding.

together with the CaM binding data, indirectly reports on the
N-lobe binding. The results of the alanine scan are presented in
Fig. 3, A-F, and show that although each mutation subtly affects
the binding parameters, only the Y1494 A and Y1495A substi-
tutions have drastic effects. In both instances, the reactions
become endothermic, with positive AH values of 2.74 and 1.08
kcal/mol, respectively. Surprisingly, the overall affinity is not
significantly altered, thanks to a more favorable entropic con-
tribution. This can be explained by a positive correlation, or
compensation, due to a change in entropy (29). As the enthalpic
contribution of the interaction becomes weaker (—1.74 kcal/
mol to 2.74 kcal/mol for wild type and Y1494A, respectively),
the entropy increases (15.7 cal/mol/degree to 30.8 cal/mol/de-
gree for wild type and Y1494A, respectively) due to the relax-
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ation of the interaction. This enthalpy/entropy compensation
has also been observed for CaM C-lobe binding to a mutant of
the CaV1.2 IQ domain (23). The endothermic binding now
explains the low heat signals obtained for full-length CaM to
the same mutants; the endothermic C-lobe binding and exo-
thermic N-lobe binding cancel each other out. In conclusion,
although both Tyr**** and Tyr'**® form clear C-lobe anchoring
sites, their individual mutations to Ala do not significantly alter
the C-lobe and CaM affinities for DIII-1V, a result that would
have probably been missed by traditional co-immunoprecipita-
tion approaches.

Impact of CaM Binding to the DIII-IV Linker on Ca”®" Regu-
lation of the Cardiac Sodium Channel—If the interaction
between CaM and the DIII-IV linker represents a bona fide

JOURNAL OF BIOLOGICAL CHEMISTRY 33269
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FIGURE 3. Tyr'*** and Tyr'*°® are CaM C-lobe binding determinants. A-F, representative ITC traces for titration of C-terminal calmodulin lobe into DIII-IV
linker peptides with thermodynamic properties and binding parameters shown in Table 2. The data show that the Ala substitutions are well tolerated, save
Y1494A and Y1495A, which show significant endothermic binding. This endothermic binding suggests that the low heat signals obtained for full-length CaM
to the same mutants, especially Y1494A, in Fig. 2 result from enthalpy/entropy compensation (see “Results” for details).

regulatory mechanism by which channel function is controlled
through local calcium levels, then mutations that affect CaM
binding to the DIII-IV linker should also alter the effect of cal-
cium on channel inactivation gating. A hallmark of calcium
regulation of sodium channels can be seen in the inactivation
gating, where increasing cytosolic calcium causes a rightward
(depolarizing) shift in the steady state availability curve (6, 11,
14, 16). The physiological consequence of this modulation is an
increase in cellular excitability due to enhanced channel avail-
ability at resting membrane potentials. An example is shown in
Fig. 44, where sodium currents were recorded with a pipette
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solution containing either 10 um free Ca®>" or a zero Ca®>* solu-
tion containing 20 mM BAPTA. A steady-state inactivation pro-
tocol was used (see inset), where a 200-ms prepulse from a hold-
ing potential of —140 mV to voltages from —160 to —40 mV
was followed by a brief, 15-ms test pulse to —20mV to ascertain
the number of channels not inactivated by the prepulse. Repre-
sentative data used to generate the steady-state inactivation
curves are shown as insets in Fig. 4, where the arrow indicates
the test pulse measured after the —100 mV prepulse, highlight-
ing the effect of calcium. The single Ala mutations were well
tolerated and produced channels with normal gating, save the
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FIGURE 4. The Y1494A mutation abolishes the calcium-dependent shift in steady-state availability of cardiac sodium channels. A-£ show the steady-
state inactivation relationships for 0 and 10 um Ca®* in open and closed symbols, respectively. The insets show representative normalized sodium currents
produced by the indicated channel types recorded in zero Ca®*/10 um Ca®* conditions on the left and right, respectively. In all cases, the arrow indicates the
test pulse elicited with a —100 mV prepulse. All data are shown on same time scale, with the bar in A representing 2 ms. In E, only data from F1520A-expressing
cells are presented for clarity. Inset, data were attained using the protocol described for Fig. 4A, where cells were held at —140 mV, depolarized to a variable
prepulse for 200 ms before a 15-ms test pulse to —20 mV. The data are summarized in F, where the V, s of each channel type is plotted for 0 and 10 um Ca?*.
All channel types except Y1494A showed a significant shift in inactivation gating (p < 0.005; see Table 3).
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TABLE 2

Thermodynamic parameters for DIlI-IV Na,,1.5-CaM C-lobe
interactions at pH 7.4 in the presence of 1 mm CaCl,

Titrations were performed with 2 mm calmodulin in the syringe and 200 um
linker peptide in the cell (except for the FIF mutant, which was 133 um). Errors
for measurements are estimated errors based on a x> minimized fit of the exper-
imental data to a single-site binding model as implemented in Origin (see
“Experimental Procedures”).

K, AH AS Nvalue  K,/K,yild type)
M kcal/mol  cal/mol/degree
Wild type  19.27 = 0.94 —1.74 = 0.02 15.7 1.04 £ 0.01 1.00
F1473A 19.88 = 1.95 —1.60 = 0.03 16.2 1.05 = 0.02 0.97
F1486A 16.76 = 145 —1.68 = 0.04 16.2 0.80 £ 0.02 1.15
Y1494A 19.08 =143  2.74 %= 0.06 30.8 0.73 £0.01 1.01
Y1495A 24.88 +2.82 1.08 = 0.04 24.7 0.73 £0.02 0.77
F1520A 2544 +221 —1.39 +0.03 16.3 1.11 £ 0.02 0.76
FIF — AIA 1821 £2.62 —1.93 *0.11 152 0.74 £ 0.03 1.06

F1473A mutation, which displayed a small “residual” sodium
current consistent with previous mutagenesis (30) and
decreased current expression (data not shown). Fig. 4B shows
that this gating alteration aside, this mutant was still signifi-
cantly modulated by calcium (p > 0.005; see Table 2), but the
effect was reduced in comparison with wild type channels. This
is consistent with the slightly altered affinity (~3-fold less) of
CaM for this mutant. Contrary to the modest effect of this
mutation, Fig. 4C shows that Ala replacement at the Tyr'*** site
abolished the calcium sensitivity of sodium channel inactiva-
tion gating. Although the Tyr'*** mutation is clearly involved in
CaM binding, the result is unexpected because it does not affect
the overall affinity of CaM or C-lobe binding. This suggests that
generic CaM binding to the DIII-IV linker region is not enough
on its own to impact channel inactivation and that specific
interaction with Tyr'*** is required. In contrast, the site one
amino acid downstream, Y1495A, showed a robust calcium
response that was completely normal in magnitude and direc-
tion compared with wild type, despite the fact that the effect on
CaM and C-lobe binding is similar to the Y1494A mutation.
One way to reconcile these results is to conclude that Tyr'*** is
directly involved in both the inactivation mechanism and CaM
binding, whereas Tyr'**® only contributes to the latter. This
possibility is supported by the destabilization of inactivation
that is seen with either CaM binding to or mutation of Tyr'***
to alanine, two manipulations that similarly cause a rightward
shift in steady-state inactivation (see “Discussion”). Last, the
F1520A and F1522A mutations produce channels that are fully
sensitive to free calcium (Fig. 4E), further moving focus from
them as either a molecular determinant of CaM binding or of
calcium modulation. The results of the effects on inactivation
gating are summarized in Fig. 4F, where the V,, . for the steady-
state inactivation is plotted for each channel type in 0 or 10 uMm
free calcium. All of the constructs tested, save Y1494 A, showed
a significant shift in the V|, ; between the two calcium condi-
tions (p < 0.005; see Table 3). Last, the effect of calcium on the
decay kinetics for these sodium channels is shown in supple-
mental Fig. S2. Here, calcium generally had a small but statisti-
cally insignificant (p > 0.005) impact on decay kinetics except
for Y1494A, where a pronounced slowing of inactivation in zero
calcium recording solution was seen at depolarized potentials.
We hypothesize that this effect is caused by the altered CaM
binding to the DIII-IV linker predicted by our ITC analysis of
this mutant.
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TABLE 3

Parameters from Boltzmann fits of steady-state inactivation gating
for wild-type Na, 1.5 and DIII-IV linker alanine mutants

The number of cells is shown in parentheses. All channel types except for Y1494A
show a calcium-dependent shift in the voltage dependence of inactivation gating.

The impact of calcium on the slope factor, k, was more modest and was significant
for only F1473A, Y1494A, and Y1495A.

0 pm Ca®* 10 pm Ca*

Vos k Vo.s k

mV mV
Wild type Nayl.5 —109.4 0.7 (7) 8.8 *0.2 —97.1+1.0(9)° 81+03
F1473A -946*+12(8) 8103 —88.0 = 1.4 (9) 6.3 £0.17
Y1494A —-101.5*+15(9) 76=*03 —100.7 *+ 1.4(10) 6.3 £0.17
Y1495A —1068 = 14(6) 86=*0.1 —97.3+0.96 (6)" 7.0+ 02"
F1520A —108.3 =0.2(5) 83*02 —96.9 + 1.1 (5)* 8.3+0.2
F1522A —110.0 0.6 (5) 8.0* 04 —98.1 + 0.6 (5) 7.3 +0.06

“ Student’s ¢ test p < 0.005 versus 0 um Ca®*

DISCUSSION

Intracellular calcium is a potent regulator of cardiac sodium
channel inactivation gating. Calmodulin has been shown previ-
ously to bind to the sodium channel DIII-IV linker, and the
interaction could be supported, at least partially, by the contri-
bution of the three hydrophobic residues Phe'>>*°~Phe'*** (18).
However, the construct used to identify these residues con-
tained only the distal C-terminal residues of the DIII-IV linker,
lacking the double Tyr motif we identify here and notably
including residues that make up the putative D4S1 transmem-
brane segment region. Although CaM binding to a transmem-
brane segment presents interesting mechanistic possibilities, it
must also be considered that the proposed CaM binding sites
may be unavailable in the context of a full-length channel. Fur-
ther, the previously reported binding may be due, in part, to
spurious interactions between hydrophobic pockets on CaM
and hydrophobic residues that are only available in vitro. To
avoid such complicating factors, here we decided to look at
binding of CaM to a DIII-IV linker construct that does not
include any putative transmembrane regions. With this
approach, we have made three novel observations toward the
molecular understanding of the effect of Ca>* on sodium chan-
nel gating. First, we show that calcium must be present and in
complex with CaM prior to binding the sodium channel inac-
tivation gate. This suggests that CaM and the DIII-IV linker
comprise a dynamic calcium sensor that, including the carboxyl
terminus of the channel, form a complex that is ideally placed to
modulate cardiac sodium channel gating on a beat-by-beat
basis. Second, a double tyrosine motif at Tyr'***/Tyr'*** in the
DIII-1V linker forms an anchor for CaM binding by stabilizing
the interaction with the CaM C-lobe. These residues lie well
outside of the predicted CaM binding site composed of the
distal DIII-IV linker “FIF” residues and the putative DIV seg-
ment 1 transmembrane segment suggested by the Calmodulin
Target Database (18, 31). The results, therefore, demonstrate
that the sodium channel inactivation gate is an atypical CaM
binding sequence. Last, the combined ITC and electrophysi-
ological data suggest that “generic” CaM binding to the DIII-IV
linker alone cannot facilitate calcium-dependent modulation of
inactivation gating. We base this conclusion on the experimen-
tal observation that the Y1494A mutation alters the binding
dynamics with CaM but does not abolish the interaction alto-
gether and produces a channel incapable of calcium modula-
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FIGURE 5. Working model for the role of Tyr'?°* in Ca?*/CaM regulation, inactivation, and tyrosine
assists in stabilizing the inactivated state of the channel by inter-
acting with residues that make up the inactivation gate receptor. The data suggest that the three manipula-
tions shown here destabilize the inactivated state by interfering with the ability of Tyr'*** to bind to the
inactivation gate receptor either through antagonism by Ca®*/CaM, outright removal of the side chain, or in
the case of Tyr'*?%, disruption of receptor binding by phosphorylation. It is assumed that phosphorylation of
would negatively impact CaM binding. The middle panel summarizes the only effects of the Y1494A

1494

phosphorylation. We propose that Tyr

1495

Tyr
mutation on inactivation in the absence of a bound CaM molecule.

tion. Further, our results suggest that Tyr'*®* is a residue

directly involved in inactivation; substitution by Ala shifts the
inactivation curve to the right in the absence of Ca®>", whereas
the addition of further Ca>* does not produce any extra shift.
The combined results of the ITC and electrophysiology data
therefore suggest the following model (Fig. 5). Tyr'**%, in ad-
dition to other DIII-IV linker residues, promotes inactivation
through binding residues in or near the transmembrane region,
which may be composed of the short cytosolic S4-S5 linkers
connecting the voltage sensors and gates in domains III and IV
(4, 5). Elevation of cytoplasmic Ca>" levels leads to binding of
Ca®"/CaM, resulting in shielding of Tyr'*** (and Tyr'**®) by
the CaM C-lobe, which is therefore unable to promote inacti-
vation. The same effect can be obtained by simple substitution
of Tyr'*** to alanine, shown in the middle panel. This model
also explains previous results showing that the cardiac sodium
channel inactivation gating is modulated by the tyrosine kinase
Fyn, where both Tyr'*** and Tyr'**® can be phosphorylated in
vitro and the effect of phosphorylation was a depolarizing shift
in the steady-state inactivation, the same as increased intracel-
lular calcium. It would be expected that phosphorylation of the
two Tyr residues would serve to diminish or inhibit CaM bind-
ing, in addition to altering the interaction of the side chain with
the inactivation gate receptor. It is therefore noteworthy that
Ca®*/CaM and CaMKII have been implicated in the appear-
ance of a late sodium current in failing myocardium (22), and
such conditions can include a rise in tyrosine phosphorylation
activity (32). However, it should be noted that neither we nor
others (14, 16) observe a late sodium current in either zero
calcium or low calcium recording solutions (supplemental Fig.
S1), ruling out a direct role for the calcium-dependent CaM
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‘yr phosphorylation

binding that we describe here to the
DIII-IV linker in its generation.
SomeparallelsexistbetweenCa®" -
dependent regulation of voltage-
gated sodium and calcium channels
(Cay). Cay, channels of the Ca,,1 and
Ca,2 families can undergo two
types of Ca®>*-dependent feedback
mechanisms, calcium-dependent in-
activation and calcium-dependent
facilitation, mediated through CaM
binding at various sites in the channel
(33). These include a pre-1Q and 1Q
\ domain in the proximal C-terminal
tail (23, 34—36) and a site at the N ter-
minus of some channel types (37).

o However, the Ca,, III-IV loop has thus
PG, far not been described as a CaM-in-
teracting region. A recent crystal
structure, including the Ca,1.2
pre-IQ and IQ region in complex with
CaM as a domain-swapped dimer
shows that two CaM molecules can
bind the channel simultaneously (36).
Because both the IQ domain and
DIII-IV linker of Na,1.5 can bind
CaM, it will be interesting to see
whether either single or multiple CaMs are involved in Na, 1.5
modulation.

Many residues in the sodium channel inactivation gate,
including the double tyrosine CaM binding motif described
here, are conserved between the nine known sodium channel
voltage-gated isoforms. Therefore, the mechanism of Ca>"/
CaM binding to the double Tyr motif described here is probably
utilized not only by the cardiac isoform but also by sodium
channel isoforms expressed in the central and peripheral nerv-
ous systems.
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