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Sodium channel Nav1.7 has recently elicited considerable
interest as a key contributor to human pain. Gain-of-function
mutations of Nav1.7 produce painful disorders, whereas loss-of-
function Nav1.7 mutations produce insensitivity to pain. The
inherited erythromelalgia Nav1.7/F1449V mutation, within the
C terminus of domain III/transmembrane helix S6, shifts chan-
nel activation by �7.2 mV and accelerates time to peak, leading
to nociceptor hyperexcitability. We constructed a homology
model of Nav1.7, based on the KcsA potassium channel crystal
structure, which identifies four phylogenetically conserved aro-
matic residues that correspond to DIII/F1449 at the C-terminal
end of each of the four S6 helices. The model predicted that
changes in side-chain size of residue 1449 alter the pore’s cyto-
plasmic aperture diameter and reshape inter-domain contact
surfaces that contribute to closed state stabilization. To test this
hypothesis, we compared activation of wild-type and mutant
Nav1.7 channels F1449V/L/Y/Wbywhole cell patch clamp anal-
ysis. All but the F1449Vmutation conserve the voltage depend-
ence of activation. Compared with wild type, time to peak was
shorter in F1449V, similar in F1449L, but longer for F1449Y and
F1449W, suggesting that a bulky, hydrophobic residue is neces-
sary for normal activation.We also substituted the correspond-
ing aromatic residue of S6 in each domain individually with
valine, to mimic the naturally occurring Nav1.7 mutation. We
show that DII/F960V and DIII/F1449V, but not DI/Y405V or

DIV/F1752V, regulate Nav1.7 activation, consistent with well
established conformational changes in DII and DIII. We pro-
pose that the four aromatic residues contribute to the gate at the
cytoplasmic pore aperture, and that their ring side chains form a
hydrophobic plug which stabilizes the closed state of Nav1.7.

Neuropathic pain is a common disorder, often refractory to
existing treatments, linked to hyperexcitability of dorsal root
ganglion (DRG)5 neurons (1–3). Dysregulated expression of
sodium channels contributes to neuropathic pain (4), and some
nonspecific sodium channel blockers provide relief, albeit usu-
ally partial, for neuropathic pain (5). A direct link of specific
sodium channel isoform and neuropathic pain has recently
been established in humans by the discovery of mutations in
SCN9A, the gene that encodes Nav1.7, a sodium channel
preferentially expressed in DRG neurons (6). Gain-of-func-
tion mutations in Nav1.7 have been identified in patients
with inherited erythromelalgia (IEM, also called erythermal-
gia), a disorder characterized by severe burning pain in the
distal extremities in response to warmth (6), and paroxysmal
extreme pain disorder, in which patients experience perirec-
tal and periorbital pain (7); loss-of-function mutations in
Nav1.7 have also been found in patients displaying congeni-
tal insensitivity to pain (8–10). All of the IEM mutations
studied to date lower the threshold for Nav1.7 activation,
whereas less than half show impaired steady-state fast inac-
tivation (11–17). The effect on electrogenesis has been
examined in transfected DRG neurons for three of these
mutations (L858H, A863P, and F1449V), which have been
shown to lower the threshold for single action potentials and
increase the frequency of action potential firing in DRG neu-
rons in response to graded stimuli (13, 15, 18).
Most IEM mutations in Nav1.7 are clustered in transmem-

brane segments (S1, S4, S5, and S6) and linkers joining S4 and
S5 of domains I (DI) and DII (6, 19). However, the F1449V
mutation, which causes inherited erythromelalgia in the largest
family studied to date, is located more distally at the cytoplas-
mic end of the S6 segment of DIII and the juncture with L3, the
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cytosolic loopwhich joinsDIII andDIV (13). Because L3 carries
the peptide motif IFM, which functions as the fast inactivation
gate of sodium channels (20), it is not surprising that the
F1449V Nav1.7 mutation affects steady state fast inactivation
(13). In contrast, the basis of the F1449V effect on channel acti-
vation is not obvious. We therefore constructed a homology
model of Nav1.7, to test possible structural features that might
underlie the altered channel activation. Here we show that phy-
logenetically conserved aromatic residues, located at equivalent
positions in each S6 helix relative to the conserved “gating-
hinge” glycine (or serine in DIV/S6) residue, contribute to the
putative cytoplasmic activation gate of Nav1.7, possibly by
forming a hydrophobic plug, which stabilizes the closed state of
the channel. Our results also show that substitution of DIII/
F1449 with bulky hydrophobic residues does not alter the volt-
age dependence of activation. Compared with wild-type
Nav1.7, however, time to peak was shorter in F1449V, similar in
F1449L, but longer for F1449Y and F1449W. The DIII/F1449V
and DII/F960V mutations destabilize the closed state of the
channel, consistent with channel activation being initiated by
conformational changes inDII andDIII. These findings identify
a conserved hydrophobic motif at the cytoplasmic aperture of
Nav1.7 and provide a mechanistic basis for the decreased
threshold for activation by the IEM mutation DIII/F1449V.

EXPERIMENTAL PROCEDURES

Computational Modeling of Nav1.7—A homology model
of the closed-state pore domain of Nav1.7 was generated
using the crystal structure of the KcsA potassium channel
(PDB code 1BL8) (21) as the structural template. KcsA was
chosen over the structure of Kv2.1, because the latter chan-
nel was crystallized in the open state (22). KcsA was also
chosen over the closed-state KirBac1.1 (23) and KirBac3.1
channel structures, because more extensive experimental
studies have been carried with KcsA to investigate the struc-
tural basis of pore gating. Moreover, although differences in
prokaryotic and eukaryotic bilayer thickness and the pres-
ence of the S1–S4 voltage sensor may alter pore structure,
numerous studies have used an homology model generated
from the open-state MthK channel (e.g. Cronin et al. (24)),
and KcsA is the more common template for homology mod-
eling studies of closed state eukaryotic sodium (25, 26),
potassium (27, 28), and calcium (29, 30) channel pores, dem-
onstrating the suitability of potassium channels as structural
templates for homology modeling.
The Nav1.7 sequence (Swiss-Prot accession Q15858) was

aligned with the KcsA channel sequence (Swiss-Prot accession
P0A334) using ClustalW (31). The outer helices (PDB file resi-
dues 23–48), pore-pointing helices (residues 63–74), and pore-
lining inner helices (residues 88–117) of KcsA provided the
coordinates for modeling the equivalent sequences in each of
the four domains in the Nav1.7 model: S5 (Swiss-Prot sequence
residues DI:239–264, DII:860–885, DIII:1315–1340, and DIV:
1638–1663), pore-pointing helices (residues DI:348–359, DII:
914–925, DIII:1393–1404, and DIV:1685–1696), and pore-lin-
ing S6 helices (residues DI:378–407, DII:944–973, DIII:1433–
1462, and DIV:1736–1765) (Fig. 1). Aromatic residues
(phenylalanine or tyrosine) are present at the C terminus of the

four S6 helices at equivalent positions relative to the conserved
glycine gating-hinge residues (or the corresponding serine res-
idue in DIV/S6).
Residues of the KcsA structure weremutated to the Nav1.7

sequence using the Biopolymer module of SYBYL (version
7.0, Tripos Inc., St. Louis, MO). Additional mutations were
introduced to generate the F1449V, F1449L, F1449Y, and
F1449W mutant Nav1.7 models. Both the wild-type and
mutant models were subjected to 500 rounds of conjugate-
gradient minimization in SYBYL using the Tripos force-field
(32). The pore diameters of the channel models were calcu-
lated using the program HOLE (33). The figures were pro-
duced using the PyMOLmolecular graphics system (DeLano
Scientific, San Carlos, CA).
Plasmids and HEK 293 Cell Transfections—The plasmid

carrying the TTX-resistant (TTX-R) version of human
Nav1.7 cDNA (hNav1.7R) (34) and the DIII/F1449V mutant
derivative (13) were previously described. The DIII/F1449L,
DIII/F1449Y, DIII/F1449W, DI/Y405V, DII/F960V, and
DIV/F1752V mutants and the double mutant F960V/
F1449V were introduced into hNav1.7R using the
QuikChange XL site-directed mutagenesis reagents (Strat-
agene, La Jolla, CA). Human embryonic kidney cells (HEK
293) were transfected with each individual mutant channel
construct using Lipofectamine 2000 (Invitrogen) according
to the procedures recommended by the manufacturer.
Transfected HEK 293 cells were grown under standard cul-
ture conditions (5% CO2, 37 °C) in 50% Dulbecco’s modified
Eagle’s medium 50% F-12 supplemented with 10% fetal
bovine serum. We have previously shown that gating prop-
erties of Nav1.7R in transfected HEK 293 cells are similar to
those of Nav1.7R in native DRG neurons (34).
Electrophysiology—Whole cell voltage clamp recordings (35)

of HEK 293 cells transiently transfected with the sodium chan-
nels Nav1.7R, DI/Y405V, DII/F960V, DIII/F1449V, DIII/
F1449L, DIII/F1449Y, DIII/F1449W, DIV/F1752V, or F960V/
F1449V double mutant derivatives were performed with an
EPC-9 amplifier (HEKA Electronics, Lambrecht/Pfalz, Ger-
many) using fire-polished 0.5- to 1.5-M� electrodes (World
Precision Instruments, Inc., Sarasota, FL). The pipette solution
contained (in mM): 140 CsF, 10 NaCl, 1 EGTA, and 10 HEPES;
302 mosmol (pH 7.4, adjusted with CsOH), and the extracellu-
lar bath contained (in mM): 140 NaCl, 3 KCl, 10 glucose, 10
HEPES, 1 MgCl2, 1 CaCl2, 0.0003 TTX; 310 mosmol (pH 7.4,
adjusted with NaOH). TTX was added to the bath solution to
block all endogenous voltage-gated sodium currents thatmight
be present inHEK 293 cells (36) and thereby permitted study of
Nav1.7R in isolation. All recordings were conducted at room
temperature (�21 °C). The pipette potential was adjusted to
zero before seal formation, and the voltages were not corrected
for liquid junction potential. Capacity transients were can-
celled, and series resistance was compensated at 10 �s by
65–95%. Leakage current was subtracted digitally online using
hyperpolarizing potentials applied after the test pulse (P/4 pro-
cedure). Currents were acquired using Pulse software (HEKA
electronics, Lambrecht/Pfalz, Germany), filtered at 10 kHz and
sampled at a rate of 100 kHz.
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Voltage protocols were carried out at a predetermined
time after establishing cell access. Standard current-voltage
(I-V) families were obtained using 40-ms pulses from a hold-
ing potential of �120 mV to a range of potentials (�100 to
�60 mV) in 5-mV steps with 5 s between pulses. The peak
value at each potential was plotted to form I-V curves. Acti-
vation curves were obtained by calculating the conductance
G at each voltage V,

G �
I

V � Vrev
(Eq. 1)

with Vrev being the reversal potential, determined for each cell
individually. Activation curves were fitted with the following
Boltzmann distribution equation,

GNa �
GNa,max

1 � e��Vm � V1/ 2

k � (Eq. 2)

where GNa is the voltage-dependent sodium conductance,
GNa,max is themaximal sodiumconductance,V1⁄2 is the potential
atwhich activation is half-maximal,Vm is themembrane poten-
tial, and k is the slope factor.
Protocols for assessing steady-state fast-inactivation con-

sisted of a series of pre-pulses from �130 to �10 mV, each
lasting 500 ms from a holding potential of �100 mV, followed
by a 40-ms depolarization to �10 mV to measure the non-
inactivated transient current. The normalized curves were fit-
ted using a Boltzmann distribution equation,

INa

INa,max
�

1

1 � e
Vm � V1/ 2

k

(Eq. 3)

where INa,max is the peak sodium current elicited after the most
hyperpolarized pre-pulse, Vm is the preconditioning pulse
potential, V1⁄2 is the half-maximal sodium current, and k is the
slope factor.
Analysis of variance tests were carried out using Prism ver-

sion 4.0 for Windows (GraphPad Software, San Diego, CA).
Statistical significance (p � 0.05) was tested using a two-sided
Dunnett’s multiple comparison test as post-hoc analysis. All
data are compared with WT and presented as mean � S.E.

RESULTS

Homology Model of Nav1.7 Pore—The crystal structures of
potassium channels have been used as structural templates to
generate homologymodels of human sodium channels (26, 37).
In this study the crystal structure of the bacterial potassium
channel KcsA, which has been the subject of molecular dynam-
ics simulations (e.g.Holyoake et al. (38)) and direct observation
(39) to elucidate the structural basis of pore gating, has pro-
vided the structural template for homology modeling of the
Nav1.7 pore in a closed conformation. Fig. 1 shows the align-
ment of the S6 transmembrane segments in each of the four
domains of Nav1.7 with the corresponding pore-lining helix
fromKcsA.The assignment of theC-terminal end of S6 ofKcsA
and the corresponding coordinates in Nav1.7 in our studies
include the terminal tripeptide WFV representing the last hel-

ical turn of the inner helix of KcsA (21), which was missing in
previously reported sodium channel models (25, 26). Sequence
alignment of the nine human sodium channels shows that there
are gating-hinge glycine residues in S6 in domains I–III (a ser-
ine residue is present in DIV/S6) at positions equivalent to
those in the bacterial channels and that the terminal residue in
each of the aligned S6 helices is an aromatic amino acid, either
tyrosine in domain I (DI) or phenylalanine in the other three
domains (Fig. 1).

FIGURE 1. Alignment of the S6 transmembrane segments from the four
homologous domains of human voltage-gated sodium channels with
the pore-lining transmembrane 2 sequence of the bacterial KcsA potas-
sium channel. The conserved gating-hinge glycine residue in the middle of
S6 is in boldface and red; serine is present at the equivalent position in DIV/S6.
The C-terminal residue in each of the S6 segments is a highly conserved aro-
matic residue: tyrosine in DI and phenylalanine in the other domains are
depicted in boldface and blue. The putative S6 helices are underlined.
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The wild-type Nav1.7 homology model shows that the side
chain of the aromatic residue at the cytoplasmic end of S6 in
each of the four domains (DI/Y405, DII/F960, DIII/F1449, and
DIV/F1752) contribute to a potential pore-obstructing hydro-
phobic gate (Fig. 2A). A similar hydrophobic gate has been sug-
gested for the acetylcholine receptor (40–42) and has been
identified in the bacterial potassium channel KirBac1.1 (23).
The model suggests that the four aromatic residues share a
similar environment in Nav1.7 closed state. Thus, we expected
that mutation to the small residue valine (Fig. 2, B andC) might
destabilize the hydrophobic cluster in the closed-state confor-
mation of the Nav1.7 pore, permitting the channel to open at
more hyperpolarized potentials as has been observed in patch
clamp studies (13).
We investigated the effect of substitution of F1449 with an

aliphatic hydrophobic residue leucine (F1449L), and the aro-
matic residues tyrosine (F1449Y) and tryptophan (F1449W).
Fig. 3 shows Nav1.7 homology models with F1449V, F1449L,
F1449Y, and F1449W substitutions. Calculations of the diame-
ter of the pore in the vicinity of the aromatic residues reveal that
the calculated pore diameter ofWTchannel is 0.6Å, and that of
F1449V is almost double at 1.1 Å. The substitution of another
hydrophobic residue leucine (F1449L) is 0.76 Å, whereas sub-
stitution of F1449 by aromatic residues tyrosine (F1449Y)
reduces the pore diameter to 0.5 Å, and tryptophan (F1449W)
to 0.45 Å. Therefore changes in side-chain size alter the effec-
tive plugging of the pore in addition to reshaping inter-do-

main contact surfaces that are
involved in the putative closed-
state stabilization.
Effect of Substitutions at F1449 on

Channel Opening—The predicted
effects of substitutions at F1449 that
emerged from computer modeling
were tested in whole cell patch
clamp studies. Whole cell patch
clamp recordings of HEK 293 cells
that were co-transfected with wild-
type Nav1.7R (WT) or mutant chan-
nels and green fluorescent protein
were carried out as described under
“Experimental Procedures.” To
avoid heterogeneity caused by
transfections of up to four plasmids
(�-subunit, �1 and �2 subunits, and
green fluorescent protein), only the
Nav1.7 channel�-subunit and green
fluorescent protein were trans-
fected into HEK 293 cells. As
expected, WT and mutant Nav1.7
constructs produced fast inactivat-
ing transient sodium current (Fig.
4A, 5A, and Fig. 6A). The capaci-
tance of HEK 293 cells did not sig-
nificantly change when transfected
with WT or mutant Nav1.7R con-
structs (Table 1). WT and DIII/
F1449V, DIII/F1449L, or DIII/

F1449Y channels produced comparable current densities while
DIII/F1449W channels produced a significantly smaller cur-
rent density that is about half that of WT channels (Table 1).
We have previously shown that the F1449V mutation at the

cytoplasmic end of DIII/S6 changes gating of Nav1.7R com-
pared with wild-type channels (13). We confirmed these
changes in the current study (Table 1). The F1449V mutation
causes a significant (p� 0.01) shift of�7.22mVcomparedwith
WT channels in the voltage dependence of activation (Fig. 4B
and Table 1). The hyperpolarizing shift in voltage dependence
of activation of �7.2 mV induced by the F1449V in this set of
experiments is comparable to the �7.6 mV shift that was pre-
viously reported (13).
Tomeasure the rate of opening of the channel, we computed

the time from the test pulse onset to the peak of sodium inward
current (time to peak) at a series of voltages applied from the
holding potential of �120 mV. Time to peak was plotted as a
function of test voltages (Fig. 4C and Table 1), showing that
F1449V channels open faster (p � 0.05) than WT channels.
This finding provides additional evidence that DIII/F1449V
may destabilize the closed state of Nav1.7.

Introducing the substitution F1449L and thereby elongating
the side chain by one methyl group compared with valine
restored the channel’s wild-type characteristics (Fig. 4,B andC,
and Table 1). As can be seen in Fig. 3, the aperture of F1449L is
closer to that of the WT, consistent with similar activation
properties. The substitution of the bulkier amino acids tyrosine

FIGURE 2. A, model of the wild-type Nav1.7 channel viewed parallel to the membrane plane. S5, P-loop, and S6
helices are shown in cylinder representation and in cyan, brown, and blue, respectively. The C-terminal aromatic
residue of each S6 is shown in stick representation. B and C, cytoplasmic views (perpendicular to view A) of the
S6 helices of wild-type and F1449V channels, respectively.
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(F1449Y) or tryptophan (F1449W) leads to a longer time to
peak at �10 mV but without changing voltage dependence of
activation (Fig. 4, B and C, and Table 1). These findings sug-
gested that a bulky, hydrophobic residue at theC terminus of S6
is necessary for normal activation of Nav1.7.
DII/F960 and DIII/F1449 in S6 Segments Regulate Channel

Activation andTime to Peak—The role of a hydrophobic gate at
the cytoplasmic aperture of theNav1.7 pore, which is formedby
the S6 C-terminal aromatic residues in all four domains (DI/
Y405, DII/F960, DIII/F1449, and DIV/F1752), was tested
experimentally by substituting these residues with valine to
mimic the naturally occurring IEMmutation DIII/F1449V and
measuring the effect of this substitution on channel gating
properties. The capacitance of HEK 293 cells did not signifi-
cantly change when transfected with WT or mutant Nav1.7R
constructs (Table 2). DII/F960V, DIII/F1449V, and DIV/
F1752Vmutant channels produced current densities compara-
ble toWT channels, whereas DI/Y405V and the doublemutant
F960V/F1449V channels produced significantly lower current
densities than WT channels (Table 2).

F960 in the S6 of DII also contrib-
utes to normal channel activation.
Similar to DIII/F1449V substitu-
tion, the substitution DII/F960V
caused a hyperpolarizing shift of
voltage dependence of activation
(Fig. 5B and Table 2) and a shorter
time to peak (Fig. 5C) compared
with WT channels. The combina-
tion of both mutations (F960V/
F1449V) conferred a hyperpolariz-
ing shift in activation, compared
with WT channels, which is similar
to that of the individual mutations
(Table 2). In contrast, mutations of
the aromatic residues at the cyto-
plasmic end of S6 inDI (Y405V) and
DIV (F1752V) did not alter the volt-
age dependence of activation (Fig.
6B and Table 2) or time to peak (Fig.
6C) compared with WT channels.
DII/F960 Regulates Steady-state

Fast Inactivation of Nav1.7R—We
investigated the effect of all of
these Nav1.7 mutations on the volt-
age dependence of steady-state fast
inactivation using a 500-ms pre-
pulse followed by a short test pulse
assessing availability (Fig. 7 and
Tables 1 and 2). Boltzmann fits of
steady-state fast inactivation re-
veals a small depolarizing shift for
DIII/F1449V (Table 1), similar to
what was reported earlier (13),
which did not reach significance,
possibly due to the need to use
multiple comparisons.
DIII/F1449L substitution does

not alter steady-state fast inactivation compared with WT
channels (Fig. 7A and Table 1). In contrast, introducing a more
hydrophobic amino acid, DIII/F1449W led to a pronounced
depolarizing shift (�13.8 mV, p � 0.01) of the V1⁄2 of steady-
state fast inactivation, whereasDIII/F1449Y causes an even big-
ger depolarizing effect (�21.6 mV, p � 0.01) on the V1⁄2 of
steady-state fast inactivation (Fig. 7A and Table 1).
Compared with WT channels, DII/F960V mutant channels

showed a significant hyperpolarizing shift (�8.5 mV, p � 0.01)
of the V1⁄2 of steady-state fast inactivation (Fig. 7B and Table 2).
The midpoints and slope factors of steady-state fast inactiva-
tion for DI/Y405V, DIV/F1752V, and the double mutant
F960V/F1449V were comparable to WT channels (Fig. 7B and
Table 2).

DISCUSSION

The Nav1.7 sodium channel, which is preferentially
expressed in nociceptors, has been the subject of intense recent
interest because pointmutations in this channel are linkedwith
several human painful disorders, including inherited eryth-

FIGURE 3. Cytoplasmic views of the C-terminal ends of S6 helices of wild-type and mutant channels. The
substitution of F1449 with valine increases the diameter of the pore from 0.6 Å to 1.1 Å. The diameter of the pore of
F1449L, which has an extra methyl group in its side chain compared with valine, increases the diameter modestly to
0.76 Å. The substitution of tyrosine causes a reduction in the pore diameter to 0.5 Å, whereas F1449W, with a bulkier
side chain compared with phenylalanine, produces the smallest pore diameter of 0.45 Å.
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romelalgia, a striking disorder in which mutant Nav1.7 pro-
duces hyperexcitability of nociceptors (6). The increase in noci-
ceptor excitability is largely caused by a hyperpolarizing shift in
voltage dependence of activation (17). In this study, we exam-
ined the structural basis for the effect on activation of the
F1449V erythromelalgia mutation.
Crystallographic studies of potassium channels have helped

to elucidate the structural basis for channel ion selectivity, pore
gating, and coupling of voltage-sensor domains to the pore
domain (21, 22, 43). Potassium channel structures have pro-
vided templates for homology modeling of voltage-gated
sodium channel transmembrane regions (44). The resultant
sodium channel models have been used for ligand-docking
studies (23, 37, 45) andhave provided structural frameworks for
modeling the selectivity filter and channel vestibule (46).
In this study the crystal structure of Streptomyces lividans

potassium channel KcsA (21) provided the template for homol-
ogy modeling of the Nav1.7 pore domain in the closed confor-
mation, facilitating structural comparison of the wild-type and
disease-associated mutant channel. The gating-hinge glycine
and serine residues in human sodium channels and bacterial

potassium channel sequences were
aligned (Fig. 1) to produce the helix
register of the four S6 segments of
the sodium channels, with binding
determinants of pore-binding
ligands oriented into the pore. We
identified aromatic residues, which
are conserved inmost sodium chan-
nel isoforms (Fig. 1 and Guda et al.
(47)), at equivalent positions in the
C terminus of each of the S6 helices
with their ring side chain oriented
into the pore. These four residues
form a hydrophobic plug at the
channel’s cytoplasmic aperture.
Analogous hydrophobic residues
that contribute to a cytoplasmic
gate have been noted in the acetyl-
choline receptor (40) and bacterial
mechanosensitive channel MscL
(48). Crystallographic studies of the
closed state potassium channels
Kirbac1.1 and MlotiK1 revealed a
structural motif of four aromatic
residues at the cytoplasmic mouth
of those pores (23, 49).
The Phe-146 residues in the four

KirBac1.1 monomers form an ener-
getically stable hydrophobic assem-
bly due to extensive van der Waals’
interactions between their side
chains. Edge-face interaction of
adjacent aromatic residues can fur-
ther stabilize this structural motif
via electrostatic interactions of
�-electrons localized on the ring
face of one residue, with partial pos-

itive charges on hydrogen atoms at the ring edge of an adjacent
residue (50). Substitution of Phe-168 (analogous to Phe-146) in
Kir6.2, the mammalian homologue of KirBac1.1, shows that
smaller residues favor the open state, whereas the aromatic
amino acid tryptophan behaves like wild-type Kir6.2 (51). Sim-
ilarly, each of the aromatic residues at the C termini of Nav1.7
S6 helices (DI/Y405, DII/F960, DIII/F1449, and DIV/F1752)
can interact with its neighbors to form a pore-blocking hydro-
phobic assembly or gate that contributes to stabilization of the
Nav1.7 closed state.
Recently the structure of cyclic nucleotide-regulated potas-

sium channel MlotiK1 crystallized in the closed state has been
solved (49). Of relevance to the current study is the presence of
two sets of aromatic side chains projecting into and blocking
the pore in the closed state. The aromatic assemblies are
located above and below the cross-over point of the helix bun-
dle, with the more intracellularly located ring corresponding to
the aromatic assembly shown in our sodium channel model.
Alanine substitution of either the Phe-203 or Tyr-215 residues
increased the rate of ion uptake in proteoliposomes, consistent
with a destabilized closed state (49).

FIGURE 4. Substitutions reveal importance of hydrophobicity and aromaticity at the C terminus of
DIII/S6 for channel opening. A, representative traces of current families recorded from HEK 293 cells tran-
siently expressing Nav1.7R WT (black traces), DIII/F1449V (cyan traces) DIII/F1449L (green traces), DIII/F1449Y
(golden traces), or DIII/F1449W (red traces). Cells were held at �120 mV and depolarized stepwise to potentials
ranging from �80 mV to �60 mV in 5-mV steps (see protocol; data displayed in the range from �80 mV to �40
mV). B, voltage dependence of activation is shown for Nav1.7R (black squares), DIII/F1449V (cyan circles), DIII/
F1449L (green triangles), DIII/F1449Y (golden diamonds), or DIII/F1449W (red triangles). Conductance curves
were deduced from current-voltage families, normalized, and fitted with a Boltzmann equation, as described
under “Experimental Procedures.” Lines are Boltzmann fits of mean values. C, voltage dependence of time to
peak is shown for step depolarizations from a holding potential of �120 mV to the indicated voltages. The
mutation DIII/F1449V (cyan circles) opens faster than Nav1.7R (black squares) at �10 mV, the mutations DIII/
F1449Y (golden diamonds) or DIII/F1449W (red triangles) open slower, whereas the mutation DIII/F1449L (green
triangles) shows no change compared with WT.
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Structural comparison of KcsA
with the potassium channel Mthk
(43) suggests that the constriction at
the cytoplasmic end of a closed
pore, formed through close proxim-
ity contacts of the pore-lining heli-
ces, is relaxed in the open state. The
pore-lining helices of the MthK
open-channel crystal structure are
bent around a gating-hinge glycine,
with splaying of the helices produc-
ing a cytoplasmic opening (�12 Å)
of the pore. Electrophysiological
studies have provided evidence for a
functional gating-hinge residue in
the bacterial voltage-gated sodium
channel NaChBac (52). We propose
that the DIII/F1449V Nav1.7 muta-
tion substitutes a smaller, non-aro-
matic residue into the hydrophobic
plug, weakening contacts with
adjoining aromatic rings, thus elim-
inating a stabilizing inter-domain
contact of the DIII/S6 helix; the
reduced energetic barrier for
DIII/S6 helix movement facilitates
bending associated with pore gat-
ing. Supporting the conclusion that
increased propensity of the DIII/S6
helix to move can hasten Nav1.7
activation, the DIII/F1449V muta-
tion hyperpolarizes activation (this
study and Ref. 13).
We adopted a 2-fold approach to

test the hypothesis of closed-state stabilization of Nav1.7
through inter-domain hydrophobic interactions. First, the
Nav1.7 Phe-1449 residue was mutated to residues differing in
size and aromaticity. Second, the aromatic residue at the equiv-
alent position to Phe-1449 in each S6 helix was mutated to
valine to mimic the F1449V mutation.
Electrophysiological analysis of these mutant Nav1.7 chan-

nels reveals changes in closed-to-open state kinetics, namely
time to peak and mid-point of activation, showing that, of the
F1449L, F1449Y, F1449W, and F1449V mutations tested,
F1449V has the greatest destabilizing effect on the closed state.
In contrast F1449L channels have wild-type activation kinetics,
whereas the F1449Y and F1449W channels increase the time to
peak. Thus the effect of the hydrophobic substitution at posi-
tion 1449 can be correlated with size of the hydrophobic resi-
due, consistentwith ourmodel of a cytoplasmic aperturewithin
Nav1.7 modulated by inter-domain interactions.
C-terminal valine substitution in each S6 helix revealed that

the effect was domain-dependent: F960V substitution at the
analogous site in DII/S6 produced a similar effect on Nav1.7
activation, whereas the Y405V or F1752V mutations at analo-
gous sites in DI/S6 andDIV/S6 did not. Thus, the four aromatic
residues form a hydrophobic ring, but with unequal contribu-
tions to Nav1.7 closed-state stability. The effects of DIII/

FIGURE 5. Contribution of C terminus residues of DII/S6 and DIII/S6 to channel opening. A, representative
traces of current families recorded from HEK 293 cells transiently expressing Nav1.7R WT (black traces), DII/
F960V (green traces), DIII/F1449V (cyan traces), or the double mutation F960V/F1449V (magenta traces). B, volt-
age dependence of activation is shown for Nav1.7R (black squares), DII/F960V (green triangles), DIII/F1449V
(cyan circles), or the double mutation F960V/F1449V (magenta triangles). C, voltage dependence of time to peak
is shown for step depolarizations from a holding potential of �120 mV to the indicated voltages. The muta-
tions DII/F960V (green triangles), DIII/F1449V (cyan circles), or the double mutation F960V/F1449V (magenta
triangles) open faster than Nav1.7R (black squares) at �10 mV. WT and DIII/F1449V data are identical to those of
Fig. 4 and are added for comparison.

FIGURE 6. Mutations DI/Y405V and DIV/F1752V do not alter activation
kinetics. A, representative current-voltage (I-V) families recorded from
HEK293 cells expressing DI/Y405V (blue traces) or DIV/F1752V (gray traces).
B, conductance curves of Nav1.7R WT (black squares), DI/Y405V (blue triangles),
and DIV/F1752V (gray diamonds), deduced from current-voltage families as
described in methods. Lines are Boltzmann fits of mean values. C, time to peak
from the onset of stimulation pulse is shown at various potentials for Nav1.7R
WT (black squares), DI/Y405 (blue triangles), and DIV/F1752V (gray diamonds).
WT data are identical with those of Fig. 4 and are added for comparison.
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F1449V andDIV/F1752Vmutations can be correlated with dif-
ferent activation kinetics of their domains (53, 54). Domain III
activates fastest, and the DIII/F1449V mutation shifts activa-
tion tomore hyperpolarized potentials, consistent with a desta-
bilized closed state arising from increasedDIII/S6 bending pro-
pensity. In contrast, domain IV/S4 movement correlates with
the slow component (53), and the DIV/F1752V mutation
retains wild-type activation. Fluorescence imaging studies (53)
inNav1.4 suggest that the ionic current onset occurs faster than
thekineticsofDIV/S4movement,indicatingthatDIV/S4voltage-
dependent movement, and by extension DIV/S6 helix bending,
may not be necessary for pore opening.
The DII/F960V substitution in Nav1.7 shifts activation by

�5.5 mV, similar to DIII/F1449V. The role of domain II in
promoting activation is demonstrated by the effect of �-scor-
pion toxin and insecticides, which have been shown to bind to
S1–S2 and S3–S4 or S4–S5 and S5 sections of domain II in
Drosophila sodium channels and Nav1.4, stabilizing the voltage
sensor in its activated state (55, 56). The voltage dependence of
the toxin-modified channel is shifted to more negative poten-
tials. The DII/F960Vmutation also hyperpolarizes Nav1.7 acti-
vation albeit with a less dramatic effect. The increased bias of
the mutated DII/S6 to adopt the activated conformation is pre-
dicted to consequently promote activation of the domain II
voltage sensor in Nav1.7.
With domain III activating fastest (53) and domain II appar-

ently sharing a role in the early stages of activation, gating-

associatedmovements of domain I may occur later in the proc-
ess. Thus the DI/Y405V mutation would be expected to have
less impact thanDII/F960V orDIII/F1449Vmutations, as is the
case. If sufficient movement of DII/S6 or DIII/S6 does occur
initially, then the hydrophobic ring would be effectively dis-
rupted, and DI/Y405V would have a negligible effect on stabi-
lization of DI/S6 in the closed-state position. Consistent with
this view, the doublemutant F960V/F1449V produces a shift in
Nav1.7 activation similar to those of the individual
substitutions.
Sodium channel fast inactivation occurs when the tripeptide

IFM within the domain III–IV intracellular linker docks at its
receptor site, occluding the pore (57). The receptor site
includes hydrophobic residues of the S4–S5 linkers of domains
III and IV and the C-terminal half of DIV/S6 (58–60). The
DII/F960 and DIII/Phe-1449 residues might contribute to the
inactivation particle receptor site inNav1.7 or have an allosteric
effect on formation of this site, so that fast inactivation is altered
by DII/F960V and DIII/F1449V mutations. Interestingly, the
DIII/F1449V mutation appears to de-link activation and inac-
tivation (which are shifted in opposite directions), and this
effect is dominant in the double mutant channel over DII/F960
(Fig. 7B), which hyperpolarizes fast inactivation. Paradoxically,
DIII/F1449Y and DIII/F1449W produce large depolarizing
shifts in steady-state fast inactivation, suggesting that they favor
the Nav1.7 open state. The phenotype of DII/F960 mutant
channels suggests coupling of activation and inactivation rather

TABLE 1
Activation and steady-state fast-inactivation parameters of Nav1.7 channels with substitutions at the Phe-1449 position
Whole cell patch clamp recordings in transfected HEK 293 cells were used to measure current density, voltage dependence of activation and time to peak, and steady-state
fast inactivation of wild-type (WT) and mutant Nav1.7 sodium channels. The terminal residue, phenylalanine, in domain III segment 6 (DIII/F1449) was substituted by
valine (DIII/F1449V), leucine (DIII/F1449L), tyrosine (DIII/F1449Y), or tryptophan (DIII/F1449W). n is the number of cells analyzed for each parameter. Statistical
significance was tested using analysis of variance and two-sided Dunnett’s multiple comparison test as post-hoc analysis. All data are compared to WT and presented as
mean � S.E. pF, picofarads.

WT DIII/F1449V DIII/F1449L DIII/F1449Y DIII/F1449W
Capacitance (pF) 15.4 � 1.1 (n � 57) 14.1 � 1.1 (n � 13) 17.8 � 1.8 (n � 16) 20.7 � 4.6 (n � 15) 16.8 � 3.2 (n � 13)
Current density (pA/pF) 264.5 � 28.9 (n � 57) 228.6 � 45.6 (n � 13 165.1 � 40.1 (n � 16) 180.9 � 46.5 (n � 15) 114.1 � 18.3a (n � 13)
Activation V1⁄2 (mV) �10.89 � 0.78 (n � 53) �18.11 � 1.9b (n � 11) �7.73 � 2.13 (n � 15) �8.99 � 1.91 (n � 13) �10.83 � 0.92 (n � 9)
Slope factoract 9.54 � 0.26 (n � 53) 10.59 � 0.53 (n � 11) 9.81 � 0.48 (n � 15) 10.60 � 0.74 (n � 13) 9.55 � 0.71 (n � 9)
Time to peak at �10 mV (ms) 0.54 � 0.02 (n � 53) 0.41 � 0.02a (n � 11) 0.47 � 0.03 (n � 13) 1.07 � 0.1b (n � 13) 1.85 � 0.2b (n � 9)
Fast-inactivation V1⁄2 (mV) �78.8 � 0.7 (n � 56) �74.5 � 1.6 (n � 10) �77.6 � 1.3 (n � 10) �57.3 � 1.5b (n � 15) �65.0 � 1.7b (n � 14)
Slope factorinact 6.9 � 0.2 (n � 56) 7.2 � 0.2 (n � 10) 8.84 � 0.6b (n � 12) 8.0 � 0.9 (n � 15) 6.4 � 0.3 (n � 14)

a Significantly different compared to WT, p � 0.05.
b Significantly different compared to WT, p � 0.01.

TABLE 2
Effects of valine substitutions at the terminal aromatic residue of each S6 of Nav1.7
Whole cell patch clamp recordings in transfected HEK 293 cells were used to measure current density, voltage dependence of activation and time to peak, and steady-state
fast inactivation of wild-type (WT) andmutant Nav1.7 sodium channels. The terminal aromatic residue in S6, tyrosine in domain I and phenylalanine in domains II, III, and
IV, were substituted by valine: DI/Y405V, DII/F960V, DIII/F1449V, and DIV/F1752V. Data forWT andDIII/F1449V are fromTable 1. n is the number of cells analyzed for
each parameter. Statistical significance was tested using analysis of variance and two-sided Dunnett’s multiple comparison test as post-hoc analysis. All data are compared
to WT and presented as mean � S.E. pF, picofarads.

WT DI/Y405V DII/F960V DIII/F1449V DIV/F1752V F960V/F1449V

Capacitance
(pF)

15.4 � 1.1 (n � 57) 17.7 � 1.4 (n � 14) 16.2 � 1.8 (n � 17) 14.1 � 1.1 (n � 13) 17.3 � 2.6 (n � 13) 21.9 � 2.9 (n � 20)

Current density
(pA/pF)

264.5 � 28.9 (n � 57) 121.6 � 24.6a (n � 14) 279.0 � 47.1 (n � 17) 228.60 � 45.6 (n � 13) 199.2 � 52.7 (n � 13) 89.0 � 10.5b (n � 20)

Activation
V1⁄2 (mV)

�10.89 � 0.78 (n � 53) �9.5 � 1.36 (n � 12) �16.34 � 1.21a (n � 15) �18.11 � 1.9b (n � 11) �8.8 � 1.71 (n � 11) �15.47 � 1.68a (n � 17)

Slope factoract 9.45 � 0.26 (n � 53) 9.67 � 0.46 (n � 12) 9.71 � 0.31 (n � 15) 10.59 � 0.53 (n � 11) 9.64 � 0.32 (n � 11) 10.20 � 0.50 (n � 17)
Time to peak at

�10 mV (ms)
0.54 � 0.02 (n � 53) 0.46 � 0.04 (n � 9) 0.39 � 0.02b (n � 15) 0.41 � 0.02a (n � 11) 0.6 � 0.05 (n � 11) 0.41 � 0.03b (n � 14)

Fast-inactivation
V1⁄2 (mV)

�78.8 � 0.7 (n � 56) �78.5 � 1.8 (n � 10) �87.3 � 1.6b (n � 15) �74.5 � 1.6 (n � 10) �76.2 � 2 (n � 12) �75.7 � 1.8 (n � 12)

Slope factorinact 6.9 � 0.2 (n � 56) 7.5 � 0.8 (n � 10) 7.2 � 0.2 (n � 15) 7.2 � 0.2 (n � 10) 8.0 � 0.4 (n � 12) 7.8 � 0.40 (n � 12)
a Significantly different compared to WT, p � 0.05.
b Significantly different compared to WT, p � 0.01.
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than a contribution to the IFM peptide receptor site. DIV/
F1752V substitution, however, does not affect fast inactivation
of Nav1.7. Thus either F1752 does not contribute to the Nav1.7
inactivation particle receptor, or the F1752V substitution
retains sufficient hydrophobicity to maintain block of the pore
by interaction with the IFM tripeptide.
In conclusion, the F1449V erythromelalgia mutation of

Nav1.7 produces a hyperpolarizing shift in activation (13) that
has been shown to be a major driver of nociceptor hyperexcit-
ability (17), which underlies chronic pain. The homologymodel
and functional data implicate the S6 C-terminal aromatic resi-
dues in a putative hydrophobic block of Nav1.7 cytoplasmic

aperture. The present study provides a structural basis for gat-
ing changes that destabilize the closed state of the Nav1.7
channel.
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