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INTRODUCTION: The nine subtypes of mam-
malian voltage-gated sodium (Na,) channels,
Na,1.1 to Na,l.9, are responsible for the ini-
tiation and propagation of action potentials in
specific excitable systems, among which Na, 1.4
functions in skeletal muscle. Responding to
membrane potential changes, Na, channels
undergo sophisticated conformational shifts
that lead to transitions between resting, ac-
tivated, and inactivated states. Defects in Na,
channels are associated with a variety of neu-
rological, cardiovascular, muscular, and psy-
chiatric disorders. In addition, Na, channels
are targets for natural toxins and clinical
therapeutics.

Understanding the physiological and patho-
physiological mechanisms of Na, channels
requires knowing the structure of each con-
formational state. All eukaryotic Na, channels
comprise a single polypeptide chain, the o sub-

A tinker

unit, that folds to four homologous repeats I
to IV. Channel properties are modulated by
one or two subtype-specific B subunits. Cryo-
electron microscopy (cryo-EM) structures of
two Na, channels, one from American cock-
roach and the other from electric eel, were re-
solved in two distinct conformations. However,
the inability to record currents of either channel
in heterologous systems prevented functional
assignment of these structures. Structural elu-
cidation of a functionally well-characterized
Na, channel is required to establish a model
for structure-function relationship studies.

RATIONALE: After extensive screening for
expression systems, protein boundaries, chi-
meras, affinity tags, and combination with
subtype-specific 3 subunits, we focused on hu-
man Na,l.4 in the presence of 1 subunit for
cryo-EM analysis. The complex, which was

Structure of the human Na,1.4-p1 complex. Two perpendicular views are shown. Left: Side
view in ribbon cartoon. The VSDs are colored yellow, and the selectivity filter and supporting
helices P1 and P2 are colored light cyan. The IFM motif is shown as spheres, and the IlI-IV linker
is colored orange. The transmembrane segments in repeat IV are labeled. Right: Surface
presentation for the bottom view to highlight the intracellular gate and the cavity that
accommodates the IFM motif. The GDN molecule that penetrates the intracellular gate is

shown as thin sticks.
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transiently coexpressed in human embryonic
kidney (HEK) 293F cells with BacMam vi-
ruses and purified through tandem affinity
columns and size exclusion chromatography,
was concentrated to ~0.5 mg/ml for cryo-EM
sample preparation and data acquisition.

RESULTS: The cryo-EM structure of human
Na,1.4-B1 complex was determined to 3.2-A
resolution. The extracellular and transmembrane
domains, including the complete pore domain,
all four voltage-sensing domains (VSDs), and
the B1 subunit, were clearly resolved, enabling
accurate model building (see the figure).
The well-resolved Asp/

Glu/Lys/Ala (DEKA) res-
Read the full article idues, which are respon-
at http://dx.doi. sible for specific Na*
org/10.1126/ permeation through the
science.aau2486 selectivity filter, exhibit
identical conformations
to those seen in the other two Na, structures.
A glyco-diosgenin (GDN) molecule, the primary
detergent used for protein purification and cryo-
EM sample preparation, penetrates the intra-
cellular gate of the pore domain, holding it open
to a diameter of ~5.6 A. The central cavity of the
pore domain is filled with lipid-like densities,
which traverse the side wall fenestrations.

Voltage sensing involves four to six Arg/
Lys residues on helix S4 of the VSD. This
helix moves “up” (away from the cytoplasm)
in response to changes of the membrane po-
tential, and this opens the channel finally.
All four VSDs display up conformations. The
movement of the gating charge residues is
facilitated by coordination to acidic and polar
residues on S1 to S3. The improved resolution
allows detailed analysis of the coordination.

The fast inactivation Ile/Phe/Met (IFM) mo-
tif on the short linker between repeats III and
IV inserts into a hydrophobic cavity enclosed
by the S6 and S4-S5 segments in repeats III and
IV. Analysis of reported functional residues and
disease mutations corroborates our recently
proposed allosteric blocking mechanism for
fast inactivation.

CONCLUSION: The structure provides im-
portant insight into the molecular basis for
Na* permeation, electromechanical coupling,
asynchronous activation, and fast inactivation of
the four repeats. It opens a new chapter for
studying the structure-function relationships of
Na, channels, affords an accurate template to
map mutations associated with diseases such as
myotonia and periodic paralysis hyperkalemic,
and illuminates a path toward precise under-
standing and intervention with specific Na,
channelopathies.

The list of author affiliations is available in the full article online.
*These authors contributed equally to this work.
tCorresponding author. Email: nyan@princeton.edu
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Voltage-gated sodium (Na,) channels, which are responsible for action potential
generation, are implicated in many human diseases. Despite decades of rigorous
characterization, the lack of a structure of any human Na, channel has hampered mechanistic
understanding. Here, we report the cryo—electron microscopy structure of the human
Na,1.4-B1 complex at 3.2-A resolution. Accurate model building was made for the pore domain,
the voltage-sensing domains, and the g1 subunit, providing insight into the molecular basis for
Na* permeation and kinetic asymmetry of the four repeats. Structural analysis of reported
functional residues and disease mutations corroborates an allosteric blocking mechanism
for fast inactivation of Na, channels. The structure provides a path toward mechanistic
investigation of Na, channels and drug discovery for Na, channelopathies.

he physiological significance of voltage-

gated sodium (Na,) channels is underscored

by their primary function in governing

membrane excitability (7-5). More than

1000 point mutations have been identified
in human Na, channels associated with neuro-
logical, cardiovascular, muscular, and psychiatric
disorders such as epilepsy, arrhythmia, muscle
paralysis, pain syndrome, and autism spectrum
disorder (6-9). Na, channels represent major
targets for a variety of natural toxins and clin-
ical therapeutics (10-12).

In human, there are nine subtypes of Na,
channels, Na,1.1 to Na,1.9 (fig. S1) (13). Na,1.1,
Na,1.2, Na,1.3, and Na,1.6 primarily function
in the central nervous system. Na,1.4 and Na,1.5
work in skeletal muscle and heart, respective-
ly, and Na,1.7, Na,1.8, and Na,1.9 are mainly
found in the peripheral nervous system. The
ion-conducting core subunits (o subunits) are
sufficient for voltage-dependent ion permeation;
however, membrane trafficking and channel prop-
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erties are modulated by one or two B subunits
among four subtypes, 1 to B4 (14).

Na, channels belong to the voltage-gated ion
channel (VGIC) superfamily (75). Unlike most
VGIC members that are homotetramers, eukary-
otic Na, channels comprise a single polypeptide
chain of about 2000 residues that folds to four
homologous but nonidentical repeats (repeats I to
IV) (16). Each repeat contains six transmembrane
segments (S1 to S6), among which S1 to S4 con-
stitute the voltage-sensing domain (VSD), S5 and
S6 from the four repeats together enclose the pore
domain, and the sequences between S5 and S6
form the extracellular domains, the selectivity
filter (SF), and the SF-supporting helices P1 and
P2. Compared to Ca, and K, channels, Na, chan-
nels have a highly asymmetric SF. Four distinct
residues, Asp/Glu/Lys/Ala (DEKA), at correspond-
ing locus in the SF of each repeat confer Na*
selectivity (fig. S1) (17, 18).

A simplified diagram of the working cycle of
Na, channels is featured with transitions be-
tween resting, activated, and inactivated states
(19). VSDs undergo conformational shifts in re-
sponse to membrane potential changes, leading
to the opening and closing of the pore domain
(20, 21). Repetitively occurring basic residues
Arg/Lys on the S4 segment, which represent the
molecular basis for “gating charges” (GCs), are
responsible for voltage sensing (16, 22, 23). At
resting potential, the GC residues are attracted to
the cytoplasmic side, and the pore domain is
closed. Upon membrane depolarization, the out-
ward movement of GC results in pore opening
through a process known as electromechanical
coupling (24).

19 October 2018

Upon activation, Na, channels immediately
undergo fast inactivation, a critical mechanism
that ensures recurring generation of action po-
tentials. Decades of characterization have estab-
lished the III-IV linker to be a key element for
fast inactivation. The hydrophobic cluster Ile/
Phe/Met (IFM) at the N terminus of the III-IV
linker was defined as the fast inactivation motif
(25-29). The binding site for the inactivation
motif was less well understood, except that mu-
tations on the S4-S5 linkers and S6 segments in
repeats IIT and IV led to altered Kinetics of fast
inactivation (30, 31I).

Understanding the physiological and patho-
physiological mechanism of Na, channels re-
quires structural elucidation of a channel in
multiple functional states. In contrast to their
foundational status in modern biophysics, the
structural study of eukaryotic Na, channels lagged
behind other VGIC members (32-35). The pseudo-
symmetry, heavy posttranslational modifications,
and medium molecular weight make Na, chan-
nels one of the most challenging targets for both
x-ray crystallography and electron cryo-electron
microscopy (cryo-EM) analyses.

The eukaryotic Na, channels were structur-
ally unveiled in 2017. The cryo-EM structures of
Na,PaS, a subtype from American cockroach,
and EeNa,1.4, a prototypal Na, channel from
electric eel, were determined to resolutions of
3.8 and 4.0 A, respectively, in different confor-
mations (36, 37). In the structure of Na,PaS,
the intracellular gate is tightly closed and the
side walls are sealed without fenestrations,
reminiscent of what is expected for the resting
state. However, the VSDs exhibit “up” confor-
mations but are distinct from fully activated
conformations. Meanwhile, the III-IV linker is
sequestered by the globular C-terminal domain
(CTD), unlikely to be able to execute its in-
activating function. In contrast, the structure
of EeNa,1.4 exhibits the following features.
(i) The intracellular gate is held unsealed by
a digitonin-like molecule. (ii) Whereas side
groups could not be assigned for VSDs in re-
peats I and II, the well-resolved VSDy and VSDyy
are both up. (iii) The IFM motif is positioned in
the corner enclosed by the S6 segments and the
S4-S5 linkers in repeats III and IV.

Despite the conformational distinctions, func-
tional states cannot be defined for the two
structures in the absence of other reference
structures. In addition, the inability to record
Na,PaS and EeNa,l.4 channel currents in het-
erologous systems prevents functional character-
ization of the structures. Therefore, structural
determination of a functionally well-characterized
Na, channel is required to establish a model for
structure-function relationship studies.

Results

Protein generation and structural
determination of the human
Na,1.4-81 complex

The bottleneck for cryo-EM analysis of any hu-
man Na, channel is the production of well-
behaved recombinant proteins and preparation
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of cryo-samples. We have exploited different
eukaryotic expression systems for all nine sub-
types of human Na, channels and screened a
variety of boundaries, internal truncations,
chimeras, affinity tags, and combination with 8
subunits (38). The expression level of Na,1.4, a
functionally well-defined subtype (39-41), was
higher than that of the other isoforms. Na,1.4
has been extensively investigated with multiple
biophysical approaches for functional and mech-
anistic characterization (42-46). We therefore
focused on Na,1.4 for further optimization of
protein production and purification.

The channel properties of the overexpressed
human Na,l1.4, with or without the subtype-
specific f1 subunit, are consistent with previous
reports (fig. S2) (47, 48). When coexpressed with
the human B1 subunit, ~20 to 30 ug of purified
protein can be obtained from 12 liters of human
embryonic kidney (HEK) 293F cells by transient
plasmid expression. The expression level was
doubled when BacMam viruses were used to
transiently coexpress the complex in HEK293F
cells (49). The protein behaved relatively well
upon size exclusion chromatography (Fig. 1A).

Although the preliminary negative staining
EM analysis showed intact particles, the pro-
teins were prone to aggregation under cryo-
conditions. After another round of systematic
screening, we obtained optimal cryo-samples.
Details of the purification are in Materials and
methods. Briefly, the full-length wild-type human
Na,1.4 was tandemly tagged with twin strep and
FLAG on the N terminus. The Na,1.4-f1 complex
was extracted using 1% (w/v) n-dodecyl-B-p-
maltopyranoside supplemented with 0.2% (w/v)
cholesteryl hemisuccinate and subsequently
purified in the presence of 0.06% (w/v) glyco-
diosgenin (GDN; Anatrace). After tandem affinity
purification and size exclusion chromatography,
the presence of the complex was confirmed by
mass spectrometric analysis.

Details of cryo-grid preparation, data acquisi-
tion, and structural determination can be found
in Materials and methods. Out of ~1.7 million
particles collected on a Titan Krios electron mi-
croscope equipped with Cs corrector, Gatan K2
Summit detector, and GIF Quantum energy fil-
ter, a total of 191,936 particles were selected to
yield an EM map with the overall resolution of
3.2 A according to the gold standard Fourier
shell correlation (FSC) 0.143 criterion (Fig. 1,
B to F; figs. S3 and S4; and table S1). Nearly all
the extracellular and transmembrane sequences
are well resolved except for residues 287 to 335,
an extracellular segment between S5; and S6;
(where “I” indicates repeat I) that is least con-
served between Na,1.4 and the other eight sub-
types (fig. S1).

Overall structure of the
Na,1.4-81 complex

In total, 1311 side chains were built for the hu-
man Na,1.4-p1 complex (table S1). The over-
all structure is nearly identical to that of the
EeNa,1.4-B1 complex, with a root mean square
deviation of 0.955 A over 1111 Co atoms. Even

Pan et al., Science 362, eaau2486 (2018)

the glycosylation sites completely overlap, high-
lighting the evolutionary conservation (fig. S5).
Nevertheless, the markedly improved resolution
enabled more accurate model building for de-
tailed analysis of the functional entities such
as the SF and all four VSDs (Fig. 2, A and B,
and fig. S4). In addition, densities correspond-
ing to four phospholipids are found attached to
the pore domain. Three additional linear den-
sities traverse the fenestrations on three sides
of the pore domain and fill up the central cav-
ity (Fig. 2A and fig. S6).

The common structural features between
Na,1.4-B1 complexes from human and electric
eel include the interactions between p1 and
Na, 1.4 (Fig. 2A and fig. S5), the acidic residue-
enriched and multiple disulfide bond-stabilized
extracellular loops above the pore domain (Fig. 2B),
and a detergent molecule-penetrated intracellu-
lar gate (Fig. 2, C and D, and fig. S6A). This
density, which can now be perfectly docked with
a GDN molecule, is plugged into the intracellular

gate of Na,1.4, holding the intracellular gate
open to a radius of 2.8 A, slightly wider than
that in EeNa,1.4 (Fig. 2, C and D, and fig. S6B).
Because these features have been illustrated in
detail for EeNa,1.4 (37), we will not elaborate
on them in this study. Instead, we will focus on
the SF and the VSDs, which are now elucidated
to near-atomic resolution.

The asymmetric SF

In Na, channels, the sieve on the extracellular
side for ion permeation, or the high-field strength
site (50), consists of an outer negative ring con-
stituted by Asp/Glu residues on the first turn of
the P2 pore helix in each repeat, the signature
DEKA motif, and a wide inner site enclosed by
eight carbonyl oxygens (36). The DEKA motif
(Asp*®®/GIu™"/Lys™**/Ala™®*®) was reliably resolved
in the EM reconstruction for human Na, 1.4 with
alocal resolution of up to 2.8 A (Figs. 1F and 3A).

The outer acidic residue Asp or Glu is sep-
arated from the corresponding locus of the DEKA
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Fig. 1. Cryo-EM analysis of the human Na,1.4-1 complex. (A) Last step purification of
recombinantly expressed Na,1.4-Bl complex. A representative chromatogram of gel filtration
purification is shown. The indicated fractions were resolved by SDS—polyacrylamide gel electropho-
resis followed by Coomassie blue staining. The presence of Bl, although invisible on the gel, was
confirmed by mass spectrometric analysis. (B) Representative electron micrograph of the
Na,1.4-B1 complex. Characteristic particles in distinct orientations are highlighted by green circles.
(C) Representative 2D class averages of Na,1.4-l particles. Scale bar, 10 nm. (D) Angular
distribution of the final reconstruction. Each column represents one view, and the size of the column
is proportional to the number of particles in that view. (E) EM map for the human Na,1.4-1 complex.
The map is generated in Chimera (83). (F) Overall resolution of 3.2 A. Left: Local resolution map
calculated with Relion 2.0. Middle: Gold standard FSC curve for the 3D reconstruction. Right:

FSC curves of the refined model versus the overall 3.2-A map that it was refined against (black), of
the model refined in the first of the two independent maps used for the gold standard FSC versus
that same map (red), and of the model refined in the first of the two independent maps versus
the second independent map (green). The small difference between the red and green curves
indicates that the refinement did not suffer from overfitting. UV, ultraviolet.
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motif by two residues in repeats I, II, and IV, and
three in repeat III. Yet, the SF segment in repeat
II is one residue shorter than those in the other
repeats, with the invariant Trp immediately fol-
lowing Glu instead of being separated by one
residue (fig. S1). Consequently, Glu™* and Asp'*®
are aligned above E and K in repeats II and
111, respectively, whereas Glu*® in repeat I and
Asp™® in repeat IV are shifted aside by about
120° (Fig. 3B). This spatial arrangement creates
additional asymmetry at the entrance to SF (Fig. 3,
B and C). The carboxylate groups of Glu™* on
P2;; and DE (Asp**®/Glu™" in hNa,1.4) are clus-
tered to constitute a highly electronegative site,
which we referred to as the DEE site (Fig. 3C). A
Na* ion is coordinated by DEE in a 2.6-A cryo-
EM structure of Na,PaS (51), but no density is
observed inside or adjacent to the SF vestibule
in the EM map for human Na,1.4.

Nearly half a century ago, Hille suggested that
the cross-section of the constriction in Na, chan-
nels is about 3 A by 5 A (52), which can now be
explained by the structure. The distance between

VSDi

the amine of K (Lys'>**) on repeat III and the
opposing carbonyl oxygen of D (Asp*®®) on re-
peat I is ~3.5 A and marks the constriction point
along the permeation path (Figs. 2D and 3D),
whereas the distance of the corresponding loci
on repeats II and IV is longer (Fig. 3D).

In our recent molecular dynamics (MD) sim-
ulation analysis of Na,PaS, the side chains of
DEE residues remain relatively rigid during Na*
penetration (53). The well-resolved local den-
sities show that both Glu™" and Glu™* are stab-
ilized by the guanidinium group of an adjacent
invariant Arg™® on the P2;; helix (Fig. 3D, left).
The electronegative surface of the extracellular
loops and the outer mouth to the SF vestibule
can effectively attract cations and repel anions
(Fig. 3E). Once cations are drawn to the outer
vestibule of the SF, they are likely driven to the
DEE site owing to electrostatic attraction (Fig. 3,
C to E). The geometric arrangement of the three
carboxylate groups of DEE and the dimension of
the constriction site may collectively confer Na*
selectivity (53).

Intracellular view

The four VSDs exhibit up conformations

The voltage-dependent movement of GC res-
idues is facilitated by a number of conserved
acidic and polar residues exemplified by two
residues on S2 (designated Anl and An2) and
one invariant Asp on S3 segments (54-57). An2
and a cyclic hydrophobic residue on S2 and the
S3-Asp were functionally defined as the charge
transfer center (CTC) (fig. S1) (568). Structure-
based sequence alignment of the four VSDs in
human Na,1.4 shows that the corresponding
segments of S2 to S4 in the four domains have
different lengths (Fig. 4A). For instance, there
are six helical turns in S4; and S4¢;, and seven
in S4q;; and S4qy. The number of GC residues
varies from four to six in the four VSDs (Fig. 4A).
‘We defined the one on the last intracellular heli-
cal turn of S4 as the sixth GC (36, 37, 59). There
are four GC residues (R2 to R4 and K5) in VSDy,
five (R2 to R4, K5, and K6) in VSDy, five (K1 and
R2 to R5) in VSDyy, and six (R1 to R5 and R/K6)
in VSDyy. In addition, an Arg is positioned four,
instead of three, residues away from R5 in VSDyyy

w0
o
—

Distance along permeation path (A)
S
o

w
o
T

N
o
T

N
o
T

hNav1.4
EeNav1.4
NavPaS

Fig. 2. Structure of the human Na,1.4-1 complex. (A) The extracellular
and transmembrane regions of the Na,1.4-B1 complex are clearly
resolved. The structure is domain colored. The glycosyl moieties are
shown as sticks. The same side view is shown in cartoon (left) and surface
(right) representations. (B) The extracellular surface of the pore domain
is highly electronegative. The surface electrostatic potential is calculated in
PyMOL (87). (C) The intracellular gate of Na,1.4 is kept unclosed. The
IFM fast inactivation motif is shown as spheres, and the IlI-IV linker
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is colored orange. Inset: Intracellular gate. Detailed analysis of the
hydrophobic intracellular gate that is penetrated by a GDN molecule is
presented in fig. S6B. (D) The SF marks the constriction site along the
permeation path in the pore domain. The permeation path, calculated

by HOLE (88), is illustrated by purple dots in the left panel. The
corresponding pore radii of human Na,1.4 (purple), EeNa,1.4 (blue),

and Na,PaS (orange) are compared in the right panel. All structure figures
were prepared in PyMOL. Ig, immunoglobulin.
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of Na,1.1 to Na,1.8 (Fig. 4A and fig. S1). As the
sequences of each corresponding VSD in the
nine Na, subtypes are highly conserved, the ob-
served VSD structures in human Na,1.4 are
likely shared by all mammalian Na, channels
(fig. S1).

In the present Na,l.4 structure, the S4 seg-
ment harboring R2 to R6 is a 3y helix in all
four VSDs, while the Rl-carrying segment is re-
laxed to an o helix in VSDs III and IV (Fig. 4B).
When individual VSDs are superimposed rela-
tive to the CTC, the height of the Co atoms of
corresponding GCs is III > I > IV > II (Fig. 4B
and fig. S7). In all four VSDs, GCs R/K1 to R4
are above the occluding aromatic Tyr/Phe on
S2. R5 in I, II, and IV is below the occluding
residue and coordinated by the acidic residues in
CTC, whereas R5 in VSDyy; is at a similar height
to Phe'®™, forming n-cation interaction (Fig. 4C
and fig. S7). In total, 15 amine or guanidinium
groups in the four VSDs—3 each in VSD; and
VSDyy, 5 in VSDyyy, and 4 in VSDyy—are on the
extracellular side of the occluding Phe/Tyr (Fig. 4C
and fig. S7). Although the VSDs appear in differ-
ent up conformations, their functional states
cannot be defined in the absence of reference
structures in other conformations, such as the
resting state.

The improved resolution allows detailed anal-
ysis of the coordination of GCs in each VSD. The
interactions between GCs and Anl and CTC are
presented in detail in Fig. 4C and fig. S7 and
will not be enumerated here. It is noteworthy
that several conserved polar or acidic residues
on the corresponding loci of S1, which have been
less characterized before, also participate in the
coordination of GCs (Fig. 4, A and C). In VSDs
II to IV, an invariant Glu on the extracellular tip
of S1 interacts with R2, while a polar residue in
the middle of S1 (Ser in VSD;;; and Asn in the
other three VSDs) coordinates R4. On the intra-
cellular tip of S1, an invariant Asp (Asp®® in VSDy
and Asp'*® in VSDyy) interacts with K6/R6, and a
Glu (Glu'*) interacts with the C-terminal Arg™*?
in VSDyy; (Fig. 4C). The intracellular locus on S1;
is occupied by Ser or Asn (Fig. 4A and fig. S1),
which is not involved in the interaction with S4
residues in the present structure, but may par-
ticipate in GC coordination in other functional
states.

The varied numbers and chemical character-
istics of GCs (Lys versus Arg) and charge transfer
facilitating residues (D/E/N/S) will naturally result
in distinct affinities between S4 and surrounding
elements in different VSDs, thereby providing the
molecular basis for asynchronous movements
of the VSDs during voltage-dependent activa-
tion (42, 60). In addition, the distinct interface
between each VSD and the pore domain further
contributes to the functional asymmetry of the
four repeats and adds to the complexity in dis-
secting the electromechanical coupling mecha-
nism of Na, channels (fig. S8) (42, 60).

Structural basis for fast inactivation

In the cryo-EM structures of Na,PaS and Ca,1.1,
the III-IV linker is both sequestered by the glob-

Pan et al., Science 362, eaau2486 (2018)
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Fig. 3. The asymmetric SF. (A) All the residues that constitute the SF are well resolved in Na,1.4.
The densities, shown as blue mesh, are contoured at 5 . The signature DEKA residues are labeled
dark red. (B) Superimposition of the P1-SF-P2 segments from the four repeats. DEKA motif and
the residues that constitute the outer negative ring are shown as sticks. (C) Structure of the

SF. A top view is shown on the left, and a side view with repeat IV omitted is shown on the right.
Asp*©® and GIu”®! in the DEKA motif and Glu’®* on P2, form a favorite Na* binding site, designated
the DEE site, consistent with the observation in the structure and MD simulation of Na,PaS (51, 53).
(D) Asymmetric SF vestibule. The densities for the residues that constitute the SF vestibule are
contoured at 5 . An extracellular view (left) and two side views of diagonal repeats (right) are
shown. (E) Potential Na* permeation path. A cut-open side view of the surface electrostatic potential

of the SF vestibule is shown.

ular CTD (36, 59), offering a structural basis for
the observed functional importance of the CTD
in inactivation (61-63). However, neither Na,PaS
nor Ca,1.1 has the IFM motif. In the structure of
EeNa,1.4, the III-IV linker is repositioned rela-
tive to Na,PaS and Ca,l1.1, and the IFM motif is
plugged into the corner between the S6 and the
S4-S5 segments in repeats III and IV. On the
basis of the conformational changes between
Na,PaS and EeNa, 1.4, we postulated an alloste-
ric blocking mechanism wherein the IFM motif
does not directly block the pore but pushes pore
closure by squeezing into the space between the
S6 helical bundle and the S4-S5 restriction ring
(37). Nonetheless, the moderate resolution of
the EeNa,1.4 structure limited analysis of local
interactions.

The IFM motif and surrounding residues
were unambiguously resolved in human Na,1.4
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(Fig. 5, A and B). Midway between the intra-
cellular gate and VSDyy, the S4-S5 and S6 seg-
ments in repeats III and IV together with S5n,
enclose a hydrophobic cavity (Fig. 5A). The aro-
matic ring of Phe'" inserts deeply into the
cavity, whereas I1e’° and Met'®'? buttress the
interaction by binding to the edges of the cav-
ity (Fig. 5, A and B). This structural feature is
consistent with mutagenesis of the IFM maotif,
which showed that the single point mutation
of Phe to GIn had a more pronounced effect on
fast inactivation than mutation of either Ile or
Met (29).

The III-IV helix that follows the IFM motif
interacts extensively with S4-S5y through van
der Waals contacts (Fig. 5, C and D). Mutations
of Phe'*”, Met'*", and Met"*"” on S4-S5ry, which
are mapped to the interface with the III-IV linker,
resulted in fast inactivation defects (64, 65). In
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addition, Asn**®* on S5,y is hydrogen bonded

to both the side group of GIn'! on the first
helical turn of the III-IV helix and the carbonyl
oxygen of Phe™®™. Mutation of the corresponding
Asn to Ala in rat Na,1.2 completely abolished fast
inactivation (65). Ala substitution or mutation of
hydrophobic residues to polar residues would
disrupt or weaken the association between the
III-IV linker and the involved segments. There-
fore, these mutagenesis characterizations provide
strong support for the critical role of the struc-
turally revealed interface in fast inactivation.

Structural analysis of disease mutations

Near-atomic resolution structures of human Na,
channels can provide accurate templates to an-
alyze disease-related mutations (table S2), thereby
illuminating a path toward precise understand-
ing and intervention with specific Na, channe-

A S1

VSDi RRGAIKVLIHALFSMFIMITILTNCVFMTIMSDPPP

lopathies. More than 70 mutations have been
identified in human Na, 1.4 associated with dif-
ferent forms of myotonia and periodic paralysis
hyperkalemic (Fig. 6 and table S2). Structural
mapping identified several hotspots for disease
mutations, several of which are discussed below
(Fig. 6).

GC residues represent important hotspots in
all Na, channels owing to their fundamental
role in voltage sensing and electromechanical
coupling (8). Only mutations of upper GC resi-
dues R1 to R4, but not R5 or R6 in Na,1.4, are
found in several types of disease (Fig. 6). Although
GC-interacting residues also affect voltage-
dependent movements of S4, only one disease
mutation D1I069N (Anl in VSDyy) was discovered
(Fig. 6C).

Another hotspot is related to fast inactivation.
Some pathogenic mutations were characterized

S2
-------- WSKNVEYTFTGIYTFESLIKILARGFC 182

VSDi KNIIHLIVMDPEVDLGITICIVLNTLFMAMEHYPMT--EHFDNVLTVGNLVETGIFTAEMVLKLIAM--—
VSDu RRACFKIVEHNWFETFIVFMILLSSGALAFEDIYIEQRRVIRTILEYADKVETYIFIMEMLLKWVAY--~

632
1087
1407
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n \n
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VSDu GFKVYFT-NAWCWLDFLIVDVSIISLVANWLGYSE
VSDv --RQYYFTVGWNIFDFVVVILSIVGLALSDLIQKY.

S4 S4-S5
——————— SALRTFRVLRALKTITVIPGLKTIVGAL 243
——————— SVLRSFRLLRVFKLAKSWPTLNMLIKII 693
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Fig. 4. Molecular basis for the functional asymmetry of the VSDs. (A) Structure-based

sequence alignment of the four VSDs in human N

a,1.4. The VSDs are superimposed in PyMOL, and

the resulting sequence alignment is shown. The CTC, GC residues, and the conserved polar or acidic

residues on S1 that coordinate GCs are highlighte

d with blue or red colors. The boundaries for the

S1 to S4 helices are shaded gray. (B) All four VSDs exhibit up conformations. Top: The four VSD
structures are superimposed relative to CTC and Anl on S2. Bottom: The corresponding GC residues
in the four VSDs are at different heights relative to the CTC. The Ca atoms of the GC residues are
shown as spheres. (C) Distinct interior compositions of the four VSDs. The GC residues on S4 and

their coordinating residues on S1to S3 are shown a
by red dashed lines. The polar residues on S1 that
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s sticks. The electrostatic interactions are indicated
may facilitate charge transfer are labeled red.
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to cause inactivation defects, such as A1152D
(66, 67), G1306—A/E/V (68, 69), and T1313M
(70). Ala"®? is a residue in the hydrophobic
cavity and directly interacts with I1e**'° and
Phe'®™ (Fig. 5B). Gly*>% is located at the sharp
turn between S6;;; and the IFM motif. Substi-
tution of Gly with side groups may alter the sec-
ondary structure. Thr'**® immediately follows the
IFM motif. It contributes to the polar interaction
between GIn'*'® on the III-IV helix and Asn™*®*
on S5y (Fig. 5, C and D). The mutation A1481D is
responsible for cold-induced myotonia (77). Ala is
mapped to S4-5ry, in direct contact with both
Phe™®™ and Met' (Fig. 5, B and D). The struc-
ture thus provides a molecular interpretation for
the inactivation defects, and these disease muta-
tions, in turn, serve as evidence for the allosteric
blocking mechanism suggested based on the
structure (8).

Conclusions

Structural determination of an intact human
Na, channel to near-atomic resolution opens a
new chapter for studying the structure-function
relationships of these channels, which are of
remarkable physiological and pathophysiological
significance. The structure bridges the large body
of experimental and clinical data accumulated in
the past seven decades to future structure-based
mechanistic investigations, drug discovery, and
protein engineering. The methods for protein
generation and data processing of human Na,1.4
could also inform the cryo-EM structural analy-
sis of other Na, subtypes.

The transitions between voltage-dependent
working states of Na, channels entail compli-
cated conformational changes and rearrange-
ment of interactions between adjacent or even
distant structural elements through direct or
allosteric effects. It is impossible to fully interpret
functional and mutational observations based on
one structure. It is thus important to elucidate
the structures of a specific channel in distinct
functional states. In this regard, structural res-
olution of the functionally well-defined Na,1.4
represents an exciting start point to eventually
unveil the choreography of voltage-dependent
electromechanical coupling of Na, channels
by means such as mutagenesis and ligand
interference.

Materials and methods
Transient coexpression of human
Na, 1.4 and p1

The optimized coding DNAs for human Na,1.4
(Uniprot: P35499) and Bl (Uniprot: Q07699)
were cloned into the pEG BacMam vector (49),
with tandem twin Strep-tag and FLAG tag at the
N terminus of Na,1.4. The BacMam viruses were
produced and amplified in Sf9 cells (Invitrogen).
The HEK293F cells (Invitrogen) were cultured in
SMM 293T-I medium (Sino Biological Inc.) sup-
plemented with 5% CO, in a Multitron-Pro
shaker (Infors, 130 r.p.m.) at 37°C. When cell
density reached 4 x 10° cells per m], the culture
was diluted to 2 x 10° cells per ml with fresh me-
dium and transfected with the P2 (the second
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Fig. 5. An allosteric blocking mechanism for fast inactivation. (A) The
fast inactivation IFM motif inserts into a hydrophobic cavity enclosed

by the S4-S5 and S6 segments in repeats Il and IV. An intracellular

view of the electrostatic surface potential is shown to highlight

the hydrophobic cavity. Inset: The intracellular gate is indicated by

green circle. (B) Accommodation of the IFM motif. The density for the
IFM motif, shown as blue mesh, is contoured at 5 . (C) Extensive
interactions between the IlI-IV motif and adjacent elements. The residues

that were previously identified to be important for fast inactivation and
those involved in polar interactions are labeled brown and blue,
respectively. (D) Structural analysis of disease mutations that cause
fast inactivation defects. An intracellular view is shown. The residues
whose mutations are found in various types of myotonia are

colored and labeled red. The residues that were characterized to

be involved in fast inactivation are colored blue. IFM residues are
shown as ball and sticks.

passage) BacMam viruses of Na,l.4 and B1, each
at 25 ml per liter cell culture. Sodium butyrate
was added to the cell culture at a final concentra-
tion of 10 mM to facilitate protein expression.
Transfected cells were cultured for 48 hours
before harvesting.

Purification of the Na,1.4-81 complex

For each batch of protein purification, 12 liters
of transfected cells were harvested by centrif-
ugation at 800 g and resuspended in lysis buffer
containing 25 mM imidazole, pH 5.9, and 150 mM
NaCl. The suspension was supplemented with
1% (w/v) n-dodecyl-B-p-maltopyranoside (DDM,
Anatrace), 0.2% (w/v) cholesteryl hemisuccinate
Tris salt (CHS, Anatrace), 0.001% (w/v) dodecyl
sulfate sodium salt (SDS, BIO-RAD), and protease
inhibitor cocktail including 2 mM phenylmethyl-
sulfonyl fluoride (PMSF), 6.5 ug/ml aprotinin,
3.5 ug/ml pepstatin, and 25 ug/ml leupeptin.
After incubation at 4°C for 3 hours, the solu-
tion was ultra-centrifuged at 200,000 g for
30 min, and the supernatant was applied to
anti-Flag M2 affinity resin (Sigma) by gravity at
4°C. The resin was rinsed four times with the
W buffer, which contains 25 mM imidazole pH
5.9, 150 mM NaCl, 0.06% (w/v) glyco-diosgenin

Pan et al., Science 362, eaau2486 (2018)

(GDN, Anatrace), 0.001% SDS, and the protease
inhibitor cocktail. The target proteins were
eluted with W buffer plus 200 pg/ml FLAG pep-
tide (Sigma). The eluent was then applied to
Strep-Tactin Sepharose (IBA) and the purifica-
tion protocol was similar to the previous step
except that the elution buffer was W buffer plus
2.5 mM p-desthiobiotin (IBA). After incubation
at 4°C overnight with addition of GDN to a final
concentration of 0.12%, the eluent was then
concentrated using a 100-kDa cut-off Centricon
(Millipore) and further purified by Superose-6
column (GE Healthcare) also in the W buffer.
The presence of the complex was confirmed by
mass spectrometry.

Whole-cell electrophysiology

The DNAs of Na,1.4 and 1 were cloned into the
PCAG vector (72). The HEK293T cells, which were
cultured in Dulbecco’s Modified Eagle Medium
(DMEM, Gibco) supplemented with 4.5 mg/ml
glucose and 10% (v/v) fetal bovine serum (FBS,
Gibco), were co-transfected with the expression
plasmids for Na,1.4, with or without 1, and an
eGFP-encoding plasmid when cell confluency
reached 50%. After incubation at 37°C under
5% CO, for 24-48 hours, the cells were treated

19 October 2018

with 0.05% trypsin (Gibco) and transferred to
poly-p-lysine (Sigma)-coated 10 mm cover slips
for electrophysiological characterizations.

Sodium currents were recorded using Axon
200B amplifier with Clampex10.6 software and
glass micropipettes (3-4 MQ) in HEK293T cells.
For recording the voltage-dependent currents as
well as the activation and inactivation currents,
the electrodes were filled with the internal so-
lution composed of (in mM) 40 CsCl, 10 NaCl,
10 EGTA, 10 HEPES, 105 CsF, pH 7.3 with CsOH.
The extracellular solution contained (in mM)
130 NaCl, 4 KCl, 1 MgCl,, 1.5 CaCl,, 5 p-Glucose
monohydrate, 5 HEPES, pH = 7.4 with NaOH.
The TTX and STX inhibition currents were re-
corded in the same buffer with indicated con-
centrations of TTX and STX in the extracellular
solution.

The voltage dependence of ion current was
analyzed using a protocol consisting of steps
from a holding potential of —-90 mV to voltages
ranging from -100 to 100 mV for 50 ms in
10 mV increment. In the I-V curves, the currents
were normalized with the maximum and plotted
against the voltage.

To measure the voltage dependence of ac-
tivation, the cells were held at —-90 mV, and
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Fig. 6. Structural mapping of disease mutations in human Na,1.4. (A to D) For better visual
effect, one repeat and its interacting pore-domain elements from the adjacent repeat are shown
in each panel. The disease-related residues are shown as sticks and color coded for a specific
type of disease. PMC, paramyotonia congenita of von Eulenburg; HOKPP2, periodic paralysis
hypokalemic 2; HYPP, periodic paralysis hyperkalemic; NKPP, normokalemic periodic paralysis;
MYOSCN4A, myotonia SCN4A-related; CMS, myasthenic syndrome, congenital; GEFS+1,
generalized epilepsy with febrile seizures plus 1. Details of the disease-associated mutations are

presented in table S2.

pre-pulsed at —120 mV for 200 ms. Sodium cur-
rent was elicited by a stepped depolarization test
voltage pulsed from —-80 mV to 80 mV for 50 ms
with an increment of 5 mV. For the conductance
calculation, the equation, G = I/(V - Vr), where
Vr (the reversal potential) represents the voltage
at which the current is zero, was used. The cal-
culated conductance was normalized and plotted
against the voltage from —80 mV to 0 mV.

For the voltage dependence of inactivation,
the cells were clamped at a holding potential
of -90 mV, and were applied to step pre-pulses
from -100 mV to 40 mV for 1000 ms with an
increment of 5 mV. The sodium current was then
recorded at the test pulse of 0 mV for 50 ms. The
peak currents under the test pulses were normal-
ized and plotted against the pre-pulse voltage.

Cryo-EM data acquisition

Aliquots of 3.5 ul of freshly purified Na,1.4-
B1 complex, concentrated to approximately
0.5 mg/ml, were placed on glow-discharged holey

Pan et al., Science 362, eaau2486 (2018)

carbon grids (Quantifoil Au 300 mesh, R1.2/1.3).
Grids were blotted for 3.5 s and flash-frozen in
liquid ethane cooled by liquid nitrogen using
Vitrobot Mark IV (Thermo Fisher). Prepared grids
were subsequently transferred to a Titan Krios
electron microscopy (Thermo Fisher) operated
at 300 KV and equipped with Cs corrector, Gatan
K2 Summit detector, and GIF Quantum energy
filter. A total of 8,009 movie stacks were auto-
matically collected using AutoEMation (73) with
a slit width of 20 eV on the energy filter and a
preset defocus range from -1.8 ym to -1.5 pm
in super-resolution mode at a nominal magni-
fication of 105,000 X. Each stack was exposed
for 5.6 s with the exposing time of 0.175 s per
frame, resulting in 32 frames per stack. The
total dose rate was 48 e /A2 for each stack. The
stacks were motion corrected with MotionCor2
(74) and binned 2 fold, resulting in a pixel size
of 1.091 A/pixel. Meanwhile, dose weighting
was performed (75). The defocus values were
estimated with Gctf (76).

19 October 2018

Image processing

A diagram of data processing is presented in
fig. S3. A total of 1,714,341 particles were auto-
matically picked using RELION (77-79) from
7,262 manually selected micrographs. 2D classi-
fication identified 580,143 good particles that
were subsequently applied to global angular
searching 3D classification with K set to 1 (one
class). For each of the last several iterations of
the global angular searching 3D classification,
a local angular searching 3D classification was
performed, during which the particles were
classified into 4 classes. A total of 391,294 non-
redundant particles were selected from the local
angular searching 3D classification and subjected
to 3 cycles of multi-reference 3D classification to
remove bad particles. The selected particles were
subjected to 3D auto-refinement, generating a
3D map with an overall resolution of 3.3 A,
which was further improved to 3.2 A after local
defocus correction with Getf. The final particle
number used for the 3D auto-refinement was
191,936. 2D classification, 3D classification, and
auto-refinement were performed in RELION
2.1. The resolution was estimated with the gold-
standard Fourier shell correlation 0.143 criterion
(80) with high resolution noise substitution (87).

Model building and structure refinement

The sequences were aligned using Clustal W (82).
Model building was carried out on the basis of
the 3.2-A reconstruction map. The coordinates
of EeNa,1.4-f1 (PDB accession number: 5XSY)
were fitted into the EM map by CHIMERA (83).
The sequence of EeNa,1.4-31 were mutated with
corresponding residues in human Na,1.4-1 in
COOT (84) and every residue was manually ex-
amined. The chemical properties of amino acids
were considered during model building.

In total 1,138 residues in Na,1.4 and 173 resi-
dues in 1 were assigned with side chains, and
9 sugar moieties, 6 lipid molecules, and 1 GDN
were built. For Na,1.4, the N-terminal 118 resi-
dues, extracellular loop (residues 287-335), intra-
cellular I-IT linker (residues 464-558), II-I1I linker
(residues 807-1014), and C-terminal sequences
after Glu1607 were not built due to the lack of
corresponding densities.

Structure refinement was performed using
phenix.real_space_refine application in PHENIX
(85) in real space with secondary structure and
geometry restraints. Over-fitting of the overall
model was monitored by refining the model in
one of the two independent maps from the gold-
standard refinement approach and testing the
refined model against the other map (86). Sta-
tistics of the map reconstruction and model re-
finement can be found in table S1.
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Structures of voltage-gated sodium channels

In "excitable" cells, like neurons and muscle cells, a difference in electrical potential is used to transmit signals
across the cell membrane. This difference is regulated by opening or closing ion channels in the cell membrane. For
example, mutations in human voltage-gated sodium (Nay) channels are associated with disorders such as chronic pain,
epilepsy, and cardiac arrhythmia. Pan et al. report the high-resolution structure of a human Na,, channel, and Shen et al.
report the structures of an insect Na ,, channel bound to the toxins that cause pufferfish and shellfish poisoning in
humans. Together, the structures give insight into the molecular basis of sodium ion permeation and provide a path
toward structure-based drug discovery.
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