deranged cardiac excitability, from conduction disease to sudden
cardiac death. O

Methods
Sequence analysis, mutagenesis and transfection

The entire coding region of SCN5A was screened by SSCP and direct sequence analysis as
described", and site-directed mutagenesis was performed on SCN5A complementary
DNA cloned into the green fluorescent protein (GFP) expression vector pCGI (ref. 20) as
described?'. Cultured cells (tsA201) were co-transfected with a 5:1 molar ratio of the Na*-
channel B, subunit (provided by A. George, Vanderbilt University).

Electrophysiology

Unless otherwise indicated, Iy, was recorded at room temperature (22 °C) to optimize
voltage-clamp control using established recording conditions’. For all voltage-clamp
experiments, the pipette solution contained (in mM): NaF 10, CsF 110, CsCl 20, EGTA 10
and HEPES 10 (pH 7.35 with CsOH), and the bath solution contained: NaCl 145, KCI 4,
CaCl, 1.8, MgCl, 1, HEPES-NaOH pH 7.35. For voltage-dependent activation (Fig. 2¢),
relative conductance was calculated by dividing the peak Iy, at each clamp potential by the
driving force (clamp voltage minus measured reversal potential), then normalizing to the
value at 0mV. For voltage-dependent inactivation (Fig. 3a), relative currents were
calculated by normalizing peak Iy, (elicited by depolarization to —20 mV) to the value
recorded after holding at the most negative (—120 mV) conditioning voltage. The rate of
development of closed-state inactivation (Fig. 3b) was analysed using variable duration
pre-pulses to —90 or —100 mV. The kinetics of recovery from inactivation (Fig. 4a) were
assessed using a three-pulse clamp protocol. The ratio of the peak Iy, elicited by the P,
pulse, relative to the P, pulse, was plotted as a function of the intervening recovery interval
at —140 mV.

Action potential simulations

The Luo—Rudy model'**** of a mammalian ventricular myocyte action potential
provided the basis for the action potential simulations (Fig. 5), with I, added as
described®. A one-dimensional fibre'® consisting of endocardial (cells 1-80), midmyo-
cardial (81-110), and epicardial (111-190) cells was used to mimic in vivo conditions. A
stimulus was applied to cell no. 1 to simulate normal endocardial to epicardial impulse
propagation.
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Voltage-sensitive membrane channels, the sodium channel, the
potassium channel and the calcium channel operate together to
amplify, transmit and generate electric pulses in higher forms of
life. Sodium and calcium channels are involved in cell excitation,
neuronal transmission, muscle contraction and many functions
that relate directly to human diseases'™. Sodium channels—
glycosylated proteins with a relative molecular mass of about
300,000 (ref. 5)—are responsible for signal transduction and
amplification, and are chief targets of anaesthetic drugs® and
neurotoxins'. Here we present the three-dimensional structure
of the voltage-sensitive sodium channel from the eel Electrophorus
electricus. The 19 A structure was determined by helium-cooled
cryo-electron microscopy and single-particle image analysis of the
solubilized sodium channel. The channel has a bell-shaped outer
surface of 135 A in height and 100 A in side length at the square-
shaped bottom, and a spherical top with a diameter of 65 A.
Several inner cavities are connected to four small holes and eight
orifices close to the extracellular and cytoplasmic membrane
surfaces. Homologous voltage-sensitive calcium and tetrameric
potassium channels, which regulate secretory processes and the
membrane potential’, may possess a related structure.

Different approaches have provided information on the structure
of the sodium channel. Its function and folding topology have
been assessed by site-directed mutagenesis®® and peptide-
specific antibody binding'®'". The structure of a synthetic peptide
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corresponding to the ITI-IV linker (2.6% of the entire molecule) has
been analysed by NMR", whereas the main features of the solubi-
lized sodium channel have been determined by negative-stain
electron microscopy”. The structure of a bacterial potassium
channel KcsA mutant, which has 20% of the °c:arboxy terminus
deleted, has been solved to a resolution of 3.2 A by MacKinnon’s
group'. The structure analysis based on X-ray crystallography
provided a clear explanation for the ion selectivity of the potassium
channel'’; however, the structure of the entire molecule, which is
predicted to have six transmembrane helices per subunit'>™", is
essential to understand the mechanism of voltage gating.

Sodium channel molecules were solubilized from Electrophorus
electricus electroplax, immunoaffinity purified” and imaged by
cryo-electron microscopy'®. The images had a poor signal to noise
(S/N) ratio (Fig. 1), because the low contrast inherent to proteins
was further decreased by the presence of 20% glycerol and 2M
MgCl,, which were required to stabilize the detergent-solubilized
sodium channel. The S/N ratio was improved by aligning and
averaging projections of similarly orientated molecules (Fig. 1,
row 2). Depending on their orientation in the frozen buffer layer,
the sodium channels appeared as either almost-square or wedge-
shaped projections. The square projections show a faint central

, "
s

177,178,0 -107, 40, 93

Figure 1 Cryo-electron microscopy of the sodium channel. a—d, Raw images of
molecules with different Euler angles (row 1) are compared with the corresponding 2D
averages (row 2), the surface views of the 3D reconstruction (row 3) and the projections of
the 3D reconstruction (row 4) along the corresponding Euler directions. Protein is
displayed in bright shades. Scale bar, 50 A. e, Surface projection of the Euler angle
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density with a central depression, as well as four massive densities at
their corners (Fig. la, rows 1 and 2). The wedge-shaped projections
are more variable, including various densities at peripheral and
central regions (Fig. 1b—d, rows 1 and 2).

We interactively selected particles discernible above the back-
ground, and processed them for the three-dimensional (3D) recon-
struction using the Imagic V system'. A total of 11,991 particles
were aligned rotationally and translationally by the reference-free
method”, classified into 240 clusters and averaged. The averages
were then refined in several cycles”. Because the averaged projection
down the channel axis exhibited a pseudo-four-fold symmetry (Fig.
la, row 2), the initial Euler angles of the cluster averages were
determined® assuming four-fold symmetry. Subsequently, the
structure was refined without any symmetry constraints. The
Euler angles of the 240 cluster averages (Fig. le) showed the
sodium channels to be almost randomly orientated in the frozen
buffer layer. Comparison of two independent reconstructions by the
Fourier shell correlation documents a resolution of 19 A (Fig. 1f).

The surface representations in Fig. 1, row 3, display the outer
shapes of the protein at viewing angles defined by the Euler angles
(noted below each column) of the cluster averages in Fig. 1, row 2.
Projections along these directions calculated from the 3D density

-2, 90, -34
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distribution of the 240 class averages obtained from 11,991 images. Each class average
is represented by a cross in a (B, ) coordinate system. f, Fourier shell correlation function
between two reconstructions calculated from two half-sets of the data. The cross-over
indicates a resolution limit of 19A.
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map (Fig. 1, row 4) compare well with the experimental averages
(Fig. 1, row 2). The isosurface in Fig. 1, row 3, encompasses 150% of
the relative molecular mass (M,) of the channel protein, 208,000
(208K), discounting the glycan moiety that is lost in the averages
owing to disorder. At this contouring threshold, four small and four
prominent holes penetrate the exterior surface (Fig. la—d, row 3).
A higher threshold provides a structure with a more complex
surface that is difficult to interpret. Examination of the 3D structure
over the whole range of Euler angles (Fig. 2) reveals a bell-shaped
molecule with a square-shaped end and a narrow top that resembles
a half-sphere.

Longitudinal views of the molecule (Figs 1b—d, row 3; and 2)
show a 30 A wide horizontal band without peripheral holes, which
probably represents the transmembrane domains (Fig. 2, white
lines). Thus, the molecule consists of an upper narrower region
corresponding to 24% of the total volume, a transmembrane
region (29%), and a lower wider region comprising 47% of the
total volume. The relative volumes were estimated using the
isosurface shown in Fig. 2. The values for upper and lower regions
are in good agreement with those expected from sequence predic-
tion of the extracellular and cytoplasmic domains of the channel
molecule (Fig. 3a)'>"". Therefore, we tentatively assume that the
upper region with its continuous half-spherical outer shell is
extracellular, and that the lower region that has prominent orifices
dividing it into four unequally sized domains is cytoplasmic (Fig.
2d-f, i). Clockwise from the top left corner of the molecule
depicted in Fig. 2a, the relative sizes of these domains are 27, 26,
25 and 22%.

Sections through the 3D density map reveal the internal structure
of the voltage-sensitive sodium channel (Fig. 3b—g). Extracellular,
transmembrane and cytoplasmic regions tentatively assigned by
their surface structure (Fig. 2), and relative volumes (Fig. 3a) are

135, 120

180, 0

Figure 2 Surface representation of the sodium channel protein. a, Top view. b, View atan
oblique angle, related to a by a +45° rotation about the horizontal axis. ¢, View at an
oblique angle, related to b by a +120° rotation about the vertical axis. d—f, Three side-
views rotated by 120° intervals around the vertical axis. g, View at an oblique angle,
related to d by a +45° rotation about the horizontal axis. h, View at an oblique angle,
related to g by +120° rotation about the vertical axis. i, Bottom view. The M, enclosed by
the isosurface is 320K, corresponding to 150% of the sodium channel protein. Euler
angles (B, v) are indicated; the a-angle is 0. White bars delineate the lipid bilayer region.
Scale bar, 50 A.
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also distinct in the longitudinal sections shown in Fig. 3b—d. The
cytoplasmic region houses one central and four peripheral cavities
(Fig. 3b—e). The latter have a height and width of roughly 15 A, and
merge with the large cytosolic orifices distinguished in the surface
reconstruction (Fig. 2). Four small orifices in the half-spherical
extracellular structure (Figs 1-3) perforate the protein shell close to
the putative transmembrane region and connect the large internal
cavity with the exterior.

The large internal cavities on both the cytoplasmic and extra-
cellular sides connect to four narrow, peripheral, low-density
regions in the transmembrane domain (Fig. 3e—g). A rotation of
their positions around the pseudo-four-fold axis, about 45° in the
upper cross-section (Fig. 3g) relative to the lower cross-section (Fig.
3e), indicates that the low-density feature is twisted. Moreover, each
low-density region exhibits a constriction at the level of the arrows
in Fig. 3b—d. The distinct elongated central density has a length of
40 A and a diameter of 35 A, which is only shghtly smaller than the
dimensions of the KcsA pore-forming structure'

We used antibody labelling of the C19 fragment13 of the C
terminus (residues 1,802—1,820 of the protein sequence)'® to test
the tentative domain assignments. Sodium channel/antibody com-
plexes were separated from excess antibodies by gel-permeation
chromatography and examined by negative-stain electron micro-
scopy. The Y-shaped antibodies were often visible on the images, but
their conformation was variable (Fig. 4a, b). To identify their
binding site, similar end-on and side-view projections were aligned
and averaged (Fig. 4c, e), using corresponding average projections
of negatively stained sodium channels alone as references (Fig. 4d, f).

a Extracellular polypeptide 44K (21%)
| repeat Il repeat Il repeat IV repeat
33K (16%) 26K (12%) 31K (15%) 29K (14%)
I 1 I 1 1 1 1 L}

Trans-
membrane
region
63K (30%)

III-IV linker

N-terminal
region I-1l linker - Tirker
9 18K (99 - C-terminal
13K (6%) (9%) 23K (11%) region
29K (14%)

Cytoplasmic region 101K (49%)

Figure 3 Domains and internal cavities of the sodium channel protein and the sequence-
based structure prediction. a, Predicted repeats, loops and terminal extensions®'®. The
S4 segments are colored in red. b, Axial section along the diagonal indicated by the yellow
line (B) in e. ¢, Axial section along the red line (C) in e. d, Axial section along the green line
(D) in e. e—g, Perpendicular sections at the positions marked in b by lines coloured blue
(E), purple (F) and red (G). High densities are shown in bright shades. White bars delineate
the lipid bilayer. Black arrows indicate the constriction between the cytoplasmic (lower)
and extracellular (upper) cavities. Scale bar, 50 A.
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Both average projections from the sodium channel/antibody com-
plexes showed densities that could be related to the Fab arms of the
antibodies: at the corner of the end-on view (Fig. 4c) and at the edge
of the wide end of the side-view (Fig. 4e). The individual Fab
domains were blurred, reflecting the flexible nature of the C
terminus of the channel. As the C terminus is located on the
cytoplasmic side of the membrane'!, the wide, square-shaped end
of the sodium channel is indeed located in the cytoplasm.
Whereas voltage-sensitive potassium channels are homo-

Figure 4 Electron microscopy of negatively stained sodium channel protein, anti-C-
terminal antibody complexes and their average projections. a, End-on views. b, Side
views. Contours are shown below each row to delineate the antibody and the sodium
channel protein. ¢, e, Class averages of the sodium channel protein—antibody
complexes; the end-on projection (€) shown with contours is the average of 142
projections, and the side view (e) is the average of 76 projections. d, f, Class averages
of the sodium channel without antibody; the end-on (d) and side-view (f) projections are
averages containing 196 and 132 projections, respectively. Protein is shown in bright
shades. Scale bar, 50 A.
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tetramers™, sodium and calcium channels are large monomeric
proteins that include four homologous repeats''’. The high
sequence homology"”™" of the transmembrane segments and S5-
S6 linkers suggests that these channels share a similar structure.
Comparison of the partial structure of KcsA' and the lower-
resolution 3D density map of the sodium channel presented here
indicates that the prominent elongated central density visible in
longitudinal sections of the latter (Fig. 3b—d) might correspond to
the KcsA pore-forming structure. This is supported by the sequence
homology between the KcsA protein and the S5-S6 linker and the
S5 and S6 segments of the sodium channel'’. However, neither the
putative channel in the central density nor the features of the central
cavity in the transmembrane region' is revealed at 19 A resolution.
The low density at the four-fold symmetric axis of the negatively
stained sodium channel®” (Fig. 4) is compatible with our current
structure, althouth uranyl salts tend to fill hydrophilic cavities such
as those revealed by cryo-electron microscopy. By cryo-electron
microscopy, the protein moiety is delineated against the buffer
containing 20% glycerol and 2M MgCl,, yielding a density of
1.185gml™". In contrast, for negatively stained samples flattening,
uneven staining and reduced resolution should be considered;
these factors explain minor differences between the projections of
samples prepared differently.

The cavities and orifices of the sodium channel are unique and
may be involved in voltage sensing and gating. In contrast, the
acetylcholine receptor exhibits a single funnel-shaped ion inlet on
the extracellular side®. Cysteine scanning mutagenesis and accessi-
bility tests using hydrophilic cysteine-modifying reagents have
shown that only 2—5 residues of the hypothetical transmembrane
segment IVS4 (Fig. 3a) are inaccessible”. This agrees well with the
internal hydrophilic environment created by the cavities. The
conservation of hydrophilic residues in the putative transmembrane
segments, for example, 36 positively and 22 negatively charged
residues, is also compatible with the porous transmembrane struc-
ture. Because solubilized sodium channels were not exposed to a
membrane potential, they were probably in their closed state on
imaging. The short inaccessible hydrophobic region in IVS4 shifts
markedly depending on the membrane potential®”®. Conformational
changes of the S5—-S6 linker have also been observed during outer
mouth gating”. These observations, together with the presence of a
single ion-selective filter revealed by mutagenesis’ and four voltage
sensors®", fosters the hypothesis that the ion pathway is through the
elongated central density thought to include S6 (refs 1, 6), and that
the pathway is opened by the central mass pushing out into the four
surrounding cavities during voltage gating.

The technique that we have used, imaging in the helium-cooled
cryo-electron microscope'® combined with the single particle
analysis”, has provided a low-resolution 3D density map of the
sodium channel protein that reveals complex internal cavities
and pores. Further improvement of the resolution and structural
analysis of sodium channels in the open state are now required to
gain more detailed information on the structure of the complex
cavity system and the mechanisms of ion transport and gating. []

Methods
Purification of the sodium channels

The voltage-sensitive sodium channel from the electric organ of Electrophorus electricus
eels was purified by immunoaffinity chromatography and gel filtration as described"
except that the affinity chromatography gel contained 10 mg ml™ of purified antibody 1A.
Elution from the antibody column'® was achieved by a step gradient containing 3.5 M
MgCl,. The subsequent gel permeation chromatography step was carried out as
described", but with buffer containing 2 M MgCl,. For cryo-electron microscopy, the gel-
permeation chromatography fraction of the sodium channels was either used directly or
concentrated 2—3-fold by centrifugation in an Amicon centricon 100.

Cryo-electron microscopy

A 3-pl droplet of the sodium channel solution was applied to a holey carbon grid'®. The
grid was partially blotted with filter paper to remove excess solution, immediately plunged
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into liquid ethane chilled by liquid nitrogen, transferred into the JEOL JEM3000SFF
cryo-electron microscope'® and kept at 4.2 K. Low-dose (< 20 electrons per A%) images
were recorded on Kodak SO163 film at a nominal magnification of X36,000 and with a
300-kV acceleration voltage. Applied underfocus values were 3.7 to 7.6 wm. Thirty-two
images were digitized with a Scitex Leafscan 45 scanner”” at a pixel size of 2.83 A at the
specimen level. The discernible projection images of the molecule were interactively
extracted into 80 x 80 pixel subframes, and analysed after subtracting the uneven
background.

Image analysis

Analysis of images was performed in three major refinement cycles using the Imagic V
program system'. In the first cycle the selected 11,991 images were first aligned
rotationally and translationally, and classified by the reference-free method, and subse-
quently grouped into 500 clusters by multivariate statistical analysis®?*. The resulting
averages were used as new references, and the cycle was repeated ten times. In the second
cycle, original images were corrected for the contrast transfer function (CTF) of the
electron microscope using the parameters Cs 1.6 mm, acceleration voltage 300 kV, Cc
2.2 mm, and aligned with the averages. This further refinement cycle, from the alignment
to the generation of references, was repeated eight times. Before the third cycle,
orientational Euler angles of the class averages were initially determined from the
sinogram? of cross-correlation functions assuming a C4 symmetry to obtain a pre-
liminary 3D reconstruction by exact filtered back-projection™. For the third cycle, aimed
at refining the Euler angles, no symmetry was imposed.

We calculated 189 back-projections in evenly spaced directions from the 3D recon-
struction. Each of the 11,991 CTF-corrected images was aligned against all 189
projections and subclustered, providing improved cluster averages, and a new 3D map
was generated and projected as above. Again, this cycle was repeated until convergence.
The final reconstruction included 11,543 images, 96.3% of the selected images. The
isosurface threshold level was chosen to yield an essentially closed surface comprising a
total volume of 4x 10° A%, To assess the resolution, independent reconstructions were
calculated from two half-sets of the data and assessed by the Fourier shell correlation
function®.

Formation of the channel-antibody complex

The antibody 2B against the carboxy-terminal C19 fragment was prepared as
described”. Formation of the sodium channel/antibody complex and removal of
excessive antibody by gel-permeation chromatography were also carried out as
described”, except that the antibody—sodium channel incubation and gel-permeation
buffers were both supplemented with 0.1 M MgCl, and the incubation with antibody
was made for 30 min at 4 °C. Negatively stained samples were recorded, digitized and
processed as described".
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The heterotrimeric G-protein G couples cell-surface receptors to
the activation of adenylyl cyclases and cyclic AMP production
(reviewed in refs 1, 2). RGS proteins, which act as GTPase-
activating proteins (GAPs) for the G-protein a-subunits o; and
o, lack such activity for o (refs 3—6). But several RGS proteins
inhibit cAMP production by G,-linked receptors”®. Here we report
that RGS2 reduces cAMP production by odorant-stimulated
olfactory epithelium membranes, in which the «, family
member o, links odorant receptors to adenylyl cyclase
activation®. Unexpectedly, RGS2 reduces odorant-elicited
cAMP production, not by acting on o but by inhibiting the
activity of adenylyl cyclase type III, the predominant adenylyl
cyclase isoform in olfactory neurons. Furthermore, whole-cell
voltage clamp recordings of odorant-stimulated olfactory
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