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Structural model of the open-closed-inactivated cycle of prokaryotic

voltage-gated sodium channels
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In excitable cells, the initiation of the action potential results from the opening of voltage-gated sodium channels.
These channels undergo a series of conformational changes between open, closed, and inactivated states. Many
models have been proposed for the structural transitions that result in these different functional states. Here, we
compare the crystal structures of prokaryotic sodium channels captured in the different conformational forms and
use them as the basis for examining molecular models for the activation, slow inactivation, and recovery processes.
We compare structural similarities and differences in the pore domains, specifically in the transmembrane helices,
the constrictions within the pore cavity, the activation gate at the cytoplasmic end of the last transmembrane helix,
the C-terminal domain, and the selectivity filter. We discuss the observed differences in the context of previous
models for opening, closing, and inactivation, and present a new structure-based model for the functional transi-
tions. Our proposed prokaryotic channel activation mechanism is then compared with the activation transition in

eukaryotic sodium channels.

Eukaryotic sodium channels are complex, multidomain
proteins that assemble into pseudotetrameric structures.
Sodium channels are also present in some prokaryotes
(Ren etal., 2001), where they are homologous but sim-
pler, single-domain proteins that assemble to form
functional homotetramers (Nurani et al., 2008). Both
eukaryotic and prokaryotic sodium channels consist of
voltage-sensor (VS) and pore regions that are physically
separated in three dimensions. Pore-only channels can
be constructed, which are capable of undergoing open-
ing and closing transitions and support ion flux in a man-
ner similar to that of intact channels (McCusker et al.,
2011; Shaya et al., 2011). Although the kinetics of their
processes of conversion between states are different, both
eukaryotic and prokaryotic channels exhibit activation,
recovery, and slow inactivation transitions (Koishi et al.,
2004; Charalambous and Wallace, 2011); in addition,
eukaryotic channels undergo a fast inactivation process
that is not observed in prokaryotic channels (Pavlov
et al.,, 2005). Prokaryotic sodium channels have also been
shown to be blocked by eukaryotic sodium channel an-
tagonists (Bagnéris et al., 2014).

Many models have been proposed for the structural
changes that result in the open, closed, and slow in-
activated states of prokaryotic sodium channels (e.g.,
Kuzmenkin et al., 2004; Zhao et al., 2004; Pavlov et al.,
2005; Shafrir et al., 2008). Although there are, as yet, no
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crystal structures of eukaryotic sodium channels, the
structures of several prokaryotic sodium channel ortho-
logues have recently been determined by x-ray crystal-
lography (Payandeh et al., 2011, 2012; McCusker et al.,
2012; Zhang et al., 2012; Bagnéris et al., 2013; Shaya et al.,
2014). These include the voltage-gated sodium chan-
nels from Magnetococcus marinus, formerly known as
Magnetococcus spirillium (NavMs); from Arcobacter butzler
(NavAb); from Rickettsiales sp. HIMB114 (NavRh); and
from Alkalilimnicola ehrlichei (NavAe). These structures
now make it possible to observe various states of pro-
karyotic sodium channels because they have apparently
captured the pore regions in partially and fully open
(NavMs), closed (NavAb and NavAe), and inactivated
(NavAb and NavRh) conformations, thereby enabling
structural comparisons that provide new insights into
the transition processes.

Because the transmembrane pore regions of the
NavMs and NavAb pores have very high sequence iden-
tities (~69%; McCusker et al., 2012; Fig. 1), our com-
parisons will primarily be confined to these structures
because with this level of similarity, differences seen are
likely to be state dependent rather than a consequence
of sequence dissimilarities. They enable comparisons of
structures that we designate as the following: partially
(pOpeny,; Protein Data Bank [PDB] accession no.
4F41;; 3.5-A resolution; McCusker et al., 2012) and fully
open (Openys; PDB accession no. 3Z]Z, 2.9-A resolu-
tion; Bagnéris etal., 2013), closed (Closedyy,; PBD acces-
sion no. 3RVY, an I217C mutant; 2.7-A resolution;
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Payandeh etal., 2011), and inactivated (Inactivatedap;
PDB accession no. 4EKW, 3.2-A resolution; Payandeh
et al., 2012) forms. The other inactivated form for which
there is a crystal structure, NavRh (PDB accession no.
4DXW; 3.0-A resolution; Zhang et al., 2012), and the
other closed form, NavAe (PDB accession no. 4LTO;
3.5-A resolution; Shaya et al., 2014), are more distant
homologues (only 42 and 45% identity, respectively, in
the pore region; Fig. 1). In addition, although both the
NavAb and NavMs homologues have been shown to
support sodium flux (Payandeh et al., 2011; D’Avanzo
et al., 2013), neither NavRh nor NavAe has yet been
shown to exhibit functional activity; therefore, we con-
sidered them to be less suitable for detailed compari-
sons. Although the resolutions of the structures are

modest, all are sufficient to define the types and magni-
tudes of the conformational differences described in the
comparisons made in this Review. In addition to these
crystal structures, however, two structures of another
orthologue, NavCt (PDB accession no. 4BGN, ~9-A
resolution; Tsai et al., 2013), have been determined by
electron crystallography, but those structures are at too
low a resolution to make viable comparisons.

This Review focuses on comparisons of the Closed,—
pOpeny—~Openy—Inactivated,, crystal structures, de-
veloping a structure-based model for the functional
transitions. Although these crystal structures provide an
important new structural context for understanding the
nature of the transitions, it must be remembered that
any models developed from them will ultimately require

Figure 1. Sequence alignment, using

SIN __ H) S1
NavMs = = =  ——ecmmmmmmmmmmmmmee e MSRKIRDLIESKRFONVITAIIVLNGAVLGLLTDTTLSAS 40
NavAb = e MYLRITNIVESSFFTKFIIYLIVLNGITMGLETSKTFMQS 40
NavAe MSERQPDLVGHKVQHPEDETLRGRLAWFIDRPGTQYFIVGLILVNAITLGLMTSPEVTAY 60
NavCt THERHSQLKHPIEAWCDWLVNHPRFTSAIIVLIVINAIVVGMETYPGIYQP 54
NavRh = e MTPFFSSLKDNRIFQFTVVSIIILNAVLIGATTYELD-PL 39

Clustal Omega (Sievers et al., 2011), of the
prokaryotic sodium channel orthologues:

NavMs from Magnetococcus marinus MC-1
(UniProt accession no. AOL5S6), NavAb

hNavl.4 DIV LGSKKPQKPI----PRPONKIQGMVYDLVTKQAFDITIMILICLNMVTMMVETDNQS-QL 1891 from Arcobacter butzleri RM4018 (UniProt
. . s sk sk * :
accession no. ASEVMb), NavAe from Al-
S2 I s3 ) kalilimnicola  ehrlichii MLHE-1 (UniProt
NavMs SONLLERVDQLCLTIFIVEISLKIYAYGV-RGFFRSGWNLFDFVIVAIALMP—A-————— 92 accession no. QUABWO), NavCt from Cal-
NavAb FGVYTTLFNQIVITIFTIEIILRIYVHR-—ISFFKDPWSLFDFFVVAISLVP-T—————— 91 dalkalibacillus th ’TAQ Al (UniP
NavAe LOPWLGWVNTFIIAAFVVEISLRIIADG--PRFVRSGWNLEDFSVVAISLVP-D-——n—— 111 atkaubactitus thermarum . (Uni r'ot
NavCt YQDWFYLIDRMILWVFTAEI ILKLVATRPRYHFFKDSWNVFDFLIVASGHLFVG-——--— 108 accession no. F51.478), NavRh from Rick-
NavRh FLETIHLLDYGITIFFVIEILIRFIGEKQKADFFKSGWNIFDTVIVAISLIPIPN-———— 94 eltsiales sp. HIMBI14 (UniProt accession
hNavl.4 DIV KVDILYNINMIFIIIFT LKMLALR--QYYFT IFDFVVVILSIVGLALSDLIQ 194 . .
Nav v NINMIFITIFTGECVLKMLALR--QVYFIVGINTEDFVVVILSIVGLALSDLIQ 1949, DORMUS), and domain IV (DIV) of
the human Navl.4 sodium channel (Uni-
S4 H]_S4-S5 linker }] S5 ) Prot accession no. P35499). The identities
NavMs = —-——- QGSLSVLRTFRIFRVMRLVSVIPTMRRVVQGMLLALPGVGSVAALLTVVFYIAAV 147 of the helical regions (transmembrane
NavAb -———-SSGFEILRVLRVLRLFRLVTAVPQMRKIVSALISVIPGMLSVIALMTLFFYIFAI 146 . 8! ) ;
Navae - ——--SGAFSVLRALRILKVLRLFSMVPRLRRIVEALLRATPGIAWIALLLLVIFYVFAV 166 helices S1-S6), the N-terminal intracellu-
NavCt ———-—AQFVTVLRVLRVLRLLRAVTVIPSLRRLVSALLYTIPSLGNIMLLMGLIFYIFGV 163 lar helix SIN, the S4-S5 linker helix, the
NavRh ~ ————o NSSFLVLRLLRIFRVLRLISVIPELKQIIEAILESVRRVFFVSLLLFIILYIYAT 149 Pl and P2 heli d the int )
hNavl.4 DIV KYFVSPTLFRVIRLARIGRVLRLIRGAKGIRTLLFALMMSLPALFNIGLLLFLVMFIYSI 2009 an pore hehices, an ¢ ntracel-
sak kg opiik L t:os: o.i: oz 3 3 %z oz.iz: . lular C-terminal coiled-coil (CC) helix are
7 indicated in the horizontal colored tubes
{ 2 ) SF | c2 above the sequences and are based on
NavMs MATNLYGAT——————— FPEWFGDLSKSLYTLFQVMTLESWSMGIVRPVMNVHP-- 193 seq :
Navab MATQLFGER-—————~— FPEWFGTLGESFYTLFQVMTLESWSMGIVRPLMEVYP-— 192 the crystal structures of NavAb for the VS
NavAe MGTKLFAQS——————- FPEWFGTLGASMYTLFQVMTLESWSMGIARPVIEAYP—— 212 region (cyan), on the crystal structure of
NavCt MGTFLFRDV—-—————— APEYFGSLHLSLITLFQUVTLESWASGIMRPIMAEVF -~ 209 e . .
NavRh MGAILFGND——————— DPSRWGDLGISLITLFQVLTLSSWET-VMLPMQEIYW—-—————— 194 NavMs for the. pore region (green), and
hNavl.4 DIV FGMSNFAYVKKESGIDDMFNFETFGNSIICLFEITTSAGWDG-LLNPILNSGPPDCDPNL 2068 on the site-directed electron paramag-
e e L netic resonance spectroscopy of NavMs
0 6 and circular dichroism truncation studies
NavMs = =  ——mmmmmmmmm e NAWVFFIPFIMLETFTVLNLFIGIIVDAMAITKEQEEEAKTG--- 235 of NaChBac for the CTD (gray). The verti-
NavAb = = e YAWVFFIPFIFVVTFVMINLVVAIIVDAMAILNQKEEQHIIDEV- 236 cal magenta bar indicates the extracellular
NavAe ———WAWIYFVSFILVSSFTVLNLFIGIIIESMOSAHWEAEDAKRIEQE 257 ot ) .
NavCt WSWIYFVAFILVGTFVIFNLFVGVIVSNVERAETEDAEQEEGQRE 254 negdthelY Chdrged (ENC> reglon f()rmed
T -1 T — WSWVYFFSFIIICGITILNLVIAILVDVVIQKKLE—m=—m=—m=— 229 by D49 (in S2), and the red bars are the
hNavl.4 DIV ENPGTSVKGDCGNPSIGICFFCSYIIISFLIVVNMYIAIILENFNVATEESSEPLGEDD- 2127 intracellular negatively charged (INC)
v BF OBWIE & B4R Gails w d region formed by E59 (in S2) and D81
{ cC — (in 83) involved in the gating charge transfer
NavMs ==He—mmmmm e HQEPI--SQTLLHLGDRLDRIEKQLAQNNELLQRQQPQKK---- 274 across the membrane through sequential
g::iz ;g; interactions with four arginine residues
NavCt 298 in S4 (indicated by the cyan vertical bars);
NavRh - - 229 in the “up” conformation, which corre-
hNavl.4 DIV —----- -— —-—— 2127

sponds to the activated state, residues E59
and D81 form the salt-bridged pairs. The

residues comprising the SF are highlighted in light green vertical bars. The residues in purple are proposed to be the start of the twist
in S6 that is implicated in activation gate opening (light purple from the partially open structure and dark purple in the fully open
structure). The residue in yellow indicates the location of the final hydrophobic constriction region (HC3) in the closed structure, which
ceffectively corresponds to the location of the activation gate.

6 Prokaryotic sodium channel conformational states
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verification by functional studies under voltage-clamp
conditions that probe native structures in real time and
in the context of cell membranes.

Defining the conformational states represented

in the crystal structures

The full-length NavAb channel has its VS in the “up”
conformation (with residues E59 and D81 forming salt-
bridged pairs to arginines in S4; Fig. 1) (Payandeh etal.,
2011). This conformation of the VS is considered to be
associated with the activated or fully open state as defined
by disulfide cross-linking experiments (DeCaen et al.,
2008, 2009). In addition, because in crystals there is no
transmembrane potential, we expected that the struc-
ture would include an open form of the pore, as would
be seen when the channel gate opens in response to
membrane depolarization. However, in these crystals,
the activation gate, and thus the pore region, appears to

A Closed,,

Depth through the pore

N <
=N
N =
0O w

NavAb, 3RVY
< —Navhe, 4lTO
.~ NavAb, 4EKW
\ NavMs, 4F4L
NavMs, 32)Z

be in the closed conformation: the pore has no con-
tinuous transmembrane pathway that would enable
the passage of sodium ions from the extracellular to the
intracellular surface (McCusker et al., 2012; Fig. 2,
A and B). Although the selectivity filter (SF) is suffi-
ciently open to enable ions to enter the pore, the bottom
of'its cavity (at the activation gate) is blocked (Payandeh
etal., 2011) so ions cannot exit. This structure has thus
been described as being in a “pre-open” state, in other
words, with a VS conformation that has primed the gate
for opening butin which the gate is actually closed. This
demonstrates that the structures of the VS and pore re-
gions can be uncoupled, and may indicate the presence
of an additional conformation intermediate between
the “open” and “closed” states. In the comparisons in
this Review, which focuses on the pore region responsi-
ble for the opening and closing of the transmembrane
pathway, we have designated this structure as “closed”

HC1

Figure 2. Accessible surface differences between the open and closed structures. (A; middle) Accessible surface plots (made using
CAVER software; Chovancova et al., 2012) showing radius versus distance through the central axis of the pore for Closed,,-1217C (slate
blue), Closed,. (red), Inactivated,;, (gray), Openy; (light green), and pOpeny; (turquoise). (Left and right) Slab surface mode/cartoon
depictions of the pores, sliced along the transmembrane direction for the Closedy,, (left, slate blue) and Openy (right, light green)
pores, highlighting the sites of the first minor constriction (blue underlay: present for both forms with the responsible residues, V213 in
the closed form and 1215 in the open form), the second minor construction (orange underlay: present only in the closed form, residue
1217C), and the third major constriction (yellow underlay: present only for the closed form, residue M221) at the intracellular end of
the cavity. 1217C is the mutation in the closed structure that enabled crystallization at higher resolution. (B) Detailed view of the three
“hydrophobic constriction” (HC) regions noted above shown in cartoon and stick mode for the Closedy,, (slated blue) and Openy (light
green) structures. The distances shown were measured between two diagonally opposite residues. It is clear that the narrow constrictions
at HC2 and HC3 (6.62 and 4.81 A) seen in the closed structure are not present in the open structure (where the equivalent distances
are 14.84 and 17.18 A).
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(Closed,,) based on the state of the pore region. Itis very
similar in dimensions and features to the NavAe closed
pore (Shaya et al., 2014), a structure that does not con-
tain a VS region, another indication that the pore re-
gion state is not solely determined by the VS state.

One of the two NavMs pore structures (Bagnéris
etal., 2013) has been designated to be in the fully open
state (Openy;) by virtue of its transmembrane pathway
being of sufficient diameter along the full length of the
pore, from the extracellular surface to the intracellular
surface (Fig. 2, A and B), to enable the translocation of

A v SIN

{ S3
y %&-SS linker

sodium ions across the cell membrane (Ulmschneider
et al., 2013). It has all four monomers with a splayed
conformation at their intracellular ends. In contrast, in
the partially open (pOpeny;) structure (McCusker et al.,
2012) (which lacks the last 37 residues of its C-terminal
domain [CTD]), only one of the four monomers of the
tetramer adopts an open splayed conformation, with
the result that the activation gate is only partially open;
it is not sufficient to permit ion translocation but is
more widely open than the closed structure (Fig. 2 A).
The other three monomers in this structure are effectively

Figure 3. Differences between the open and

closed structures. (A) Comparison of the
VS Openy (green) pore and the Closedy, (slate
blue) crystal structures, depicted in cylindrical
mode viewed from the intracellular surface.
The equivalent residue numbers for the pore
domain were G129 to M221 in NavMs and
G130 to M222 in NavAb. Three-dimensional
alignments (in all cases the least-squares su-
perpositions were done using residues 145-198
[or their sequence equivalents] at the top
of helices S5 and S6) and figures were made
using PyMOL software (Schroédinger, LLC).
The motions associated with the S5 and S6
helices are indicated by the small and large
arrows, respectively. One of the Closedy,
monomers is shown in gray, so that it can be
seen that the region of the S4-S5 linker that

pore

B C 100

Delta (angles)

o
L

the S helix in the open state would impinge
on (magenta circle) is in the adjacent, not
the same, monomer. (B) The Ca carbons of
the S6 helixes (in stick motif) showing that the
Closed,;, (slate blue), Inactivatedy, (gray),
and Closed,. (red) structures overlay closely,
but that the Openy, (green) deviates from
the other structures starting at residue T206.
(C) Plot of the delta phi (blue) and delta
psi (red) angles in the S6 helix as a func-
tion of residue number. Values are those of
Openy structure (PDB accession no. 3Z]JZ-A
chain) minus those of the Closed,, structure
(3RVY-A chain), demonstrating that the dif-
ferences start after residue T206 in NavMs
and continue to the end of the S6 helix. The

4 -100

e—
D SVAALLTVVFYIAAVMATNLYGATFPEWFGDLSKSLYTLFQVMTLESWSMGIVRPVMNVHPNAWVFFIPF OpenMs
SVIALMTLFFYIFAIMATQLFGERFPEWFGTLGESFYTLFQVMTLESWSMGIVRPLMEVYPYAWVFFIPF CIOSEdAb

-V - - - - - - EERRR TN - - - - EEE - - - -
HHHHHHHHHHHHHHHHHH H HH S H F H - SH H H H H H H H H H H H S E H H H H H H H H H S

e
MLTfrF TVLNLFIGIIVDAM OPeny,
VMINLVVAICVDAM Closed,,
Openy,,
- Closed,,

130
160 1
190 o

Residue Number

- -pEmm - Openy,
R HHH HEHH] ClosedAb

LSKSLYTLFQVMTLESWSMGIVRPVMNVEPNAWVFFIPF openMs
LGESFYTLFQVXTLESWSXGIVRPLXEVYPYAWVFFIPF Inact,,

B single peak at around residue 155 is not re-
= - . .

N lated to the transition but simply arises from
different interactions of the two proteins, with
the different crystallization detergent mol-
ecules present adjacent to this site. (D) Sec-
ondary structure alignments compared using
the 2Struc server (Klose et al., 2010). The po-
sition corresponding to the T206 residue in
helix S6 is indicated by the black box in both
parts. (Top) Openy versus Closedy,. The lo-
cations of the S5 and S6 helices are indicated
by the horizontal green bars. Both structures
have essentially identical secondary structures,

. BB - - - - R - - - - - s Open,, even around T206. (Bottom) Openy; versus
" . - - - - | - EREREeEeEeE - - - - - - H H H s 1 1
S PR I MBI [nact,; Inactivated,,. The biggest differences are at
i3 en, 0
Ve SN UA T .nzc(;:s the top of S5 (purple box) and in the turret

EHHHHEEHHEHEHHHHE LW
EEEEE e - B -
= Inact,,

8 Prokaryotic sodium channel conformational states

loop (cyan box), not in helix S6 nor the region
around T206.
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equivalent to the closed-state pore conformations.
A model “open” structure was constructed (McCusker
et al., 2012) based on using the most open of the four
monomers to produce a symmetric tetramer, which was
very similar to the structure later determined of the
fully open state (Bagnéris et al., 2013). In the partially
open structure, the distal end of the CTD, which has
been proposed to form a stabilizing four-helix coiled-
coil (Powl et al., 2010; Irie et al., 2012; Bagnéris et al.,
2013; Shaya et al., 2014), is absent, although it is present
in the fully open structure; this may have enabled the
uncoupled opening of the four S6 helices, and this asym-
metry suggests there may be an asynchrony in the func-
tional transition between states.

The two inactivated forms of NavAb (Inactivatedyy,;
Payandeh etal., 2012) and NavRh (Inactivatedg,; Zhang
et al., 2012) have been so designated based on their
closed pores and collapsed SFs (although the authors of
the NavAb structure were careful to describe it as being

NavMs
A Openy,,

Partially-Openy,,

>

5179
e E178

L177

T176

B NavAb-1217C
Closed,,

C NavAb,g
Inactivated,,

D NavAb,,

Inactivated,,

E NavAel
Closed,,

in a “potentially” inactivated state, largely because there
was no confirming functional data). Both of these struc-
tures have closed activation gates, which are very similar
to the Closedyy, structure, but their SFs are unlike any of
the other structures, and would be too narrow to enable
ions to enter the pore (Figs. 2 A, middle, and 4, C and D,
and Table S1).

Structural transitions associated with opening and closing

The extracellular turret and vestibule surfaces (comprised
of the S5-S6 linker, including the P1, P2, and SF re-
gions; Fig. 1) are very similar in the Openy;, and Closedy,,
pores, suggesting that these are not substantially in-
volved in the gating transition. In addition, the N-ter-
minal ends of their S6 helices (Fig. 3 B) are virtually
superimposable, as are the C-terminal ends of the S5
helices. However, the intracellular surface features dif-
fer substantially (Fig. 3 A) as a result of differences in
the relative orientations and splaying of the C-terminal

Figure 4. Comparisons of the SF regions. (Left
and middle columns) Views from the extracellu-
lar surface showing the size of the SF central holes,
defined as the white areas in the middle of each
structure. (Right column) Side view superposi-
tions of the SFs in cartoon and stick depictions,
in each case comparing the Openy, structure
(light green) with the corresponding structure
in that row. The identities of the SF residues
(TLES) are indicated. Only two monomers are
shown for clarity. (A; left) Openy; (pale green)
and (middle) pOpeny, (turquoise) structures.
(B; middle) Closedy, (slate) and overlay (right)
comparison of Closedy, and Openy,. (C) As in
B for Inactivatedy;, (AB tetramer; gray). (D) As
in B for Inactivated,, (CD tetramer; gray). (E) As
in B for Closed,. (raspberry). The distances be-
tween the narrowest parts of the SFs in each case
are given in Table S1.
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ends of their S6 helices away from the pore axis. Also,
the N-terminal ends of the S5 helices appear to have
moved slightly with respect to each other. Had the open
pore structure had its VS attached, this latter movement
would have impinged on the S4-S5 linker (Fig. 3 A,
circle) of an adjacent monomer. We speculate that the
reason the NavAb pore is closed is that the linker region
is in the closed conformation, and that if the linker had
been more closely coupled to the VS in its open confor-
mation in the crystal, the NavAb pore structure would
also have been of an open conformation.

When the structures of the S6 pore helices of all the
conformations are examined in detail (Fig. 3 B), the
differences at the quaternary structural level between
the open and closed (and inactivated) structures ap-
pear to arise from a twist in the middle of the S6 helix
structures beginning at residue T206. The extracellular
ends of all of the S6 helices in all of the closed and inac-
tivated structures superimpose closely (Fig. 3 B), but
the Openy; structure is an outlier. This results from a
change in the backbone Ramachandran angles between
the open and closed forms, which perpetrates along the
C-terminal end of S6 starting at T206 (Fig. 3 C). The
consequence of this deviation is that the C-terminal end
of the S6 helix in the Openy; structure moves away from
the axis of the top part of the helix, thereby opening
the activation gate. In the lower resolution pOpeny;
structure, residue T209 appeared to be the focal point
of the bend, but in the higher resolution fully Openy;
structure, it is clear that the beginning of the bend occurs
one turn earlier in S6, at T206. Notably, the changes be-
tween open and closed structures are subtle enough so
that they do not change the secondary structure (Fig. 3 D)
of the S6 helix. What starts as a relatively small change
in the middle of the helix is translated to a motion of
>5 A at the end of S6 that forms the activation gate. This
suggests a simple (energetically inexpensive) mechanism
for opening and closing: a twist in the backbone that
does not disrupt the hydrogen bonding pattern is suffi-
cient to open the gate. It does not require major rear-
rangements of the rest of the structure and is thus
compatible with a rapid opening, such as that which gives
rise to the initial phase of the action potential in excit-
able cells. The asynchrony of the motions of the four
monomers, as suggested by the partially open structure,
suggests that there may also be an asynchrony of the pro-
cess of opening.

The open and closed structures have very similar cavity
regions (Fig. 2 A), with a minor hydrophobic constric-
tion (designated HCI1) near the bottom of the cavity
(Fig. 2 A) near residue 1215 in NavMs (equivalent to
V213 in NavAb) that is not sufficient to prevent ions con-
tinuing their passage. However, the Closed,, form has
two additional major hydrophobic constrictions (HC2
and HC3) further down toward the extracellular surface
(Fig. 2 A) at approximately the level of residues M221
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and 1217 (numbering according to NavAb sequence;
notably, the latter corresponds to the site of the mutation
to a cysteine in the NavAb construct). Neither of these
constrictions is seen in the open NavMs structure. HC3
(which obscures the exit) would exclude passage of even
totally dehydrated sodium ions in the closed structure.
Because the SFs of NavMs and NavAb have identical
sequences (TLESWS; Fig. 1), they can be directly com-
pared. The SFs of the Openy; (Fig. 4 A) and Closedy,,
(Fig. 4 B) structures are superimposable (Fig. 4 B, right),
thus indicating that the closing of the activation gate,
which prevents ion translocation, does not affect the po-
tential entry of ions into the pore. In contrast, the SFs of
the inactivated forms (Fig. 4, C and D) are very different
from those of both the open and closed states, suggesting
that they are altered during the inactivation process.

The structure and role of the CTD in opening and closing

All of the initial crystal structures determined (NavAb,
NavMs, and NavRh) have elucidated the nature of the
transmembrane domains (effectively to the end of the
S6 helix) of the channels, but the structures of their
CTDs (beyond the end of helix S6) were not interpre-
table, although these regions were present in the pro-
teins used to produce the crystals. The structure of the
CTD of the open conformation was first determined not
by crystallography but by a combination of spectroscopic
methods (Powl et al., 2010; Bagnéris et al., 2013), and
shown to have a disordered region adjacent to the acti-
vation gate and a distal coiled-coil region (Figs. 1 and 5);
molecular dynamics calculations (Bagnéris et al., 2013)
suggested that flexibility of the region adjacent to the
activation gate in the open state could account for the lack
of defined structure in the crystal. The CTD in the closed
NavAe pore (Shaya et al., 2014) is the only other such
domain that has been defined structurally, this time by
crystallographic means. Like the open CTD, its distal
end formed a coiled-coil, but unlike the open CTD, the
proximal end of the structure, nearest to the activation
gate, was helical and relatively well ordered. These ob-
servations suggested that although the C-terminal end
of the CTD remains unchanged in the two states, the
end adjacent to the activation gate undergoes an or-
dered-to-disordered transition when the gate is opened
(Fig. b), thereby accommodating the separation move-
ment at the end of the S6 helix that forms the gate, with-
out uncoiling the distal coiled-coil that has been proposed
to have a structural role in stabilizing the tetrameric
structure in the membrane (Mio et al., 2010; Powl
et al., 2010). Functional studies on the NavMs chan-
nel (Bagnéris et al., 2013), as well as on another ortho-
logue (NavSulP from Sulfitobacer pontiacus; Irie et al.,
2012), have indicated that this region (especially the
EEE motif near the top of the CTD) plays a role in in-
activation, recovery, and closing, perhaps by promo-
tion of the conformational change of the S6 helix. In
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addition, in the NavAe pore structure, there is some
density in the extracellular region beyond the end of
the transmembrane segments that could be a calcium
or other cation. Domain DIV of the human Navl.4 so-
dium channel also possesses a similar negatively charged
region just after its activation gate (Fig. 1), which ap-
pears to be a common feature in the prokaryotic so-
dium channels.

What produces the open and closed states in the crystals?
An obvious suggestion as to what causes NavMs pore
structure to be open is that it is missing the constraints
provided by the VS and S4-S5 linker regions present in
the full-length channel structures. However, this cannot
be the only reason, as the two structures of pore-only
constructs, NavMs and NavAe, are in different states
(NavMs is open, whereas NavAe is closed). It is also not
because of the presence of CTD structures because,

1-closed

Activation

again, the CTDs are present in both of these two struc-
tures, albeit in different conformations. Furthermore,
the partially open NavMs construct is missing the distal
end of its CTD, yet one of its monomers is in the open
state. The CTDs are present but not visible in any of the
other structures. It is possible that the different CTD
structures have a role in driving the transition (for ex-
ample because of the different conformations at their
N-terminal ends), but this cannot be determined from
the structures in hand. It could also be because of the
differences in crystal packing that enable the NavMs
pores to open: in the NavMs crystals, the transmem-
brane regions of different pores are aligned next to
each other, as if in a membrane bilayer, with a large
enough gap to fit the CTD between two separate bilayers
and thus allow sufficient room for the bottom of the pore
to open. In the NavAe crystals, the CTDs are sandwiched
between other CTDs and pore regions of symmetrically

Recovery

v

Inactivation

3-inactivated

Figure 5. Schematic diagram of (1) closed, (2) open, and (3) inactivated states of prokaryotic sodium channels based on crystal-
lographic studies. Only two monomers are shown in each figure for clarity. The color scheme is as in Fig. 1. The VS S1-5S4 helices are
depicted as cyan bars, the S4-Sb linker is an orange bar, the S5-S6 helices of the pore region are green bars, and the coiled-coil region
of the CTD is gray. The extracellular negatively charged region in S2 is in a magenta circle, and the intracellular negatively charged
regions in S2 and S3 are in red circles. The four arginines in S4 involved in the gating charge transfer across the membrane through
sequential interactions, with the extracellular negatively charged region and the intracellular negatively charged region represented by
a “+.” The residues forming the SF are indicated by red boxes. The residue in purple is the start of the S6 twist that results in the open
gate; the residue in yellow is the third hydrophobic constriction site in the closed form, which is not constricted in the open form, and
indicates the position of the activation gate. The white bars represent the helical region present in the CTD in the closed and inactivated
structures, and the corresponding dotted gray lines are the disordered CTD linker region in the open conformation.
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related molecules, rigidifying the whole structure and
potentially preventing the opening.

The different structures in the crystals may be caused
by (or alternatively, result in) the presence or absences
of ions within the pore, as sodium ions are visible in the
SF of only the NavMs open-state crystal forms. However,
in a version of the NavAb orthologue engineered to be
calcium selective (Tang et al., 2014), the presence of
calcium ions in that pore did not produce an open
state, so the mere presence of ions appears not to be
sufficient to produce an open pore. The most likely can-
didate in vivo is the VS-pore linker between helices S4
and S5, which could act as a lever, either pushing or
pulling the pore domain when the VS is activated to its
“up” position. But the linker is not present in either the
NavMs open or partially open structures, nor in the
NavAe closed structures. And although it is present in
the NavAb structures, it is in the “wrong” position to
influence the opening of the pore, so it may be a con-
tributing, but not the only, driving force. This is an
important issue and will need to be resolved in the fu-
ture to enable a full understanding of the opening and
closing processes.

Structural transitions associated with inactivation
Comparisons of the structure of the Inactivated,, chan-
nel with both the Closed,, and Openy; structures in-
dicate areas of the protein primarily involved in the
inactivation transition. The Inactivated,, structure has a
very similar upper cavity region to both the open and
closed structures, and an asymmetric inactivation gate
conformation that, like the symmetrical gate of the
closed state, is occluded. The activation gate structures
of the S6 helices of both the Inactivated,;, and Inactivat-
edg, channels closely overlay the Closed,, (Fig. 3 B) but
not the Openy; structures, suggesting that the hinge
necessary to open the gate has not been activated. Al-
though their S6 conformations appear to be the same,
the structures of the two types of Inactivated,, tetramers
(“AB” and “CD”) and the Closed,;, form do exhibit dif-
ferences at their C-terminal ends: the inactivated forms
have between two and eight fewer ordered residues vis-
ible in the crystals, suggesting that they exhibit more
mobility or flexibility in this region. Because the CTD
has not been resolved in any of the inactivated form
crystals, we cannot make any conclusions about whether
the regions adjacent to the transmembrane helices are
disordered (as in the open state) or helical (as in the
closed state). Nor can we discern even if they exhibit
the same coiled-coil structures at their distal ends that
are present in both the open and closed forms.

In contrast, the SF region of the Inactivatedy, struc-
ture (as well as that of the inactivated NavRh structure)
is very different from either the open or closed states
(Fig. 4). It has been described as “collapsed,” and indeed
itis of insufficient diameter to enable a full dehydrated
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sodium ion to enter into the pore, much less exit it.
Because in this case comparisons can be made for two
crystal structures of the same orthologue (NavAb), the
differences in the inactivated and closed structures can-
not be attributed to SF sequence differences. The
changes involve both the P1 and P2 helices as well as the
SF itself, and involve modest differences in the second-
ary structures of the turret and top of S5 (Fig. 3 D). The
observation that structural changes associated with the
inactivated structure primarily involve the SF region
corresponds well with earlier functional studies suggest-
ing that the region close to the SF is responsible for in-
activation (Pavlov et al., 2005). Interestingly, too, is the
correspondence with studies done many years ago using
circular dichroism spectroscopy (Cronin et al., 2003)
on eukaryotic (electric eel) sodium channels that were
induced to adopt open, closed, and inactivated states
through the use of toxins and drugs. Those functional
studies indicated that the secondary structures of the
open and closed channels were surprisingly very similar
but that the secondary structures of the inactivated
form was considerably different. This also corresponds
with the structural observations for the prokaryotic
channels, where there are no apparent changes in sec-
ondary structure between open and closed states but
significant differences between the open and the inacti-
vated state.

The structural comparisons thus suggest that inactiva-
tion closes not only the extracellular but also the intra-
cellular ends of the transmembrane passageway, although
the extracellular changes appear to be the defining
ones for the inactivation state.

Structural models for sodium channel opening—
closing—inactivation mechanisms

Early models (e.g., Armstrong and Bezanilla, 1973; Hille,
1975; Lehmann-Horn and Jurkat-Rott, 1999; see also
Hille, 2001, and Armstrong, 2007) proposed for eu-
karyotic sodium channel charge movement and gating
were based primarily on functional observations and were
produced, for the most part, before either any sodium
channel sequences were determined or any crystal
structures of any members of the voltage-gated cation
channel superfamily were available. Structural models
included suggestions such as the constriction of the
SF or the shutting of two flaps (Lehmann-Horn and
Jurkat-Rott, 1999), one at the extracellular surface and
one at the intracellular surface, as being responsible
for inactivation and closing, respectively. With the se-
quencing of the first eukaryotic sodium channel (Noda
et al., 1984), three-dimensional models were devel-
oped that proposed the involvement of specific regions
for the activation and inactivation processes (Guy and
Seetharamulu, 1986; Yu et al., 2005). Many other ap-
proaches, including mutational effects, interactions with
toxins, drug and ligand binding, and various spectroscopic
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studies, have since contributed to structure—function
models of sodium channels (Catterall, 2012). More re-
cently, the crystal structures of potassium channels (Doyle
et al., 1998; Long et al., 2007) provided structural tem-
plates and information for understanding the electrome-
chanical coupling and mechanism of their opening and
closing. The sequence homology of sodium channels to
these other members of the voltage-gated ion channel
superfamily suggested that they would share a common
architecture, albeit with very different SF regions, and
led to more detailed models for sodium channel struc-
tures and functions (Yarov-Yarovoy et al., 2001; Shafrir
et al., 2008; Zarrabi et al., 2010).

Soon after the prokaryotic sodium channels were
identified as simpler target molecules for biophysical
studies (Ren et al., 2001), and well before any of the
prokaryotic orthologue crystal structures were deter-
mined, a hinge model for NaChBac (the first sodium
channel orthologue whose sequence was determined)
was proposed. This model for opening of the activation
gate, like the models for the MthK potassium channel
(Jiang et al., 2002), was based on the presence of a gly-
cine residue in the middle of the S6 helix. Because gly-
cines lack side chains, this type of residue could act as a
flexible pivot for the top and bottom of the S6 helix,
which could then move to open the gate. This model
was supported by functional studies that showed that
mutations of the glycine altered the rate of inactivation
and recovery (Ito et al., 2004; Zhao et al., 2004), and
spectroscopic studies that showed that changing the gly-
cine to a conformationally less flexible serine produced
a more thermally stable protein (O’Reilly et al., 2008);
later molecular dynamics calculations (Barber et al.,
2012) also supported a hinge-bending model involving
this glycine. This model for the mechanism became less
favored, however, after the determination of the sequences
of other orthologues, as they did not have a glycine in
the equivalent position.

The solution of the crystal structure of the prokary-
otic sodium channel NavAb, with sequence and structural
homology (especially in the VS regions) to single-do-
main tetrameric prokaryotic and eukaryotic potassium
channel structures, prompted the suggestion (Payandeh
et al., 2011) that the mechanism behind the coupling
and pore opening might be similar to another model
proposed for K* channels (Long et al., 2007). Indeed,
the VS of the Closedyy, structure aligns well with the VS
of the open Kvl.2 structure, although they diverge in the
pore, specifically at the beginning of the base of the S5
helix, and their SFs are completely different both in se-
quence and in structure (one using side chains and
backbone carbonyls, and the other narrower one using
only backbone carbonyls to create the ion-binding sites).
That model had the VS and pore regions moving as
modular units, with the S4-S5 linker movement causing
the conformational change. In the sodium channel case,

the proposed change was a rotation-like motion of the S5
and S6 helices relative to each other, opening the pore in
an iris-like dilation motion. This bears semblance to the
twisting mechanism proposed for the opening and clos-
ing of the nonspecific ion channel in nicotinic acetylcho-
line receptors (Unwin, 2003), where the transmembrane
helices of adjacent subunits change positions relative to
each other, primarily on one surface, producing a rota-
tional squeezing and release mechanism that changes
the size of the pore along its length.

A new structure-based model for the
opening-closing-inactivation mechanisms

The observed structural differences described above be-
tween Openy, and Closed,, do not support a model
based on a modular S5-S6 iris-like motion. In the pro-
karyotic sodium channel crystal structures, the C-terminal
end of the S5 helix exhibits very little change between
the two different states, and nothing suggests its move-
ment is coupled with that of the S6 helix in either the
same or an adjacent subunit within the tetramer. In-
stead, the opening and closing appears to involve a
twist/bend in the middle of the S6 helix, which moves
the activation gate to occlude or open the intracellular
surface, enabling ion egress from the cavity (McCusker
et al., 2012; Bagnéris et al., 2013; Video 1). This is re-
markably similar to the earlier hinge model, except that
there is no glycine at the hinge position. Instead, a thre-
onine (T206 in the NavMs numbering scheme) is lo-
cated at the juncture, in an equivalent position in the
sequence to the glycine found in the NaChBac ortho-
logue. The structure of NavMs shows that there would
be sufficient space to enable the backbone motion even
with the threonine side chain, as the C3 substituent does
not impinge on the region that moves. However, the en-
hanced flexibility of a glycine residue in NaChBac could
be responsible for its faster rate of opening (Ren et al.,
2001) than NavMs (Ulmschneider et al., 2013).

Because the S1-54 helices of the VS structure are al-
ready in the open conformation in the Closed,, and
Inactivatedy;, structures, it initially seemed likely that
the S4-S5 linker in these structures would be in a con-
formation similar to that which it would adopt in the
open pore state. However, comparisons of the Openy;
and Closedy, structures indicate that the positions of
especially the S5 helices in the open pore would miti-
gate against the linker in the Closed,y, structure being
completely in the activated state because the end of the
open state S5 helix would impinge on the linker. It is
therefore suggested that the linker is in a “primed” state
but that it moves in concert with the S5 and S6 helices
as the activation gate is opened.

The structure-based model for the slow inactivation
process, like several of the early models (Lehmann-Horn
and Jurkat-Rott, 1999), appears to primarily involve a
closing of the SF to ion entry on the extracellular surface
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(Fig. 5). Rather than a flap folding over the entry, how-
ever, it appears that the SF itself folds in toward the cen-
ter of the ion pathway, blocking entry of any sodium
ions into the pore. It also appears, contrary to the dou-
ble-flap mechanism, that the activation gate in the inac-
tivated form is closed rather than open, although this
could be a consequence of the crystallization and pack-
ing conditions (Video 2).

Flexibility at the C-terminal region of S6 thus appears
to be the defining feature of the prokaryotic voltage-
gated sodium channel. It may be at least partially re-
sponsible for channel opening and for the cascade of
events that occur at the SF and P loops during inacti-
vation. The presence of a flexible linking region to the
CTD would enable the opening and closing to occur
without uncoiling the distal coiled-coil region, which
may play an important role in stabilizing the tetrameric
quaternary structure of the prokaryotic sodium chan-
nels (Video 3). This feature is not present (nor neces-
sary) in eukaryotic sodium channels, which are single
polypeptide chains. Instead, they seem to have a CTD
that plays an important role in fast inactivation, a func-
tion that prokaryotic sodium channels do not exhibit.

Similarities and differences in the activation mechanisms

of prokaryotic and eukaryotic sodium channels
Prokaryotic and eukaryotic sodium channels exhibit
considerable homologies in the sequences of their
transmembrane regions (Fig. 1), especially in the C-ter-
minal ends of their S6 helices, although their SFs and
CTDs are entirely different. Likewise, both exhibit tran-
sitions between activation, recovery, and slow inactiva-
tion functional states, albeit with different kinetics (as
well as the absence of fast inactivation in prokaryotic
channels). Therefore, it is of interest to consider if they
might involve similar structural features in a common
mechanism for opening and closing.

New studies (Bagnéris et al., 2014) on the structure
and electrophysiological consequences of binding chan-
nel blocker drugs to prokaryotic and human Na,l.1 chan-
nels have shown the parallel nature of their block by a
range of ligands that bind in the hydrophobic cavity and
prevent passage of ions from the extracellular to intra-
cellular surfaces. This apparently occurs not by closing
the activation gate but by the hydrophobic ligands creat-
ing a barrier to exit at the end of the SF region, and is
entirely consistent with the mechanisms described above.

Furthermore, a recent study was done to test whether a
similar mechanism of opening and closing could be op-
erating in human Navl.4 and prokaryotic sodium chan-
nels (Oelstrom et al.,, 2014). Channels with their fast
inactivation mechanism disabled could be functionally
held in either the open or closed state. An accessibility
labeling technique was used to probe sites in S6 of domain
IV (Fig. 1). Residues C terminal to the proposed activa-
tion gate were accessible to labeling from the intracellular
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side in both the open and closed states, whereas residues
above this were only accessible in the open state. In the
open state, the channel could be labeled up to the ring
of hydrophobic residues immediately preceding the
equivalent to residue T206 in the prokaryotic channels,
again consistent with a mechanism involving a hinge
mechanism in the middle of S6. These results strongly
support the type of mechanism for opening and closing
presented above, with a flexible hinge region that opens
the pore up to the intracellular compartment in the
open state, but not in the closed state.

However, it is important to note that significant dif-
ferences in the activation/inactivation and selectivity
mechanisms do exist between prokaryotic and eukaryotic
channels (see, for example, Ahern, 2013; Goldschen-
Ohm et al., 2013; Finol-Urdaneta et al., 2014, for de-
tailed discussions). These arise in large part because
of the asymmetry of the pseudotetrameric eukaryotic
structures as opposed to the simpler homotetramers
that comprise the prokaryotic channels. They result in
asynchronous movements of VSs, asymmetric ion-bind-
ing sites, and novel loops between the different domains
that have specialized roles, for example in fast inactiva-
tion, which are not seen in the prokaryotic channels.
Nevertheless, the availability of several crystal forms of
prokaryotic voltage-gated sodium channels in different
conformational states has vastly increased our knowl-
edge of the structure—function relationships for these
channels, and provides new insight into their mecha-
nisms of opening, closing, and inactivation (Fig. 5).
These, in turn, may inform our understanding of both the
structure and function of sodium channels in general.
The new model proposed, based on the detailed struc-
tures of prokaryotic channels in crystal environments,
will, however, await confirmation by further functional ex-
periments on channels in their biological context, as well
as structural studies of eukaryotic channels.
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