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Quaternary structure independent folding of
voltage-gated ion channel pore domain subunits

Cristina Arrigoni'®, Marco Lolicato'®, David Shaya', Ahmed Rohaim’, Felix Findeisen’,
Lam-Kiu Fong'?, Claire M. Colleran’, Pawel Dominik3, Sangwoo S. Kim3, Jonathan P. Schuermann?,
William F. DeGrado'?, Michael Grabe ©'?, Anthony A. Kossiakoff® and Daniel L. Minor Jr.®"56785

Every voltage-gated ion channel (VGIC) has a pore domain (PD) made from four subunits, each comprising an antiparallel
transmembrane helix pair bridged by a loop. The extent to which PD subunit structure requires quaternary interactions is
unclear. Here, we present crystal structures of a set of bacterial voltage-gated sodium channel (BacNa,) ‘pore only' proteins
that reveal a surprising collection of non-canonical quaternary arrangements in which the PD tertiary structure is maintained.
This context-independent structural robustness, supported by molecular dynamics simulations, indicates that VGIC-PD ter-
tiary structure is independent of quaternary interactions. This fold occurs throughout the VGIC superfamily and in diverse
transmembrane and soluble proteins. Strikingly, characterization of PD subunit-binding Fabs indicates that non-canonical qua-
ternary PD conformations can occur in full-length VGICs. Together, our data demonstrate that the VGIC-PD is an autonomously
folded unit. This property has implications for VGIC biogenesis, understanding functional states, de novo channel design, and

VGIC structural origins.

he VGIC superfamily is the largest channel family’. VGIC
transmembrane architecture is built from two elements.
Each subunit contains a PD comprising two transmem-
brane helices bridged by the pore helix and selectivity filter (SF)*.
Some superfamily members also have a four-transmembrane-helix
voltage-sensor or voltage-sensor-like domain (VSD)*=. Regardless
of whether a VGIC assembles from multiple chains (for example
potassium>® and TRP channels®) or carries all subunits in one poly-
peptide (for example voltage-gated calcium (Cays) and sodium
channels (Nays)*), the ion-conductive pore comes into being only
upon assembly of four PD subunits®™°.

There is a growing appreciation that VGIC subunits are modular.
VSDs can adopt a native-like structure independent from the PD",
and protein dissection studies, particularly of bacterial sodium
channels (BacNays)'*", have established PD structural indepen-
dence. Such ‘pore only’ proteins lacking the VSD can form selective
ion channels'*">'>'* and maintain the canonical VGIC quaternary
pore structure'»'>*, Nevertheless, how four PD subunits assemble
into a functional pore and whether there are stable intermediates
remains poorly understood**%. Labeling studies of K,1.3 (refs. ***)
and archaeal KvAP* channels have suggested that a native-like pore
helix topology can develop within a single PD subunit, indepen-
dent of tetramer formation. However, sub-microsecond (~650ns)
molecular dynamics (MD) simulations indicate that the PD tertiary
fold is stable”’, and a VGIC-PD has never been observed in any form
except for the native tetrameric assembly.

Here, we present multiple BacNays pore-only structures together
with tens of microseconds of MD simulations that demonstrate

that the PD tertiary architecture, the VGIC-PD fold, forms inde-
pendently of quaternary structure details. Structural compari-
sons find the VGIC-PD fold throughout the VGIC superfamily,
in other channels and transporters, and in transmembrane and
soluble proteins that are not channels. The shared features suggest
that the VGIC-PD fold is built from an ancient scaffold compris-
ing an antiparallel helical pair bridged by a loop. The capacity of
such a structure to fold independently agrees with long-standing
ideas of membrane-protein-folding mechanisms*®** and cyste-
ine accessibility studies suggesting that Kv PDs adopt native-like
topologies during folding?-**. The structural independence of the
VGIC-PD fold has implications for VGIC biogenesis and under-
standing disease mutant effects, may have a role in functional
states, and provides clues about possible structural origins of the
VGIC pore.

Results

BacNa, ‘pore only’ structures show non-canonical assemblies.
We determined crystal structures of three pore-only BacNays:
Alcanivorax borkumensis Na,Ablp', a Silicibacter pomeroyi
Na,Spl calcium-selective mutant, Ca,Splp'’, and a chimera
with the Alkalilimnicola ehrlichii NayAel PD"* and Na,Spl
carboxy-terminal domain (CTD), NayAel/Splcpp, at resolutions
of 2.854, 3.54, and 4.194, respectively (Table 1 and Table 2). All
formed tetramers composed of PD monomers with the canonical
tertiary fold encompassing the S5 and S6 transmembrane helices
bridged by the P1 and P2 helices and SF' (Fig. 1a). To our surprise,
the PD subunits in each were arranged in non-canonical quaternary
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Table 1| Data collection and refinement statistics

Na,Ab1p Na,Ab1p (bicelles) Ca,Splp Na,Ael/Splcpp Na,Ael/Splcpp- NayAel/Spl.pp-
detergent (DM) (PDB: 7PGI) (bicelles) (PDB: (DDM) (PDB: SAT09 complex ANTO5 complex
(PDB: 7PGG) 7PGF) 7PGH) (PDB: 7PGB) (PDB: 7PG8)
Data collection
Space group P4,2,2 12,2,2, P6,22 P2,2,2, P4, P4,

Cell dimensions

a, b, c(A) 157.471,157.471, 178179, 191.80, 133.682,133.682, 123.465,134.696, 200.865, 200.865, 127175,12775,
106.394 192.32 130.744 155.545 327727 445.206

a, B,y () 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90

Resolution (A) 111.35 - 2.85 135.81- 3.64 115.77 - 3.5 101.82-4.2 200.86 -3.6 14.99 - 4.46
(2.95-2.85) (3.77 - 3.64) (3.62-35) (4.34 - 419) (3.73-3.6) (4.62 - 4.46)

Rinerge 0.169 (>1) 0.157 (>1) 0.156 (>1) 0.065 1) 0.166 (>1) 0.031(>1)

I/ ol 15.4 (1.0) 5.2(0.9) 10.2 (0.6) 1.6 (1) 9.3(0.5) 12.8 (0.7)

CCyn 0.999 (0.473) 0.995 (0.172) 0.995 (0.126) 0.999 (0.404) 0.998 (0.130) 0.997 (0.442)

Completeness (%) 98.99 (99.87) 98.41(98.88) 9717 (100.00) 96.53 (90.59) 98.47 (99.34) 98.31(88.69)

Redundancy 16.2 (16.6) 4.2 (3.8) 11.5 (11.9) 12.9 (12.7) 7.0 (6.8) 2.0 (1.9)

Refinement

Resolution (A) 14.96 - 2.85 19.98 - 3.64 14.93-35 14.99 - 4.2 15-3.6 14.99 - 4.46

Unique reflections 31,433 (3,087) 36,662 (3,616) 8,915 (879) 18,983 (1,766) 147,489 (14,754) 42,377 (3,816)

Ryork / Riee 26.6/28.0 28.7/30.4 26.5/28.9 32.8/34.30 20.8/234 30.3/35.2

No. atoms

Protein 2,363 9,291 2,029 8,413 42,648 22,623

Ligand/ion 21 1 0 415 1,197 0

Water 0 0 0 0 9 0

B-factors

Protein 98.37 130.91 153.64 319.61 190.45 251.22

Ligand/ion 152.61 104.68 N/A 277.06 186.93 N/A

Water N/A N/A N/A N/A 85.99 N/A

R.m.s. deviations

Bond lengths (A) 0.008 0.014 0.010 0.006 0.004 0.008

Bond angles (°) 2.09 1.90 1.45 1.20 1.08 1.56

Each data set is data collected from a single crystal. *Values in parentheses are for highest resolution shell.

assemblies in which the SF faced the periphery rather than the cen-
tral axis (Fig. 1b-d).

The Na,Ablp structure, inside-out,, showed the most extreme
deviation from the canonical quaternary structure (Fig. 1b and
Extended Data Fig. la-d) and was observed in crystals grown
from detergent and lipid bicelles that diffracted to 2.85A and
3.64 A, respectively (Table 1). The two structures were very similar
(root-mean-square deviation, RMSD,=0.613 and 0.733 for deter-
gent Na,Ablp to bicelle Na,Ablp tetramers A and B, respectively)
(Extended Data Fig. 1e). This similarity, together with the presence
of a lipid in the 2.85-A detergent structure next to a P1 helix aro-
matic residue where a similar lipid is found in the canonical pore
conformation (Extended Data Fig. 1f), indicates that the unusual
quaternary arrangement was not a consequence of the absence
of lipids.

In inside-out,, each PD monomer is rotated ~180° around the
channel central axis relative to the canonical pore structure typi-
fied by Na,Aelp'"'® (Fig. 1b,e). This places the S5 transmembrane
helices along the central fourfold axis where they make extensive
interactions with each other while the S6 helices face the periphery.
These changes result in increased buried surface area of the indi-
vidual PDs by ~281 A” relative to the canonical arrangement found

in NayAelp'"'® (Supplementary Table 1). The neck domain is com-
posed of largely hydrophilic residues and forms a continuous helix
that connects the C-terminal end of S6 with the amino-terminal
end of the coiled-coil (Fig.1b and Extended Data Fig. 1d). Despite
the dramatic PD quaternary structure rearrangement, the Na,Ablp
coiled-coil domain matches other BacNa, structures'"'® having the
coiled-coil sequence ‘@ and ‘d’ hydrophobic residues'®” in its inte-
rior and hydrophilic residues on its exterior (Fig. 1b).

Ca,Splp and NayAel/Splcppp also showed non-canonical
quaternary arrangements. Ca,Splp crystals were grown from
seleno-methionine-labeled protein reconstituted in lipid bicelles,
diffracted at 3.5A, and were solved by a two-wavelength MAD
experiment (Table 1). In the Ca,Splp quaternary structure, S5 is
on the periphery, and S6 lines the tetramer central axis, similar to
canonical PDs'"'® (Fig. 1c,e and Extended Data Fig. 1g,i). However,
each PD subunit has undergone a ~45° clockwise rotation relative
to the central axis. This allows the S6 helices to contact each other
in a way that closes the central cavity and places the SF along the
bilayer facing the structure periphery, termed peripheralg; (Fig. 1c).
The peripheralg; arrangement has more surface area per monomer
buried (~123 A?) than does the canonical structure (Supplementary
Table 1). There is a kink at Ala226 where the S6 C-terminal end joins
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Table 2 | Data collection, phasing and refinement statistics

Na,Aelscrop Na,Ab1p (DM) Ca,Splp
(DDM) bicelles
Data
collection
Space group P2,2,2; P4,2,2 P6,22
Cell
dimensions
a, b, c (R) 125.43,135.80, 157.6260, 133.0465,
156.13 157.6260, 133.0465,
106.5250 1281215
a, B,y () 90, 90, 90 90, 90, 90 90, 90, 90
Peak Inflection Remote Peak Inflection Remote Peak Remote
Wavelength 0.97698 0.97953 0.95368 0.97960 0.97940 0.96110 0.979764 0.957038
Resolution (A) 48.89 - 4.51 48.77 - 4.51 48.85 - 4.51 39.41-3.28 39.31-3.20 39.34-3.20 34.31-394 34.31-3.85
(5.04 - 4.51) (5.04 - 4.51) (5.04- 4.51) (3.46-3.28) (3.37-3.20) (3.37-3.2) (440-394) (4.30-3.85)
Rinerge 0.044 (>1) 0.041 1 0.043 >N 0.260 (>1) 0182 (>1) 0.239 >1) 0.349 (>1) 0.401 (1)
1/ ol 10.8 (0.6) 11.6 (1.0) 11.4 (0.8) 14.2 (1.0) 19.5(2.2) 15.7 (0.8) 16.6 (1.1) 15.2 (0.9)
CCys 0.999 (0.286) 1.0 (0.439) 1.0 (0.370) N/A N/A N/A 1.00 (0.282) 1.00 (0.228)
Completeness  99.40 (98.30) 99.60(98.80) 99.20(97.70) 98.7 (92.0) 99.9 (100.0) 99.8 (99.6) 98.3(94.7) 98.4 (95.1)
(%)
Redundancy 6.6 (6.7) 6.6 (6.8) 6.6 (6.7) 33.5(32.2) 34.1(35.8) 33.4(31.7) 64.6 (33.7) 64.6 (33.6)
Unique 16,246 (4,499) 16,137 (4,463) 16,169 (4,454) 20,803 (2,766) 22,495 (3,216) 22,586 (3,215) 6,214 (1,630) 6,659 (1,760)
reflections

Each data set was data collected from a single crystal. *Values in parentheses are for highest resolution shell.

the continuous helix comprising the neck and coiled-coil domains
(Extended Data Fig. 1k). The Ca,Sp1p coiled-coil ‘a-d’ hydrophobic
repeat forms the interior of the four-helix bundle, as in CTDs of the
canonical NayAelp'"'* (Fig. 1c) and inside-out Na,Ablp (Fig. 1b).
Hence, as with Na,Ablp, the principal quaternary rearrangement
from the canonical structure occurs in the Ca,Splp PD.

NayAel/Splepp crystals that diffracted to 4.19A were
solved by MAD using the anomalous signal from seleno-
methionine-containing crystals (Table 1) and had two tetramers
in the asymmetric unit. Each showed variations on the inside-out,
form, termed inside-out, and inside-out. (Fig. 1d and Extended
Data Fig. 11-q). As with inside-out,, S5 lines the central axis of both
inside-out, and inside-out. NayAel/Splerpp tetramers, while S6
and the SF face the exterior. Inside-outy is fourfold symmetric and
has a wide cavity at the top of the structure, whereas inside-out,
has a two-fold symmetric arrangement in which two of the diago-
nally opposed S5s are close to each other while the other two are far
apart (Fig. 1d). Contrasting the inside-out, and peripheralg; forms,
the individual PD monomers of the inside-out, and inside-out,
bury substantially less surface against their neighbors than does
the canonical NayAelp structure (-329 and —448 A2, respectively)
(Supplementary Table 1). The NayAel/Spl.pp neck and coiled-coil
regions form helices that are continuous with S6, similar to that
observed in Na,Ablp.

Remarkably, the individual PD subunits from these four
non-canonical quaternary assemblies all have tertiary structures
similar to those from canonical PD quaternary arrangements
(Fig. 1a). There are some structural differences in the SF (Extended
Data Fig. 2). The largest encompasses SF positions (+1) to (+3) in
Ca,Splp and NayAel/Splcy, and is centered around a dislocation
of the (+2) tryptophan, which occupies its native position (Trp™)
in NayAblp (Extended Data Fig. 2a) but is flipped out (Trp®*) in
Ca,Splp and NayAel/Splcy, (Extended Data Fig. 2b,c). These
differences suggest that, although the PD tertiary structure is

independent of the quaternary assembly, attaining the SF native
positions depends on quaternary interactions.

The dramatic differences in the PD quaternary structures of
NayAel/Spleyp relative to prior NayAelp structures''® (Fig. 1d,e)
demonstrate that the same protein sequence, the NayAel PD, can
adopt both inside-out (Fig. 1d) and canonical (Fig. 1e) quaternary
structures and rules out the possibility that the non-canonical
Na,Ablp and Ca,Splp structures (Fig. 1b,c) are peculiar to those
particular channels. Further, preservation of the Na,Ael PD tertiary
fold in diverse quaternary contexts demonstrates that an individual
PD can adopt multiple quaternary structures without losing its native
tertiary structure. NayAel/Splcyy inside-out; and inside-out, PD
monomers bury substantially less surface area against their adjacent
neighbors relative to the canonical NayAelp form (Supplementary
Table 1). This fact eliminates the possibility that the native-like ter-
tiary structure among the various non-canonical forms results from
the non-canonical quaternary contacts. Together, our observations
directly demonstrate that the tertiary structure of an individual PD,
spanning S5-S6, is able to fold into a native-like structure indepen-
dent of quaternary context and agree with the idea that intrasubunit
interactions are the main determinants in the folding of PD tertiary
structure®.

VGIC-PD structural relatives occur in non-channel proteins. The
ability of the BacNa, PD monomer to maintain a native-like tertiary
structure independent of quaternary context prompted us to ask
whether we could find this fold in other proteins. A DALI search®**
using the Na,Aelp PD monomer (Pro148-Ser285) (Supplementary
Data Set) identified this fold in essentially every VGIC superfamily
channel member, including Na,, Ca,, and TRP channels (Fig. 2);
channels whose pores resemble the VGIC superfamily, such as IP,
receptors and glutamate receptors; and ion transport proteins, such
as TRKA (Fig. 2). Remarkably, sequence identity with Na,Aelp
can be very low (such as 8% and 11% for GluR and TRPV1,
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Fig. 1| Structures of BacNa, PDs. a, Superposition of the PD subunits from Na,Aelp (bright orange) (PDB: 5HK7)'¢, Na,Ab (3RVZ) (magenta)*°, Na,Ablp
(firebrick), Ca,Sp1 (pale cyan), Na,Ael/Spl.pps (pale green), and Na,Ael/Splcrppc (marine blue). b, Na,Ablp structure, inside-out, form (left), cartoon
showing two of four subunits. Upper right, extracellular view. Inset, coiled-coil. ¢, Ca,Sp1p structure, peripherals form (left), cartoon showing two of four
subunits. Upper right, extracellular view. Inset, coiled-coil. d, Na,Ael/Spl.pp structure, inside-out, form (left), cartoon showing two of four subunits.
Upper right and lower left, extracellular view of inside-out, and inside-out. forms, respectively. e, Na,Aelp structure, canonical form (PDB: 5HK7)'® (left),
cartoon showing two of four subunits. Right, extracellular view. f, Cartoon schematics of the canonical, inside-out, and peripherals; quaternary structures.
In b-f, channel elements are as follows, S5 (bright orange), SF (red), P1and P2 helices (teal), S6 (marine), neck (olive), coiled-coil (forest).

respectively) and still yield the same core architecture of an antipar-
allel transmembrane helix pair bridged by a pore-helix-containing
loop (Fig. 2). In all cases, the VGIC-PD monomer occurs in a tetra-
meric assembly. Owing to its VGIC superfamily predominance, we
denote this as theVGIC-PD fold.

To our surprise, we identified many non-ion channel pro-
teins with Z scores and RMSD,s equivalent to VGIC superfam-
ily members (for example Z score = ~6, TRPM2, Fig. 2). Most
striking was an element from the plant-conserved region (PC-R)
of rice (Oryza sativa) CesA8 cellulose synthase’” (Fig. 2), con-
sisting of an antiparallel helical pair bridged by a 25-residue
a-helix-containing loop. Although sequence identity with
Na,Aelp is undetectable (3%), its structural similarity matches

540

exemplar VGICs (RMSD,, ~2.5-2.9 A, Fig. 2), and agrees with
prior analysis noting the similarity of this soluble enzyme ele-
ment to Nays*. Other good non-ion-channel structural matches
are exemplified by the cytoskeletal protein SHROOM2 (ref. %), in
which the antiparallel helix pair that matches Na,Aelp is bridged
by a loop bearing an antiparallel helical pair (Fig. 2), and chain Z
of pea (Pisum sativum) photosystem II (PSII)*, in which a short
loop connects the transmembrane helical pair. Together, these
observations indicate that VGIC-PD fold structural independence
relies on transmembrane antiparallel helical pair association, a
notion consistent with ideas regarding Kv pore monomer fold-
ing and prevalence of this feature in potassium channel PDs and
coiled-coils™.
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Fig. 2 | Exemplar structural homologs of the VGIC-PD fold, identified using DALI*?". DALI search Z-score, RMSD¢, (A), and percentage identity (ID%)

are shown. DALI output results are available as source data.

$6-Neck hinge allows PD rigid body rearrangements. The
observed quaternary assembly diversity prompted investigation
of how these unusual PD arrangements relate to each other and
the canonical pore. Superposition of Na,Ablp, Ca,Splp, Na,Ael/
Splermp, and NayAelp'® PD monomer CTDs reveals that the differ-
ent PD positions are interrelated by simple rigid body movements
around a hinge at the S6-neck junction (Na,Ablp His237, Ca,Splp
Ala223, Na,Aelp His245) (Fig. 3a). A rotation of ~45° in the mem-
brane plane around this point connects the canonical NayAelp and
Ca,Splp inside-outg (Fig. 3a,b). An additional ~60° tilt parallel to
the membrane plane connects Ca,Splp inside-outy; and Na,Ablp
inside-out, (Fig. 3a,b). NayAel/Splcpp inside-outy and inside-out,
forms are similarly related to the canonical conformation, involving
the ~45° in membrane plane rotation followed by tilts of different
degrees around an axis parallel to the membrane plane (Extended
Data Fig. 3a,b).

Despite these extreme changes in PD quaternary structures, the
CTDs superpose very well (Fig. 3¢ and Extended Data Fig. 3¢c). The
Na,Ablp and Ca,Splp neck domain cores comprise hydrophilic
residues with @” and ‘d’ repeats that match the corresponding posi-
tions of NayAelp'® (Fig. 3d-g). The main differences from NayAelp
are that, in Na,Ablp, the neck N-terminal end near the S6 junc-
tion is slightly more open (Fig. 3f), and, in Ca,Splp, the neck is
one helical turn shorter than Na,Ablp and Na,Aelp (Fig. 3g,h and
Extended Data Fig. 3d). The consistent neck domain packing pat-
terns in structures that show different PD quaternary arrangements
underscore that rigid body motions of the PD monomers around
the S6-neck hinge connect the PD non-canonical arrangements.

Canonical CTDs support diverse quaternary assemblies. To
characterize the quaternary packing differences better, we used a
distance-based analysis of the proximities of various channel ele-
ments relative to their neighbors. These contact plots identify
extensive intersubunit interactions in the canonical PD quaternary
structure at the P1-S6 interface, between adjacent SFs (SF-SF),
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and at the S6 cytoplasmic end where these helices form the intra-
cellular gate'-'>* (Fig. 4a). Strikingly, none of the non-canonical
forms show the quaternary P1-S6 or SF-SF contacts present in
the canonical assembly (Fig. 4b-f). Instead, all non-canonical
forms show close approaches of S5 and S6 to the neighboring
subunit and to the diagonally placed subunit (Fig. 4a,b-f). Close
quaternary contacts between S5 helices are found in Na,Ablp
inside-out, (Fig. 4b) and NayAel/Spl.pp inside-out. (Fig. 4e) and
occur to a lesser extent in NayAel/Splcpp inside-out, (Fig. 4d)
owing to the separation of the extracellular ends of the S5 heli-
ces. Such S5-S5 quaternary contacts are absent from the Ca,Splp
peripheralg, form (Fig. 4c). Instead, its S6 helices make extensive
quaternary contacts that are not present in either the canonical or
other non-canonical structures (Fig. 4a). In contrast to these exten-
sive differences in PD quaternary interactions, the canonical and
non-canonical forms share similar CTD intersubunit interactions
in their neck and coiled-coil regions (Fig. 4). The lack of shared
quaternary interactions among the various structures lends further
support to the idea that the VGIC-PD is an autonomously folded
monomeric unit whose tertiary structure is largely independent of
quaternary interactions.

The VGIC-PD fold is conformationally stable in a bilayer. Given
the apparent stability of an isolated Kv PD monomer in a prior 650-ns
MD simulation”, we performed 3 independent 10-ps sMD simula-
tions of an isolated BacNa, PD monomer to evaluate its behavior in
a palmitoyl-oleoyl phosphatidylethanolamine (POPE) lipid bilayer.
We chose NayAelp®, because this PD has been observed in both
canonical (Fig. le)'"'® and non-canonical forms (Fig. 1d). Na,Aelp
monomer backbone geometry remained highly constant for the
entire simulation (RMSD, ~1.5A) (Fig. 5a). The S5-S6 antiparallel
transmembrane helices and P1 helix were conformationally stable
(RMSD¢, ~1.0A and ~0.4 A, respectively), whereas, the SF and P2
helix were more dynamic (RMSD,> 1.0A4) (Fig. 5d,e) matching
their behaviors in the various non-canonical quaternary forms.
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The SF and S6 helix face the canonical tetramer central aque-
ous pore but face very different environments in the inside-out
forms (Fig. 1f) and membrane-embedded monomer, raising ques-
tions about how these elements could be accommodated in the
bilayer. The simulations show that the exposed SF polar groups
sit at the lipid-water interface and are hydrated by ~15 waters
within 3.0A (Fig. 5f,g) as well as by polar phospholipid head
groups. Interestingly, the SF (42) residue Trpl99 is dynamic,
and in one simulation (Replicate 2) samples the Trp™ position
from canonical PD structures and a Trp°* conformation similar
to the one seen in NayAel/Splcy, (Extended Data Figs. 2¢ and
4a). This dynamic behavior appears to be facilitated by inter-
actions with the water sphere and bilayer hydrophilic groups
and reinforces the idea that, unlike the VGIC-PD core, the SF
structure needs quaternary interactions to stabilize its native
conformation.
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In contrast to the SE, the structure of the S6 transmembrane
helix, which is primarily composed of nonpolar residues, remains
indistinguishable from the canonical tetramer (Fig. 5b). Its two,
pore-facing hydrophilic residues, Ser225 and Ser226, satisfy their
hydrogen-bonding potential through interactions with backbone
carbonyls from the previous helical turn in >80% of the simulation
(Extended Data Fig. 4b,c), an interaction common to well-packed
helical proteins®. Together, the simulations further support the
idea that the VGIC-PD monomer is an autonomously folded unit
that can adopt a stable, native-like, tertiary structure independent
of quaternary interactions.

sFabs recognize the VGIC-monomer fold. Phage display®* syn-
thetic Fab (sFab) selections using Na,Ael/Splqpp and NajAelp
incorporated into lipid nanodiscs* produced sFabs SAT09 and
ANTO5, respectively. Both yielded co-crystal structures with
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NayAel/Splempp (Extended Data Fig. 5a-c and Table 1). sFab
SAT09-NayAel/Splepp crystals diffracted X-rays to 3.6A and
were solved by molecular replacement. The structure shows that
SATO09 recognizes the SF and surrounding P1 and P2 helices of PD
monomer (Fig. 6a) that is essentially like that found in the canoni-
cal NaAelp structure (RMSD.,=2.81A versus NavAelp (PDB:
5HK7)") (Extended Data Fig. 6a). sFab heavy and light chain resi-
dues make extensive contacts with the SF and P2 helix (Fig. 6b),
forming a ~761-A? interface. The center of these interactions is the
conserved SF (+2) position, Trp199, which, along with the two sub-
sequent SF residues, Ser200 and Met201, is incorporated into the P2
helix (Fig. 6b). This exposed Trp199 conformation is different from
the canonical NayAelp tetrameric pore (Fig. 6¢) in which Trp199
in its Trp™ conformation is buried in the intersubunit interface and
forms an anchor for the native SF conformation (Fig. 6d). However,
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it is similar to the Trp®* conformation observed in the inside-out

NayAel and Splgppp structures (Extended Data Fig. 6b) and PD
monomer simulations (Extended Data Fig. 4a). Hence, the data
indicate that this conformation is not induced by the sFab but is a
consequence of the sFab recognizing a conformation that is acces-
sible in the absence of canonical intersubunit interactions.

The sFab SAT09-Na,Ael/Splqpp complex formed a deca-
meric structure in the asymmetric unit comprising two
head-to-head pentamers bridged by extensive inter-sFab SAT09
interactions (Extended Data Fig. 6¢). In this arrangement, indi-
vidual PDs make very few interactions with other members of
the complex and are oriented such that the SF faces the periph-
ery (Extended Data Fig. 6d,e). As this pentameric assembly dif-
fers from other forms, we term it inside-out,, (Extended Data
Fig. 6e). Its S6 helix faces the central axis, but comparison with a
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monomer from the canonical NayAelp' shows that the NayAel/
Splerpp monomers are tilted by ~60° around the His245 S6-neck
hinge (Extended Data Fig. 6f,g) and have a ~15° twist around
the S6 axis. Similar to the other non-canonical NayAel/Splcipp
quaternary arrangements, the individual inside-out, PD mono-
mers bury substantially less surface area against their adjacent
neighbors than does the canonical form (Supplementary Table 1),
further supporting the idea that the native-like tertiary fold is
essentially independent of quaternary structure. Contact analy-
sis shows that, in contrast to the other forms, the PDs make very
few intersubunit interactions, indicating that this quaternary
arrangement is largely held together by interactions of the neck
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domain (Extended Data Fig. 6h). Notably, the coiled-coil region
was not visible, suggesting that the crystallographic pentam-
eric assembly is incompatible with its structure. Size-exclusion
chromatography-multiangle light scattering (SEC-MALS)*
(Extended Data Fig. 7a—c and Supplementary Table 2) of Na,Ael/
Splerpp and the SAT09-NayAel/Splcompp complex shows that
both are monodisperse tetramers, indicating that SAT09 does not
affect oligomerization state. Hence, these data, together with the
low degree of intersubunit contacts in the pentameric assembly,
suggest that the pentameric form is a consequence of the crys-
tallization conditions and not the result of SAT09 binding to the
inside-out form.
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The low-resolution ANT05-NayAel/Splpp complex structure
revealed a similar recognition mode where the sFab recognizes
the exposed SF and P1 and P2 helices of an inside-out tetramer
(Extended Data Fig. 8a). Although the resolution precludes detailed
description interactions, it is clear that ANTO5 is rotated ~90° along
the sFab long axis relative to SAT09 (Extended Data Fig. 8b). This
represents a different recognition mode of the structural epitope
targeted by SAT09 and is consistent with the sequence differences
between the SAT09 and ANTO5 complementary-determining
regions (CDRs) (Extended Data Fig. 5d). Notably, ANT05 was gen-
erated from selections using Na,Aelp, a pore-only channel for which
we have never observed non-canonical quaternary structures, even
when the neck was disrupted and rendered flexible'®. The fact that
we were able to raise an sFab, ANTO05, that recognizes a non-native
quaternary structure using the natively assembled NayAelp'® as the
target suggests that even very stable natively assembled pores can
access non-canonical quaternary forms, and that these conforma-
tions are not rare.

SAT09 recognizes full-length BacNays in multiple contexts.
Given our repeated observations of non-native quaternary struc-
tures in different BacNa,, pore-only constructs, we wanted to probe
whether such conformations could exist in a full-length channel.
The SF (+2) Trp at the center of the epitope recognized by SAT09 is
inaccessible in the canonical quaternary structure owing to its Trp™
conformation and burial in the intersubunit interface (Fig. 6d).
Superposition of the SAT09-Na,Ael/Splempp complex onto the
canonical NayAelp pore reveals that, even if the (+2) Trp could
flip out to be exposed in the canonical conformation, SAT09 would
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make extensive clashes with the surrounding subunits that would
prevent it from binding to a canonical tetrameric BacNa, pore
(Extended Data Fig. 9a). Thus we took advantage of the ability of
SAT09 to bind to the exposed SF epitope to test whether it could
bind to full-length BacNays.

We first used fluorescence-detection size-exclusion chro-
matography (FSEC)” to test whether SAT09 could bind to
detergent-solubilized C-terminal GFP fusions of three puri-
fied full-length BacNays: NayAel, Na,Spl, and NayAel/Splcp,
(Fig. 7a). For all three full-length channels, inclusion of SAT09
shifted the elution volume in a manner consistent with complex
formation (Fig. 7b). Notably, we were not able to detect such a shift
using K,;2.1 (TREK-1)*, a well-characterized potassium chan-
nel that lacks the SAT09 binding epitope (Extended Data Fig. 9b).
Hence, these data indicate that SAT09 is able to recognize its SF epi-
tope in a full-length channel and suggest that non-canonical pore
conformation can be accessed in the presence of the VSD.

We next tested the ability of SAT09 to recognize full-length
BacNays in a lipid environment. Of the three channels that
SAT09 could recognize in detergent, only Na,Sp1 could be read-
ily incorporated into soybean lipid nanodiscs. Because the size
of Na,Spl-nanodisc complex would make it difficult to observe
a substantial elution volume shift upon addition of the 50kDa
sFab, we adopted a different strategy to detect the interaction. We
used Spycatcher to make a covalent attachment between puri-
fied GFP bearing the SpyCatcher domain and an sFab SAT09
construct bearing an N-terminal SpyTag. We then used a combina-
tion of UV absorbance and FSEC to evaluate whether the purified
GFP-tagged SAT09 could recognize Na,Sp1 reconstituted into lipid
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Fig. 7 | Evidence for non-canonical PD quaternary structure in full-length BacNays. a, Cartoon showing the interaction of sFab SATO9 with an inside-out
PD conformation in the context of a full-length BacNav in a detergent micelle. b, Superose 6 FSEC profiles for GFP-tagged full-length channels Na,Ael/Sp1,
Na,Ael, and Na,Sp1 alone and with 10 uM sFab SATO9. ¢, Cartoon showing interaction of sFab SATO9 with an inside-out PD conformation in the context
of a full-length BacNav in a lipid nanodisc. d, Superose 6 profiles monitored by UV absorbance at 280 nm for Na,Sp1-nanodiscs (ND) and ND alone (top)
and FSEC for 10 uM sFab SATQ9 alone (green dashed line) and with Na,Sp1-ND or ND alone (bottom).

nanodiscs (Fig. 7c). Comparisons of the UV absorbance profiles
of the Na,Spl-nanodisc complex with the FSEC profiles run in
the presence of SAT09-GFP show that SAT09 co-elutes with the
nanodisc containing-fraction only when Na,Spl is present
(Fig. 7d), indicating specific recognition of the channel in a lipid
environment. To investigate the SAT09-Na,Sp1 interaction stoichi-
ometry, we used SEC-MALS analysis. Because of difficulties ana-
lyzing nanodiscs using this method, we replaced the nanodics with
the amphipol A8-35 (ref. ©). These data reveal two monodisperse
peaks for Na,Sp1, one with a molecular mass matching a tetrameric
channel and a higher molecular weight peak consistent with a dimer
of channel tetramers (Extended Data Fig. 8c and Supplementary
Table 2). Notably, the addition of SAT09 shifted both peaks to higher
molecular weight species, with the peak containing the channel tet-
ramer displaying a mass that was consistent with a stoichiometry of
two SAT09 sFabs to one channel (Supplementary Table 2). These
data indicate that it is possible to have at least two PD subunits in
which the inside-out-like form is present in a full-length channel.
Because binding the SAT09 epitope is incompatible with the native
quaternary form (Extended Data Fig. 9a), our results indicate that
inside-out like conformations can be accessed by some subunits in
the full-length channel context.

Discussion

Our pore-only BacNa, studies yielded a surprising array of uncon-
ventional PD quaternary structures. The striking preservation
of the native-like PD monomer structure in these diverse assem-
blies and in MD bilayer simulations supports the idea that the
VGIC-PD fold can adopt its native tertiary structure independent
of quaternary interactions and agrees with prior inferences about
K,1.3 PD monomer stability based on cysteine labeling and simu-
lation®***. The independence of the VGIC-PD fold, which is built
on a stable antiparallel helical pair, also aligns with ideas that many
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transmembrane domain structures are under thermodynamic con-
trol®*” and with the three-stage membrane-protein folding model
in which helical pairs form and associate prior to assembly into the
final native structure®®?.

All VGIC:s require four PDs to make a functional ion-conducting
pore assembled from either multiple, independent polypeptide
chains, as for Kv* and TRP channels’, or chains bearing multi-
ple PDs, such as K, (ref. ¢), TPC®, Cays*, and Nays*. The average
eukaryotic protein synthesis rate is ~5.6 aa/sec’®* and sets a ‘bio-
genic speed limit’ for how quickly a cell can produce a protein of
interest*. Hence, regardless of whether the PDs come from one
or multiple polypeptides, there must be some period in which the
PDs exist following their synthesis and membrane insertion prior
to assembly with their final PD partners. For example, in a VGIC
with 4 PDs within a single polypeptide, such as the sodium chan-
nel Nay 1.4, the shortest time between completion of the first (PD1)
and fourth (PD4) PDs (spanning ~1,140 aa) is ~3.4minutes. The
time between completion of PD1 and the C-terminal ends of the
other PDs is also substantial, being ~1 minute and ~2.8 minutes to
the ends of PD2 and PD3, respectively. Although such time con-
straints are unlikely to affect VSDs as their self-contained four-helix
bundle can fold independently’™’, three of the four PDs would have
to wait many minutes until they could adopt their final folded qua-
ternary structure following PD4 synthesis. The observed ability of
the VGIC-PD fold to adopt a native structure independent of qua-
ternary context could be important for the maturation of the final
VGIC native state and may help to protect unassembled PDs from
being recognized as damaged or misfolded.

The observation that the sFab SAT09 binds to full-length chan-
nels, including Na,Spl reconstituted in membrane nanodiscs
(Fig. 7b), indicates that non-canonical pore arrangements can be
accessed ina full-length channelbearing VSDsin detergentand mem-
brane environments. Prior electron paramagnetic resonance (EPR)
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studies of full-length Na,Spl and the pore-only Na,Splp noted
substantial PD mobility differences between the two channels'.
Residues reported to show the largest changes as well as enhanced
lipid accessibility include three P1 pore helix residues that are buried
in the canonical intersubunit interface but exposed in non-canonical
conformations, including the Ca,Sp1p peripheralg; (Extended Data
Fig. 10). Supported by the observation that the F170C P1 helix
mutation enhanced slow inactivation, Chatterjee et al. interpreted
the dynamic and lipid accessibility differences between Na,Spl
and Na,Splp as indicative of a slow-inactivated conformation in
Na,Splp”. On the basis of their exposure in Ca,Splp (Extended
Data Fig. 10), it seems likely that these EPR parameter differences
originate from non-canonical conformations. Whether such con-
formations are slow inactivated states remains unclear. The scale of
these changes contrasts with the smaller, largely rigid body confor-
mational changes in BacNays PDs that have been suggested to rep-
resent an inactivated channel®-*%.

The canonical and non-canonical PD conformations are inter-
related by simple rigid body displacements around a hinge in a CTD
metastable element, the neck domain'® (Fig. 3a—c). This property,
together with sFab SAT09 binding data indicating that at least two
PD subunits can access non-canonical arrangements in a full-length
channel raise the possibility that such non-canonical conformations
impact function. Considered in the context of the PD mobility
results of Chatterjee et al.”*, these observations also raise the possi-
bility that the manifold of conformational states that underlies slow
inactivation are richer than previously thought. The fact that we
are able to crystallize various non-canonical forms and raise Fabs
that recognize non-canonical quaternary forms demonstrates that
such conformations are very stable. Whether and how this stability
affects possible interconversion between non-canonical and canoni-
cal quaternary arrangements remains an open question.

The non-canonical tetrameric PD structures have conventionally
assembled coiled-coil domains in their CTDs (Figs. 1 and 3d-f) and
occur in both pore-only and full-length channels (Figs. 1 and 7).
Two of these forms, peripheralg. and inside-out,, bury more sur-
face area than the canonical form (Supplementary Table 1), raising
the question of whether such arrangements are intrinsic to the PD
itself or are influenced by the CTD. Release of the CTD constraints
does not preclude canonical PD quaternary structures, as canonical
PD arrangements are observed in structures of Na,Aelp mutants
with disordered neck domains but intact coiled-coils'® and a
Magnetococcus BacNay pore-only construct lacking the coiled-coil .
Understanding the extent to which inter-PD interactions and the
CTD influence non-canonical forms merits further study and will
be important for understanding whether such non-canonical forms
are favored in channels with coiled-coil-bearing CTDs, or can occur
in other VGIC superfamily members lacking such structures.

Our observation of the robust, quaternary-structure-independent
nature of the VGIC-PD tertiary fold sets a new framework for think-
ing about the fundamental structural units that comprise VGICs,
their biogenesis, and possible evolutionary origins. Our data show
that, similar to the other major functional unit in the VGIC trans-
membrane architecture, the VSD’~, the VGIC-PD tertiary fold can
adopt a native-like structure without the requirement to be assem-
bled into its final, functional tetrameric form. This independence
may have relevance for the steps required to assemble a functioning
VGIC from its constituent parts. Of note, the SF is the sole element
that appears sensitive to quaternary interactions (Extended Data
Figs. 2 and 4a). Further, disease-causing channel mutations may act
by disrupting the stability of the VGIC-PD fold or its ability to part-
ner with other subunits.

The notion of recurrent protein structural motifs continues to
drive protein structure, design, and evolution studies™**. Perhaps the
mostinteresting insight from the demonstration of the VGIC-PD fold
robustness is the consequence of this property for VGIC superfamily
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origins. The existence of structurally similar tertiary units in pro-
teins that are not channels (Fig. 2) identifies the stable antiparallel
helical pair as the key VGIC-PD structural element and suggests
that oligomerization of an autonomously folded VGIC-PD followed
by optimization of the interhelix loop containing the SF may have
been important steps in the origin of the VGIC tetrameric pore. The
observations we describe here should provide a starting point for
studies of ion channel biogenesis, evolution, de novo design of novel
channels, and the origins of poorly understood functional states.
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Methods

DNA constructs. Pore-only constructs for Silicibacter pomeroyi Ca,Splp,
Alkalilimnicola ehrlichii NayAelp, and Alcanivorax borkumensis Na,Ablp are as
described in ref. . Full-length Na,Sp1 and Na,Ael were cloned from Silicibacter
pomeroyi and Alkalilimnicola ehrlichii genomic DNA, respectively, into pET24b
to create a fusion protein having in series, a tobacco etch viral (TEV) Protease
site, green fluorescent protein (GFP), and His, tag at the C-terminal end. The
NayAelg, crp chimera is identical to that reported previously'’, with the NayAel
transmembrane region, residues 1-241, joined to the Na,Sp1 CTD, residues
221-258. NayAelg, crpp spans NayAelg, crp residues 142 to 258 and was cloned in a
HM3C-LIC pET24b-derived vector™, similar to the other pore-only constructs.

Protein expression and purification. Expression and purification of Ca,Sp1p,
NayAelp, NayAblp, and NayAelg,crpp was carried out as described in ref. .
The Na,Ablp construct that lead to the highest resolution crystal structure had a
double alanine deletion in the coiled-coil (AAla275/Ala276) that improved crystal
packing. Proteins were expressed in Escherichia coli C41(DE3) grown in 2YT (5g
NaCl, 16 g tryptone, 10 g yeast extract) containing 25 pg/mL kanamycin. Cultures
were inoculated with 1 mL/L of an overnight starter culture grown from a freshly
transformed single colony and grown at 37 °C to an ODy, of 0.5, at which point
the growth temperature was reduced to 18 °C. After ~30 minutes at 18 °C, cultures
were induced by addition of isopropyl B-p-1-thiogalactopyranoside (IPTG) to
0.4mM and grown for 52 hours. Cells were collected by centrifugation (6,000¢
at 4°C). Cell pellets were frozen in liquid N, and stored at —80°C. Frozen cell
pellets were thawed on ice, resuspended in 250 mL cold lysis buffer (300 mM
NaCl, 1 mM phenylmethylsulfonyl fluoride (PMSF), 50 mM Tris-HCI pH 8.0)
and disrupted using an EmulsiFlex-C5 homogenizer (Avestin). Cell lysates
were cleared from unbroken cells and debris by centrifugation (10,000g at 4°C,
1 hour), and the supernatant was then ultracentrifuged (160,000g at 4°C, 2h) to
pellet and separate the membranes from the supernatant, which was discarded.
Membranes were homogenized in 50 mL of storage buffer (200 mM NaCl, 8%
(vol/vol) glycerol, 20 mM Tris-HCI pH 8.0) with a Dounce Tissue Grinder
(Kimble Kontes), frozen in liquid N, and stored at —80 °C. Frozen membranes
were thawed on ice and extracted by addition of detergent in powder form,
n-dodecyl-B-p-maltopyranoside (DDM, Anatrace) for NayAelp and NayAeg,crpp
and n-decyl-p-p-maltopyranoside (DM, Anatrace) for Ca,Splp and Na,Ablp,
to a final concentration of 20 mM at 4 °C for 2 hours with gentle agitation.
Detergent-solubilized membrane proteins were separated from insoluble material
by ultracentrifugation (160,000g at 4°C, 1 h), and the supernatant was collected.
Detergent extracted His-MBP-tagged proteins were applied to a 40 mL POROS
MC 20 Ni** column (Applied Biosystems) equilibrated with buffer A (200 mM
NaCl, 8% (vol/vol) glycerol, 1.5mM DDM or 5mM DM, 20 mM Tris-HCl
pH 8.0). The column was washed with seven column volumes (CVs) of buffer
A supplemented with 50 mM imidazole. The bound proteins were eluted by
step application of buffer A supplemented with 300 mM imidazole over two
CVs. The affinity tag was removed with an in-house purified His-tag-labeled 3C
protease'” at ratio of 10:1 (wt/wt) fusion protein : protease at 4 °C for overnight
with gentle agitation. The following day, imidazole was removed using a HiPrep
26/10 Desalting Column (GE Healthcare) preequilibrated with buffer A, and the
cleaved protein was separated from the affinity tags and the protease by passing
it through the POROS MC 20 Ni** column (Applied Biosystems) in tandem with
a 20-mL amylose column (New England Biolabs) equilibrated in buffer A. The
protein was concentrated to 15mL using an Amicon Ultra-15 centrifugal filtration
device (50-kDa MW cutoff, Millipore). The protein was diluted with a modified
buffer A (8% (vol/vol) glycerol, 1.5mM DDM or 5mM DM, 20 mM Tris-HCl
pH 8.0) to a final volume of 50 mL and a final NaCl concentration of 60 mM. The
sample was loaded onto a 10-mL POROS HQ ion-exchange column (Applied
Biosystems) equilibrated with buffer B (60 mM NaCl, 8% (vol/vol) glycerol, 1.5 mM
DDM or 5mM DM, 20 mM Tris-HCI pH 8.0). The protein was eluted by a linear
gradient from 60 to 500 mM NaCl over 15 CVs, concentrated using an Amicon
Ultra-15 centrifugal filtration device (50-kDa MW cutoff, Millipore) and applied
to a Superdex 200 10/300 GL column (GE Healthcare) in buffer C (200 mM
NaCl, 0.3 mM DDM or 2.7 mM DM, 20 mM Hepes pH 8.0). Sample purity was
evaluated by SDS-PAGE stained with Coomassie brilliant blue R-250. Protein
concentration was determined by absorbance at 280 nm using a Nanodrop 2000c
spectrophotometer (Thermo Fisher Scientific).

Synthetic Fab selection and purification. Synthetic Fabs (sFabs) were generated
from a phage display library; the sorting procedure and selection are as described
previously™. Briefly, His,-MBP tagged'’ NayAelp and NayAelg, ¢y, Were
reconstituted in eggPC:POPC (1:4) MSP 1D1% biotinylated nanodiscs. After
removal of the empty nanodiscs via Ni-NTA purification, the biotinylation
efficiency of nanodiscs was evaluated by pull-down on streptavidin-coated
magnetic beads. Reconstituted BacNays were used for phage library sorting using
sFab Library E (kindly provided by S. Koide*® based on described protocols®).
Single-point phage ELISA was used in the primary validation of binding
affinities of generated sFabs in phage format as described previously”. Amplified
phage particles at tenfold dilution were assayed against 20 nM biotinylated
membrane proteins in nanodiscs using horse radish peroxidase (HRP)-conjugated
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anti-M13 monoclonal antibody (GE Healthcare, no. 27-9421-01). Assays were
performed in library sorting buffer (200 mM NaCl, 25 mM Hepes, pH 8.0)
supplemented with 2% BSA. Each sFab clone with A, signal above 0.2 (three
times the average background level of the assay) was sequenced, and unique sFabs
were subcloned into pSVF4 or pIPTG vectors.

Expression and purification of SAT09 and ANTO05 H12 sFabs were carried out
as described in ref. . The ANTO05 H12 variant was derived from ANTO5 using a
strategy to reduce flexibility in the ‘elbow’ linker region between the Fab variable
and constant domains®. This variant replaces the heavy chain V'"'SSASTKG!*
sequence with V'"'FN-QIKG"®, which bears both mutations and a deletion. The
dash indicates the position of the deleted residue.

In brief, sFabs were expressed in Escherichia coli BL21 Gold grown in 2YT
containing 100 pg/mL ampicillin at 37 °C to ODy,,,, =0.8, and expression was
induced with 1 mM IPTG at 37 °C for 4 hours. Cells were collected, flash-frozen in
liquid N, and stored at —80°C.

For sFab purification, pellets were resuspended in 100 mL of PBS (500 mM
NaCl, 20 mM sodium phosphate, pH 7.4), supplemented with 10 ug/mL DNase
I, 0.5mM MgCl, and 1 mM PMSE. Cell lysis was performed with a high-pressure
homogenizer EmulsiFlex-C5 (Avestin) and the lysate was incubated for 20 minutes
at 60 °C to precipitate endogenous proteins and Fab degradation products. Lysate
was cooled down on ice and ultracentrifuged at 160,000g for 1 hour at 4°C and
loaded onto a 5mL Protein A (GE Healthcare) column equilibrated with PBS.
Column was washed with 10 CVs of PBS and protein was eluted with 2 CV's
of 100 mM acetic acid. The elution sample was directly loaded onto a 20mL
Poros HS column (Applied Biosystems) packed in house for cation-exchange
chromatography. The column was washed with 5 CV's of 50 mM sodium acetate
pH 5, and the Fab was eluted by a linear gradient from 0 to 1 M NaCl. Fractions
containing the eluted protein were loaded onto a HiPrep desalting column
(GE Healthcare) equilibrated with PBS. Fabs were concentrated to 20 mg/mL,
flash-frozen in liquid N, and stored at —80°C.

Reconstitution of Na,Sp1 in nanodiscs. Na,Sp1 expression and
membrane preparation was performed as described for BacNays pores.
Frozen membranes were thawed on ice and extracted by addition of solid
n-dodecyl-p-p-maltopyranoside (DDM, Anatrace) to a final concentration of
20mM at 4°C for 2 hours with gentle agitation. Detergent-solubilized membrane
proteins were separated from insoluble material by ultracentrifugation (160,000g at
4°C, 1hour), and the supernatant was collected.

Detergent-extracted His-MBP-Na,Sp1 was applied to a 40 mL POROS MC
20 Ni** column (Applied Biosystems) equilibrated with buffer A (200 mM NaCl,
8% (vol/vol) glycerol, 1.5mM DDM, 20 mM Tris-HCI, pH 8.0). The column was
washed with seven column volumes (CVs) of buffer A supplemented with 50 mM
imidazole. The bound protein was eluted by step application of two CV's of buffer
A supplemented with 300 mM imidazole. The eluted protein fractions were
concentrated to ~12mL using an Amicon Ultra-50 centrifugal filtration device
(100-kDa MW cutoff, Millipore) and loaded onto a HiPrep Desalting column
26/10 (GE Healthcare) to remove the imidazole. The protein was concentrated
to 85uM and mixed with purified MSP2N2 (expressed and purified as described
in ref. ') and soybean lipid extract (Avanti Polar Lipids) in a 1:1:150 molar
ratio. Following incubation at 4°C for 1hour, Biobeads (Biorad) that had been
prewashed (30 minutes in methanol, 30 minutes in water, followed by 30 minutes
in 200 mM NaCl, 20 mM Tris-HCI, pH 8.0) were added to the mixture, and
the sample was incubated at 4 °C for 1 hour. To ensure nanodisc formation and
complete removal of detergent Biobeads were replaced after 1 hour, and the sample
was incubated overnight. The following day, the sample was recovered by carefully
pipetting to avoid the Biobeads and loaded onto a 10-mL amylose gravity column.
The column was washed with 10 CV of a buffer containing 200 mM NaCl, 20 mM
Tris-HCI, pH 8.0. Purified 3C protease'® was added overnight at 4°C to achieve
on-column cleavage. The following day, the flow-through containing Na,Sp1
reconstituted in nanodiscs was collected, concentrated to a volume of 500 uL using
an Amicon Ultra-50 centrifugal filtration device (100-kDaMW cutoff, Millipore),
loaded onto a Superose 6 30/100 gel filtration column and relevant fractions were
collected for FSEC assay.

Generation of GFP-fused SAT09 Fab. We used the SpyTag-SpyCatcher system*
to create a GFP-tagged SAT09 Fab for FSEC assays. The SpyTag was inserted

at the SAT09 N terminus just after the periplasm export sequence, and the
modified SAT09 was expressed as above for untagged SAT09. GFP was fused

to the C termini of the SpyCatcher sequence subcloned in pDEST14 (Addgene
plasmid no. 35044) and expressed in E. coli BL21 (DE3). Briefly, 2L of 2YT
medium supplemented with 100 pg/mL ampicillin was inoculated with 20 mL of
an overnight starter culture grown from a freshly transformed single colony and
incubated at 37°C, 200 r.p.m. until ODj,,,,=0.5. The incubation temperature
was lowered to 30°C, and 0.5mM IPTG was added to induce protein expression.
After 3 hours, cells were collected by centrifugation (6,000g, 4°C, 30 minutes).
After sonication debris were removed by ultracentrifugation (160,000g at 4°C,

1 hour), and the supernatant was loaded onto a 40-mL POROS MC 20 Ni**
column (Applied Biosystems) equilibrated with buffer B (300 mM NaCl, 50 mM
Tris-HCI, pH 8.0). The column was washed with 5 CV's of buffer B supplemented
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with 50 mM imidazole. The bound protein was eluted by step application of
buffer B supplemented with 300 mM imidazole over two CVs. Then, 25uM of
purified SpyCatcher-GFP was mixed with excess purified SpyTag-SAT09 (1:1.5)
and incubated at 4°C for 1 hour and loaded on a HiPrep Desalting Column (GE
Healthcare) equilibrated with 10mM NaCl, 10 mM Tris-HCI, pH 8.0 to lower the
salt concentration. The complex was purified by ion-exchange on a 4mL-PorosQ
equilibrated in 10 mM NaCl, 10 mM Tris-HCI, pH 8.0 and eluted over a gradient
of 20 CVs to a final concentration of 500 mM NaCl. The sample was loaded on

a HiPrep Desalting Column (GE Healthcare) equilibrated with 200 mM NaCl,
10mM Tris-HCI, pH 8.0, flash-frozen in liquid N,, and stored at —80°C.

FSEC and SEC-MALS assay. Na,Sp1, NayAel and Na,AelSp1CTD with a
C-terminal GFP tag subcloned in pET24b were transformed in E. coli C41

(DE3) for small-scale expression to test the binding of SAT09 with fluorescent
size-exclusion chromatography (FSEC)*. Small-scale expression followed the
same protocol described for the purification of BacNays pores, with the difference
being that only 50 mL of culture was inoculated for protein expression. Following
sonication, cell membranes were isolated by ultracentrifugation (160,000g, 2 hours,
4°C), resuspended in a solubilization buffer containing 200 mM NaCl, 10 mM
DDM, 20 mM Hepes, pH 8, and were incubated for 2hours at 4°C. The suspension
was ultracentrifuged (160,000g, 1 hour, 4°C) and loaded onto a Superose 6 10/300
connected to a Shimadzu LC-20AD system having an RF-10XL fluorescence
detector and SPD-20A UV/Vis detector. Elution profiles of full-length channels
were compared with profiles of samples where each channel was incubated with
SAT09-GFP overnight at 4°C. As control, the experiment was performed on

an unrelated ion channel, K,;2.1,,,, (TREK-1), that was expressed purified as
described previously™.

In order to test SAT09-GFP binding on Na,Sp1 reconstituted in nanodisc,
we observed the shift in molecular weight of the fluorescent Fab that co-eluted
with the channel, confirming the formation of the Fab-channel complex. For
each run, 1.1 nmol of reconstituted channel was incubated with 1 nmol of Fab.
These amounts were empirically determined to ensure good noise-to-signal ratio,
avoiding saturation of fluorescent signal of unbound Fab. As a negative control,
2.2 nmoles of empty nanodisc were incubated with 2 nmoles of SAT09-GFP.

For amphipol reconstitution, Na,Sp1 purified in DDM was mixed in a 1:3 ratio
(wt/wt) with amphipol A8-35 (Anatrace) and gently rotated for 3 hours at 4°C.
Detergent was removed by the addition of 15 mg of prewashed Biobeads (Biorad)
per mL of reaction. The reaction was incubated at 4 °C overnight, and the sample
was purified by SEC onto a Superose 6 equilibrated in 20 mM Tris, 200 mM
NaCl, pH 8.

Multiangle light scattering (MALS) experiments were carried out at 4°C using
an HPLC (Shimadzu) with UV detector (SPD-20A) connected to a miniDAWN
TREOS MALS detector and an Optilab T-rEX refractometer (Wyatt Technology).
One hundred microliters of purified sample at 1 mg/mL was injected onto a
Superose 6 Increase column (GE Healthcare). Buffer composition was 0.3 mM
DDM, 200 mM NaCl, 20 mM Hepes, pH 8.0, for NayAel,crpp and 200 mM NaCl,
20 mM Tris, pH 8.0, for Na,Sp1 in A8-35. Molecular weight was calculated at each
time point during elution using a combination of UV absorbance, light scattering,
and differential refractive index measurements with the Astra software package
(Astra 6.0, Wyatt Technology). Conjugated analysis was performed using a dn/dc
value of 0.143 for DDM and 0.15 for A8-35.

cryst

Protein crystallization and structure determination. Crystallography. For all the
crystallization trials and crystal optimization, BacNays pores were expressed and
purified as described above. Seleno-methionine-labeled proteins (Ca,Sp1, Na,Abl,
NayAelg, crpp) were expressed following the metabolic inhibition protocol®.
Owing to general lower expression levels of Seleno-methionine-labeled proteins,
each purification required 6 L cultures and yielded around 20 uL at 7.5-10 mg/mL.
Purification was carried out as described above with the addition of 1 mM
tris(2-carbossietil)phosphine (TCEP) in each purification buffer.

Ca,Splp. Ca,Splp purified in DM as described above was concentrated to

13 mg/mL and reconstituted in bicelles® prior crystallization to a final bicelle
concentration of 8%. Native crystals grew in 25% PEG4000, 200 mM MgCl,,
100mM MES, pH 6.5. To determine the three-dimensional structure, crystals
of Seleno-methionine-labeled Ca,Sp1p were obtained from seeding with native
crystals in the same crystallization condition.

NayAblp. Seleno-methionine-labeled NavAb1 purified in DM was concentrated to
13mg/mL and crystallized in 3% PEG300, 0.75 M ammonium sulfate.

NayAelg,crpp-SAT09 complex. Purified NayAelg,,cpp was incubated with a

1:1.5 molar excess of SAT09 Fab, and the complex was isolated by size-exclusion
chromatography using a Superdex 200 (200 mM NaCl, 0.3mM DDM, 20 mM
Hepes pH 8.0) and concentrated to 22-23 mg/mL. Crystals grew at 20°C in 12—
14% PEG4000, 0.1 M NaCl, 0.1 M MgCl,, 1 M Na acetate, pH 3.2-3.6. Crystals were
collected at 4°C by adding a cryoprotectant solution containing 17% PEG4000,

1 mM DDM, 0.1 M NaCl, 0.1 M MgCl,, 0.1 M Na acetate, pH 3.6 and 5%-increasing
steps of glycerol to a final concentration of 25%.

NayAelg,crpp-ANTO5 complex. Purified NayAelg,,crpp was incubated with a
1:1.5 molar excess of ANT05 Fab, and the complex was isolated by size-exclusion
chromatography on a Superdex 200 (200 mM NaCl, 0.3 mM DDM, 20 mM Hepes,
pH 8) and concentrated to 36 mg/mL. Crystals grew at 20°C in 13% PEG4000,
2% propanol, 0.1 M LiSO,, 0.1 M 2-[(2-amino-2-oxoethyl)-(carboxymethyl)
amino]acetic acid (ADA), pH 6.5. Crystals were collected at 4°C by adding a
cryoprotectant solution containing 13% PEG4000, 2% propanol, 1 mM DDM,

0.1 M LiS0,, 0.1 M ADA pH 6.5, and 5%-increasing steps of glycerol to a final
concentration of 25%.

NayAelg, crpp- Purified NayAelg, crpp was concentrated to 13-13.5mg/mL and
crystallized in 22% PEG3350, 0.3 M KI, 8 mM sarcosine. Crystals were collected

in 30% PEG3350, 0.3 M KI, 8 mM sarcosine and 1 mM Fos-choline 12 (FC-12),
Anatrace). The FC-12 was added in order to remove the skin covering each crystal,
leading to higher diffraction. Seleno-methionine-containing crystals diffracted at

higher resolution than the native ones and were used for structure determination.

Structure determination. All crystallographic data were collected at 100K at the
following wavelengths: Ca,Sp1p and Na,Ab1p (detergent and bicelles), 1.11587 A;
NayAelg,crpps 0.97954 A; NayAelgy,crpp-SAT09, 1.03319 A; NayAelg,crpp-
ANTO05, 0.97790 A.

Ca,Splp and Na,Ablp. Data from both native and seleno-methionine-derived
crystals were collected at the Advanced Light Source Beamline 8.3.1, Lawrence
Berkeley National Laboratory. Two- and three-wavelength MAD datasets

were collected for the seleno-methionine crystals using the selenium peak and
inflection, or peak, inflection, and remote wavelengths for Ca,Sp1p and Na,Ablp,
respectively. Diffraction images were integrated using iMOSFLM 1.0.5 (ref. **), and
scaled with SCALA (3.3.20). Initial experimental phases were determined using
SHELXE®. An initial model was obtained by manual placing secondary structure
elements and improved with iterative rounds of manual rebuilding with COOT*
and refinement with Refmac (5.6.0117)%.

NayAelg,,crpp-SAT09 complex and NayAels,,crpp-ANTO05 complex.
Diffraction data for NayAelg,,c;pp-SAT09 and NayAelg,,crpp—~ANTO5 complexes
were collected at the Advanced Photon Source Beamlines 23ID-B and 24ID-E,
respectively. Data were processed with XDS®, scaled and merged with Aimless™.
Structures were solved by molecular replacement using the Fab fragment (PDB:
4XGZ and its stable H12 (ref. ”') variant for the SAT09 and ANTO05 complexes,
respectively) as the search model. Several cycles of manual rebuilding, using
COOTY, and refinement using REFMACS5 (5.6.0117)*® and PHENIX" were
carried out to improve the electron density map. For AeSpCTD-ANT05 complex,
secondary structure and Ramachandran restraints together with fourfold NCS
restraints and no side-chains were used to refine the final model.

NayAelg,,crp seleno-methionine. Three MAD datasets corresponding to the
peak, inflection and remote selenium wavelengths were collected at the Advanced
Photon Source Beamlines 23ID-B. Data were processed with XDS. Unmerged data
were submitted to the automated structure solution pipeline CRANK2 (ref. ”*) from
the CCP4i2 interface to determine initial experimental phases. An initial model
was obtained by manual placing secondary structure elements and improved with
iterative rounds of manual rebuilding with COOT and refinement with Refmac
(5.6.0117)°%. The full model was then refined to convergence in CNS*” and
PHENIX" using secondary structure and Ramachandran restraints together with
fourfold NCS restraints and a higher resolution reference model (PDB: 5HK7).
Composite OMIT maps were generated with PHENIX".

Refinement information. Ramachandran statistics were as follows (best/
disallowed regions, %): Na,Ab1p (DM) (96.5/0.7), Na,Ab1p (bicelles) (97.7/0.1),
Ca,Splp (bicelles) (92.3/1.2), Na,Ael/Splepp (DDM) (82.8/1.6) NayAel/
Splermpp-SATO09 complex (94.1/0.2), NayAel/Splep,p—~ANTO5 complex (87.9/1.9).
Molprobity” scores were as follows (score, number of compared structures (N),
compared resolution range, and percentile): NayAblp (DM) (2.44, N=4,562,
2.85A +0.25, 93), Na,Ablp (bicelles) (2.14, N=342, 3.50A—3.90 A, 100),
Ca,Splp (bicelles) (2.18, N=342, 3.50 A +0.25, 100), Na,Ael/Sp1c;,p (DDM)
(2.96, N=342, 3.25 A—4.44 A, 90) Na,yAel/Spl;,p-SAT09 complex (1.93,
N=4,562, 3.50A—3.85 A, 100), Na,Ael/Splcpp-ANT05 complex (2.25, N=342,
3.25A-4.75 A, percentile: 100).

Molecular dynamics simulations. System set up. The coordinates for the Na,Aelp
monomer (residues 148-243) were obtained from chain A of the high-resolution
(2.954) crystal structure of the canonical tetrameric PD (PDB: 5HK7)'. The
monomer was truncated after residue 243 and the C terminus was amidated

to capture the transmembrane region only; the N-terminal proline was not
modified further. All residues were assigned their standard protonation states at
pH 7. Using the CHARMM-GUI webserver’”, the monomer was embedded in a
palmitoyl-oleoyl phosphatidylethanolamine (POPE) bilayer and hydrated with

a minimum water height of 20 A above and below the membrane. Na* ions were
added to neutralize, and the NaCl concentration was brought to 150 mM. Three
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independent monomer systems were prepared for simulation, with 31,712 total
atoms for system 1, 31,766 for system 2, and 31,762 for system 3. All systems were
converted to the Amber format with a combination of in-house scripts and the
Amber LEaP program in AmberTools 16 (ref. 7).

Simulation protocol. Three independent atomistic MD simulations were performed
with the Amber ff14SB protein force field and the lipid17 lipid force field
parameter sets’". Water molecules were described using the TIP3P model®’.
Simulations were carried out on GPUs with the PMEMD MD engine®. The
protein heavy atoms and lipids were restrained with a harmonic potential and
force constant of 5kcal/(mol/A?). All systems were energy minimized for 10,000
steps, 2,500 steps of steepest descent followed by 7,500 steps of conjugate gradient.
For NVT equilibration, the systems were gradually heated from 0 to 310K over
300 ps. Temperature was maintained with the Langevin thermostat with a friction
coefficient of y = 1/ ps. Once a temperature of 310K was reached, the systems
were switched to NPT, and pressure was maintained at 1atm using a semi-isotropic
pressure tensor and the Monte Carlo (MC) barostat®. Protein and lipid restraints
were gradually removed over the first 4 ns of equilibration. During the production
period, the monomer systems were simulated for a total of 10.05 ps. Simulations
were carried out under periodic boundary conditions. The SHAKE algorithm

was used to constrain bonds involving hydrogen atoms enabling a 2-fs timestep®*.
The particle-mesh Ewald method was used to compute long-range electrostatics,
and non-bonded interactions were cutoff at 12 A with force-based switching
between 10 A and 12 A, as suggested for membrane simulations employing the MC
barostat®. The first 50 ns of equilibration for each simulation were excluded for
subsequent analysis.

Simulation analysis. All analysis of MD simulations was performed using the
CPPTRA]J analysis package on AmberTools 16 (ref. *°). Conformations were
sampled from the trajectories every 200 ps. The C, RMSD was calculated using
the high-resolution crystal structure coordinates (PDB: 5HK7)" as a reference.
Hydrogen bonds were defined as having acceptor and donor heavy atom (such

as O-O distance in the case of a Ser-Phe sidechain to mainchain hydrogen bond)
distances less than 3.0 A and an angle between the acceptor heavy atom, the donor
proton and the donor heavy atom greater than 135°. Hydrogen bonds were given a
binary classification: present or not present.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Coordinates and structures factors for NayAblp (DM), Na,Ab1p (bicelles),
Ca,Splp (bicelles), NayAel/Spl.rpp (DDM), NayAel/Splqppp-SAT09, and
Nay,Ael/Splerpp-SAT09 are deposited in the RCSB under accession codes
Na,Ablp (DM) (PDB: 7PGG), Na,Ab1p (bicelles) (PDB: 7PGI), Ca,Sp1lp (bicelles)
(PDB: 7PGF), NayAel/Splcqpp (DDM) (PDB: 7PGH), NayAel/Spleypp:SAT09
complex (PDB: 7PGB), and NayAel/Sp1mpp:ANTO05 complex (PDB: 7PG8). Source
data are provided with this paper.
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Extended Data Fig. 1| BacNa, PDs exemplar electron density and structural details. a-c, 2Fo-Fc Electron density (1o) for Na,Ab1p (firebrick) a, side view,
b, extracellular view, and ¢, Single subunit. d, Exemplar Na,AbTp Composite OMIT map density (1c). e, Superposition of Na,Ablp structures determined

in detergent (firebrick) and bicelles (cyan). f, Comparison of lipid bound to the P1 helix in Na,Ab1p (firebrick) and Na,Aelp (PDB 5HK7). This lipid is
modeled as phosphoenthanolamine and the 2Fo-Fo density (1.06, marine mesh) shows a well-defined acyl chain sitting between the P1and Sé helices of
Na,Ab1p. g-i, 2Fo-Fc Electron density (1o) for Ca,Splp (cyan) g, side view, h, extracellular view, and i, Single subunit. j, Exemplar Ca,Sp1lp Composite OMIT
map density (15). k, Close up of the Ca,Sp1p S6 (marine)-Neck (olive) junction showing two subunits. Select residues are indicated. I-q, 2Fo-Fc Electron
density (1o) for Na,Ael/Splcpp (marine). I-n, inside-out, tetramer |, side view, m, extracellular view, and n, single subunit. o-q, inside-out. tetramer o, side
view, p, extracellular view, and q, single subunit.
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Extended Data Fig. 2 | Structure comparison of selectivity filters from canonical and non-canonical quaternary assemblies. a, Na,Ab1p (firebrick),

b, Ca,Splp (cyan), and ¢, Na,Ael/Spl.pp inside-out. form(marine) compared with the Na,Aelp canonical structure (orange) (PDB:5HK7). Selectivity
filter Trp" and Trp®t conformations are indicated. d, Na,Ab1p, Ca,Sp1p, and Na,Aelp sequence comparison. Residue numbers and positions of unified
numbering scheme for the selectivity filter (SF) (-1to +3) as defined by Shaya et al."" are shown.
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Extended Data Fig. 3 | Structure comparison of inside-out and canonical quaternary assemblies. a, Superposition showing the rigid body movements
that connect canonical Na,Aelp (orange), inside-out, Na,Ablp (firebrick), inside-out, Na,Ael/Splcpp (pale green), and inside-out. Na,Ael/Splcrop
(marine) conformations. C-tails of each monomer are superposed. The selectivity filter of each monomer is magenta. All inside-out forms are related

to Na,Aelp by a 45° rotation round the hinge followed by varied degrees of translation indicated by the arrow. Rotation around the Hinge parallel to the
membrane is indicated. b, Extracellular view of ‘a’. Location of central ion conducting pore is indicated by the open circle. Na,Aelp tetramer is shown with
one orange and three white subunits. Arrow shows the relationships among the inside-out forms. ¢, Superposition of the CTDs from Na,Ael/Splcpp
inside-out, (pale green) and inside-out. (marine) conformations with Ca,Sp1p (cyan). d, Details of the central core from ‘c’.
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Extended Data Fig. 4 | BacNa, pore loop and S6 hydrophilic residue dynamics. a, Minimum distance between Trp199 and Phe218 C, positions during
simulation. Inset shows exemplar Trp199 (pink) Trp"™ and Trp°t conformations at 6.00 ps and 6.73 ps, respectively. Pink sphere indicates Phe218 C,.

b, Ser225 and Ser226 hydrogen bond to the S6 helix backbone. C, Quantification of hydrogen bond persistence given as the proportion of time spent
hydrogen bonded in each of three simulation replicates for the Phe211-Ser225 and 1le222-Ser226 pairs.
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sFab ANTO05

Na Ae1/Sp1_,.p

Na Ae1/Sp1

CTDp

sFab SAT09 LC CDR3 YYCQQ FGQG
sFab ANTO5 LC CDR3 YYCQQ FGQG

sFab SAT09 HC CDR1 ASGFNFSSSSIHWVRQ
sFab ANTO5 HC CDR1 ASGFNE¥SSSIHWVRQ
sFab SAT09 HC CDR2 LEWVASISSSSGSTSYADSV
sFab ANTO5 HC CDR2 LEWVASISPSSGSTYYADSV

sFab SAT09 HC CDR3 YYCARTYGWYYSWWWAFDYWGQ
sFab ANTO5 HC CDR3 YYCARISRGWISYGSGEDYWGQ

Extended Data Fig. 5 | sFab:Na,Ael1/Sp1.;,p complexes. a, 2Fo-Fc (20) electron density for sFab SAT09:Na,Ael/Splcpp. sFab SATOO light (limon) and
heavy (yellow orange) chains and Na,Ael1/Spl.pp (magenta) are indicated. b, 2Fo-Fc (15) electron density for sFab ANTO5:Na,Ael/Splcrpp. sFab ANTO5
light (aguamarine) and heavy (yellow) chains and Na,Ael/Spl.;pp (orange) are indicated. ¢, Composite OMIT map density for SATO9:Na,Ael/Splcrpp.
Colors are as in ‘a’. d, Sequence comparisons of the light chain (LC) and heavy chain (HC) CDRs (blue and green, respectively) for sFabs SATO9 (black)
and ANTO5 (grey). CDR sequences are shown in italics.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Structure of the sFabSAT09:Na,Ael/Sp1.pp complex. a, Superposition of Na,Ael/Splcpp from the sFab SATO9:Na,Ael/Splcrpp
complex and Na,Aelp from the canonical structure (PDB:5HK7)', Channel elements are colored as follows, S5 (bright orange), SF (red), P1and P2
helices (teal), S6 (marine), neck (olive) coiled-coil (forest). b, Superposition of Na,Ael/Splcpp (marine) and Na,Ael/Spleop from the SATO9 complex
(magenta). ¢, sFabSAT09:Na,Ael/Sp1CTDp complex asymmetric unit. d, Extracellular view of a sSFabSAT09:Na,Ae1/Sp1CTDp pentameric complex (top).
e, Extracellular view of a Na,Ae1/Sp1CTDp inside-outp,. Channel elements are colored as in ‘A'. f, Superposition showing the rigid body movements that
connect conformations of Na,Aelp (orange) and Na,Ael/Splcpp from the sFabSAT09:Na,Ael/Splcrpp complex (marine). C-tails of each monomer are
superposed. The selectivity filter of each monomer is magenta. Hinge is indicated. g, Extracellular view of 'f'. Location of central ion conducting pore in
NayAelp is indicated by the open circle. Arrow shows the Na,Aelp-Na,Ael/Spl.pp relationship. h, sFabSAT09:Na,Ael/Spl.pp complex contact map.
C,- C, distances for (black) diagonal subunits at 20 A and (red) neighboring subunits at 12 A. Channel structural elements are indicated. Extracellular
views of the PDs having channel elements colored as in ‘a’ are shown. Arrows indicate the diagonal (black) and neighbor (red) distance relations of the
contact plots.
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Extended Data Fig. 7 | SEC-MALS analysis of Na,Aelg,,crp and SATO9:NaAelcrp- a, SEC-MALS chromatograms of 15 uM NaAels o1, purified in DDM.
b, SEC-MALS chromatograms of 15 uM Na,AeTg,crp in complex with 2.5-fold excess of sFab SATO9. The red and purple lines represents respectively the
total molar mass and protein molar mass fitting results. ¢, Superimposition of Na,Aels,crp and SAT09:Na,Aels,icrp SEC-MALS chromatograms from ‘a’
and 'b’. Chromatograms for ‘a’ and ‘b’ are available as source data.
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sFab ANT05

Na Ae1/Sp1_..p (ANTO5)
Na,Ae1/Sp1,,.p (SAT09)

Extended Data Fig. 8 | Structure of the sFabANTO05:Na, Ael/Sp1CTDp complex. a, Extracellular view of the sFabANTO5:Na,Ael/Sp1CTDp complex.
sFabANTO5 (green) is shown in cartoon and surface rendering. Na,Ael/Sp1CTDp (marine) is shown in cartoon rendering. b, Comparison of the binding
modes of sFabANTO5 (green) and sFabSAT09 (cyan) to Na,Ael/Sp1CTDp. Na,Ael/Sp1CTDp from the sFabANTO5 complex is marine. Na,Ael/Sp1CTDp

from the sFabSATO9 complex is cyan.
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Extended Data Fig. 9 | Characterization of sFab SAT09 binding. a, Superposition of the sFabSATO9 complex (solid yellow, green SAT09 and marine
cylinders Na,Ael/Sp1CTDp on the Na,Aelp (space filling, white) canonical structure (PDB:5HK7)*® showing three of the four subunits. Selectivity
filter (SF) region of Na,Aelp is colored red. b, Superose 6 10/300 FSEC profiles of K,,2.1(TREK-1),,-GFP alone (black) and with SATO9 (green).
DDM-solubilized fraction from K,,2.1(TREK-1),,~GFP expressing Pichia pastoris cells (100 ul) was incubated with 1 nmol of sFab SAT09. ¢, SEC-MALS
chromatograms of 9 uM Na,Sp1 reconstituted in amphipol A8-35. d, SEC-MALS chromatogram of 9 uM Na, Sp1-SAT09 complex reconstituted in
amphipol A8-35 and taken after purification of the complex on Superose 6. e, Superimposition of Na,Sp1 (dashed line) and SAT09:Na, Sp1 (black)
SEC-MALS chromatograms from ‘c’ and ‘d’. Chromatograms for 'b-e' are available as source data.
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Extended Data Fig. 10 | EPR mobility changes. a, Side and b, Extracellular views of the Ca,SpTp structure showing residues having changed mobility
relative to the full length channel. Increased (orange), decreased (blue). Selectivity filter is colored red. EPR data are from ™.
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Validation

Antibody Fabs SATO9 and ANTO5 were developed by phage display methods and characterized as reported in this study.

Fab sequences were confirmed by complete DNA sequencing.

-
Q
Q
c
™

S
O
=
=
o
5
D

O
O
=
>

©
1%}
c
3
3
Q

<

Y2uDYy

Ve
4

10




	Quaternary structure independent folding of voltage-gated ion channel pore domain subunits

	Results

	BacNaV ‘pore only’ structures show non-canonical assemblies. 
	VGIC-PD structural relatives occur in non-channel proteins. 
	S6-Neck hinge allows PD rigid body rearrangements. 
	Canonical CTDs support diverse quaternary assemblies. 
	The VGIC-PD fold is conformationally stable in a bilayer. 
	sFabs recognize the VGIC-monomer fold. 
	SAT09 recognizes full-length BacNaVs in multiple contexts. 

	Discussion

	Online content

	Fig. 1 Structures of BacNaV PDs.
	Fig. 2 Exemplar structural homologs of the VGIC-PD fold, identified using DALI30,31.
	Fig. 3 BacNaV PD structural relationships and CTD comparisons.
	Fig. 4 BacNaV PD contact maps.
	Fig. 5 BacNaV PD monomer is stable in a bilayer.
	Fig. 6 sFab SAT09 recognizes the BacNaV SF.
	Fig. 7 Evidence for non-canonical PD quaternary structure in full-length BacNaVs.
	Extended Data Fig. 1 BacNaV PDs exemplar electron density and structural details.
	Extended Data Fig. 2 Structure comparison of selectivity filters from canonical and non-canonical quaternary assemblies.
	Extended Data Fig. 3 Structure comparison of inside-out and canonical quaternary assemblies.
	Extended Data Fig. 4 BacNaV pore loop and S6 hydrophilic residue dynamics.
	Extended Data Fig. 5 sFab:NaVAe1/Sp1CTDp complexes.
	Extended Data Fig. 6 Structure of the sFabSAT09:NaVAe1/Sp1CTDp complex.
	Extended Data Fig. 7 SEC-MALS analysis of NaVAe1Sp1CTD and SAT09:NaVAe1Sp1CTD.
	Extended Data Fig. 8 Structure of the sFabANT05:NaVAe1/Sp1CTDp complex.
	Extended Data Fig. 9 Characterization of sFab SAT09 binding.
	Extended Data Fig. 10 EPR mobility changes.
	Table 1 Data collection and refinement statistics.
	Table 2 Data collection, phasing and refinement statistics.




