Channel Act. V2 Inact. Vi, Z(e) Rec.

(mV) (mV) inact. t (ms)
NavMs WT -87+3 -127+£3 -3.4+0.2 223 +18
W77Y -75 £ 2% -112 + 4% -2.3+0.3* 217 £ 17
WT77F -71 + 3* -105 + 4* -2.2+0.3* 225+ 14

Supplementary Table 1: Biophysical properties of the NavMs channels (based on

data in Figure 5)
Values of voltage dependence of activation (Act. V15,), voltage dependent inactivation
(Inact. V15), Z, estimated charge (Z e-) as measured by the slope of the conductance
voltage relationship, and rate of recovery from inactivation (Rec. Inact. t) for wildtype
NavMs and the W77Y and W77F mutants. Asterisk indicates P<0.05 based on a two
tailed Student’s T-test.

Mutation | Forward 5'-3

1218C ATTGGCATTTGTGTAGATGCAATGGCAATCACCAAG
WT77F CCGCAGCGGCTTCAATCTGTTTGATTTTGTG

W77Y CCGCAGCGGCTACAATCTGTTTGATTTTGTG

W77A CCGCAGCGGCATGAATCTGTTTGATTTTGTG

W77M CCGCAGCGGCGTCAATCTGTTTGATTTTGTG

Supplementary Table 2: Mutagenic primers [synthesized in duplex] used to create

the electrophysiological constructs.
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Supplementary Fig 1: Electron density maps of the 2.45 A resolution wildtype
NavMs structure

A) Annealed omit map (1.3 sigma) of the three sodium ions (grey spheres) showing the
quality of the refined structure. Panels B-D include pairs of annealed omit maps (left,
1.1 sigma) and 2Fo-Fc maps (right: 0.8 sigma). B) The region around the VS arginines
(R2-R4); C) The region around the interaction domain, including the linker, bottom of
S6, and residue W77 in S3; D) the CTD helix.



Supplementary Fig 2: Stereo view of the electron density map of the 2.45 A
resolution wildtype NavMs structure showing the quality of the map.

This figure shows the quality of the 2Fo-Fc map (contoured at 1.3 sigma) around the
important interaction domain (including the S3 tryptophan, L4-L5 linker and near the
end of the S6 helix) [comparable to the central panel in Fig 4a].
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Supplementary Fig 3: Structure comparisons of the full-length and pore-only
constructs of the NavMs channel

Comparison of the NavMs channel (left) and pore-only (right) constructs, with the four
chains in different colours, drawn in ribbon motif, and the three sodium ions as purple
balls.



NavMs Pore

NavAb WT NavAb 1217C NavAe Pore NavRh

Supplementary Fig 4: Comparisons of the pore gates in sodium channel structures
Comparison of space filling models viewed from the extracellular surface, showing the

relative size of the pore hole and the electrostatic surface for NavMs channel (wild type
and 1218C mutant), NavMs pore-only construct, NavAb chimera, NavAb (wild type and
1217C mutant), and NavAel pore-only construct, and NavRh.
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Supplementary Fig 5: Alternate overlays of NavMs (open) and NavAb (closed)
structures, and overlays of NavMs with other ion channel structures

Left: Overlay of the SF regions (compare with the overlay of VS regions in Figure 4)
as an alternate way of comparing the NavMs open activated structure (red) and the
NavAb closed pre-activated structure (blue). Regardless of which way the structures are
overlaid, the resulting linker displacement produces a further change in the S5 and S6
helices, producing a wider pore gate in NavMs.

Right: Overlay of the SF regions of NavMs (red) and other ion channels, TPC1
(orange) and the Kv1.2-Kv2.1 paddle chimera (blue) structures showing that the
resulting interactions and dispositions of the voltage sensor domains relative to the pore
domains vary across different channels, as do the positions of the S4-S5 linkers relative
to the pore domain, and their resulting impact on opening the S6 pore gate.
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SIN — s1 —
NavMs MSRKIRDLIESKRFONVITAIIVLNGAVLGLLT-DTTLSA 39
Navab MYLRITNIVESSFFTKFIIYLIVLNGITMGLET-SKTFMQ 39
NavRh MTPFFSSLKDNRIFQFTVVSIIILNAVLIGATT-YEL-DP 38
Navhel MSERQPDLVGHKVQHPEDETLRGRLAWFIDRPGTQYFIVGLILVNAITLGLMT-SPEVTA 59
NaChBac = =  =—=======x MEMEARQKQNSFTSKMQEIVNHRAFTFTVIALILFNALIVGIET-YPRIYA 50
Navl.7DI =~ = = =—==—————————e MLSPFSPLRRISIKILVHSLFSMLIMCTILTNCIFMTMNN======= 40
Navl.7DII =~ =  —==—————————m CSPYWIKFKKCIYFIVMDPFVDLAITICIVLNTLFMAMEH--HPMTE 45
Navl.7DIII = = =—===————————— KGKIWWNIRKTCYKIVEHSWFESFIVLMILLSSGALAFEDIYIERKK 47
Navl.7DIV =~  ———mmm—mmm—ee IPRPGNKIQGCIFDLVTNQAFDISIMVLICLNMVTMMVEK--EGQSQ 45
s2 — s3 B
NavMs SSONLLERVDOLCLTIFIVEISLKIYAY----GVRGFFRSGWNLFDFVIVAIALMP~---- 91
Navab SFGVYTTLFNQIVITIFTIEIILRIYVH----R-ISFFKDPWSLFDFFVVAISLVP~---- 90
NavEh LFLETIHLLDYGITIFFVIEILIRFIGE---KQKADFFEKSGWNIFDTVIVAISLIPIP-- 93
Navhel YLOPWLGWVNTFIIAAFVVEISLRIIAD----G-PRFVRSGWNLFDFSVVAISLVP---- 110
NaChBac DHEWLFYRIDLVLLWIFTIEIAMRFLAS---NPKSAFFRSSWNWFDFLIVAAGHIFA--- 104
Navl.7DI -PPDWTKNVEYTFTGIYTFESLVKILARGFCVGEFTFLRODPWNWLDFVVIVFAYLT ===~ 95
Navl.7DII EFKNVLAIGNLVFTGIFAAREMVLEKLIAM----DPYEYFQVGWNIFDSLIVTLSLVELFLA 101
Navl.7DIII TIKIILEYADKIFTYIFILEMLLKWIAY----GYKTYFTNAWCWLDFLIVDVSLVTLVAN 103
Navl.7DIV HMTEVLYWINVVFIILFTGECVLKLISL-~~--RHY-YFTVGWNIFDFVVVIISIVGMFLA 100
s4 B sa-ss (A 85
NavMs = = = = 6—=—===e- AQGSLSVLRTFRIFRVMRLVSVIPTMRRVVQGMLLALPGVGSVAALLTVVFY 143
NavAb --TSSGFEILRVLRVLRLFRLVTAVPOMRKIVSALISVIPGMLSVIALMTLFFY 142
NavEh --NNSSFLVLRLLRIFRVLRLISVIPELKQIIEAILESVRRVFFVSLLLFIILY 145
Navhel --DSGAFSVLRALRILKVLRLFSMVPRLRRIVEALLRAIPGIAWIALLLLVIFY 162
NaChBac --GAQFVTVLRILRVLRVLRAISVVPSLRRLVDALVMTIPALGNILILMSIFFY 156
Navl.7DI = —==—= EFVNLGNVSALRTFRVLRALKTISVIPGLKTIVGALIQSVKKLSDVMILTVFCLS 150
Navl.7DII DVEGLSVL--=====- RSFRLLRVFKLAKSWPTLNMLIKIIGNSVGALGNLTLVLAIIVF 153
Navl.7DIII T---LGYSDLGPIKSLRTLRALRPLRALSRFEGMRVVVNALIGAIPSIMNVLLVCLIFWL 160
Navl.7DIV DLIETYFVSPTLFRVIRLARIGRILRLVKGAKGIRTLLFALMMSLPALFNIGLLLFLVMF 160
s5
NavMs IAAVMATNLYGATFPE 159
NavAb IFAIMATQLFGERFPE 158
Navkh IYATMGAILFGNDDPS 161
Navhel VFAVMGTELFAQSFPE 178
NaChBac IFAVIGTMLFQHVSPE 172
Navl.7DI VFALIGLOQLFMGNLKHKCFRNSLENNETLESIMNTLESEEDFRKYFYYLEGSKDALLCGF 210
Navl.7DII IFAVVGMQLFGKSYKECVCKIN 175
Navl.7DIII IFSIMGVNLFAGKFYE-CINTTDGS 184
Navl.7DIV IYAIFGMSNFAYVKKED--GIN 180
5 @@
NavMs WFGDLSKSLYTLFQVMTLESWSMGIV---- 185
NavAb WFGTLGESFYTLFQVMTLESWSMGIV---- 184
NavEh RWGDLGISLITLFQVLTLSSWET-VM---- 186
Navhel WFGTLGASMYTLFQVMTLESWSMGIA---- 204
NaChBac YFGNLOLSLLTLFQVVTLESWASGVM-~--~ 198
Navl.7DI STDSGQCPEGYTCVKI---GRNPDY--GYTSFDTFSWAFLALFRLMTQDYWENLYQ-~~-~ 261
KHavl.7DII 3~  ~e———memee—eeeeee DDCTLPRW----~ HMNDFFHSFLIVFRVLC-GEWIETM-—~~-~ 207
Navl.7DIII RFPASQVPNRSECFALMNVSONVRWENLKVNFDNVGLGYLSLLOVATFEGWTIIMYAAVD 244
Navl.7DIV D MF NFETFGNSMICLFQITTSAGWDGLLAPILN 213
= 2 s6 ®
NavMs REVM NVHPNAWVFFIPFIMLTTFTVLNLFIGIIVDAMAITKEQ 228
NavAb RPLM EVYPYAWVFFIPFIFVVTFVMINLVVAIIVDAMAILNQK 227
NavRh LPMOQ EIYWWSWVYFFSFIIICGITILNLVIAILVDVVIQKKL- 228
Navhel RPVI EAYPWAWIYFVSFILVSSFTVLNLFIGIIIESMQSAHWE 247
NaChBac RPIF AEVPWSWLYFVSFVLIGTFIIFNLFIGVIVNNVEKAELT 241
Navl.7DI QTLR AAGKTYMIFFVVVIFLGSFYLINLILAVVAMAYEEQNQA 304
Navl.7DII ===WDCME======== V---AG-QAMCLIVYMMVMVIGNLVVLNLFLALLLSSFSSDNLT 252
Navl.7DIII SVNVDEQPEKY ==== === === EYSLYMYIYFVVFIIFGSFFTLNLFIGVIIDNFNQQEKEK 293
Navl.7DIV SKPPDCDPEKVHPGSSVEGDCGNPSVGIFYFVSYITIISFLVVVNMYIAVILENFSVATEE 273
T — ce S
NavMs EEEAKTG-—---HHQEPI--SQTLLHL~-~—-—~ GDRLDRIEKQLAQNNELLORQOPOKK 274
NavAb EEQHIIDEV--QSHEDNI~-NNEIIKL==m==—~ REEIVELK-mm=mmmn ELIKTSLKN-- 267
NavRh 228
Navhel AEDAKRIEQEQRAHDERLEMLOLIRDL======= SSKVDRLERRSGKR=-=========== 288
NaChBac DNEEDG======= EAD==-GLEQEISAL======= REDVAELKSLLEQSK=====m————— 274
Navl.7DI NIEE--=====— AKQKELEFQOMLDRL KKE 3286
Navl.7DII AIEE DPDANNLOIAVIRIKKG-—=====—m———meee 273
Navl.7DIII LGGQDIFMTEEQK KYYNAMKKL: 315
Navl.7DIV STEPLSED--~--~~ DFEMFYEVWEKFDPDATQ 299

Supplementary Fig 6: Sequences of sodium channels
Complete sequence alignments of NavMs, NavAb (the location of the 1218C mutation is
indicated by the red box), NavRh, NavAel, NaChBac, and human Nav1.7 (all domains).
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Supplementary Fig 7: Comparison of the NavMs interaction motif with equivalent
regions of other ion channels

Zoomed views of the NavMs interaction motif, with the equivalent regions of the K
chimera (open) and TPC1 (closed) structures, indicating how different the VVS/pore gate
interactions are in the different ion channels. Whilst at the end of the sodium channel S6
transmembrane domain there is an extensively H-bonded and salt-bridged interaction
domain [6 such interactions —highlighted in the black circles] involving the VS S3 helix
(and its conserved W77), as well as the S4-S5 linker, the TPC1 and K chimera
structures have only minimal interactions involving the S6 gate region and the S4-S5
linker [in each case, only a single stabilising H-bond], and are missing any interaction
with S3 (and, importantly lack the corresponding W in their sequences). The Trp
residue is completely conserved within the sodium channel family but not in any of the
other ion channels. The angle of the S6 helix relative to the S4-S5 linker producing the
lever action in NavMs (which enables opening) is also very different from the other
structures. Furthermore, the EEE sequence in NavMs that was previously shown to be
functionally-important in NavMs®, is involved in the extensively H-bonded cluster. The
K chimera does have an EE in the C-terminal region of its sequence but itisin a
structurally unrelated area, lying beyond the end of the visible part of S6, as well as
beyond the region in NavMs that forms the interaction motif. TPC1 also has an E-rich
sequence in its CTD, but it forms a single H bond which is not equivalent to any of the
ion pairing/H-bonds in the open NavMs structure. Thus the interaction domain of the
sodium channel appears to be unique and associated with the channel opening
mechanism.
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Supplementary Fig 8: Homology models of the effects of W77 mutations on the
interaction motif

Left, top: The crystal structure of the wild type NavMs (W77), highlighting the
interaction motif region (depicted as ribbons) with the side chains of the W77 and Q122
residues shown in space filling/CPK colours.

Right, top and Left and Right, bottom: Homology models of the W77A, W77F and
W77Y mutants, showing that different interactions of these with the Q122 side chains
could result in less stabilised open structures.




