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Materials and Methods

Whole cell electrophysiology

The codon-optimized cDNAs of wild-type Nay1.7 (Nay1.7-WT, UniProt: Q15858) and
Nav1.7-M9 (L866F, T870M, A874F, V947F, M952F, VV953F, V14381, V1439F, and
G1454C) were synthesized (BGI Geneland Scientific Co.,Ltd) and subcloned into the
pEG BacMam vector with twin Strep-tag and FLAG tag in tandem at the amino terminus
(1). Nay1.7-M11 was generated by introducing two addition mutations, E156K and
G779R, to Nay1.7-M9 using a standard two-step PCR-based strategy. All plasmids were
validated by DNA sequencing and prepared with a HiPure Plasmid EF Mini Kit (Magen).
For whole-cell patch-clamp recordings, HEK293T cells (Invitrogen) were cultured in
Dulbecco's Modified Eagle Medium (DMEM, BI) supplemented with 4.5 mg/mL glucose
and 10% (v/v) fetal bovine serum (FBS, BI). Cells for recordings were plated onto glass
coverslips and transiently co-transfected with the expression plasmid for Nay1.7 variants
and an eGFP-encoding plasmid using lipofectamine 2000 (Invitrogen). Cells with green
fluorescence were selected for patch-clamp recording 18-36 h after transfection. All
experiments were performed at room temperature. No further authentication was
performed for the commercially available cell line. Mycoplasma contamination was not
tested.

The whole-cell Na* currents were recorded using an EPC10-USB amplifier with
Patchmaster software v2*90.2 (HEKA Elektronic), filtered at 3 kHz (low-pass Bessel
filter) and sampled at 50 kHz. The borosilicate pipettes (Sutter Instrument) had a
resistance of 2-4 MQ and the electrodes were filled with the internal solution composed

of (in mM) 105 CsF, 40 CsCl, 10 NaCl, 10 EGTA, 10 Hepes, pH 7.4 with CsOH for WT
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and M9. The bath solutions contained (in mM): 140 NaCl, 4 KCI, 10 Hepes, 10 D-
glucose, 1 MgCly, 1.5 CaCly, pH 7.4 with NaOH for WT and M9. To analyze M11,
which showed positively shifted activation curve from preliminary recordings, solutions
were designed to give a reversal potential of 0 mV for Na*, with the internal solutions (in
mM): 105 CsF, 35 NaCl, 10 EGTA, 10 Hepes, pH 7.4 with CsOH, and bath solutions (in
mM): 105 NMDG-CI, 35 NaCl, 2 MgCl», 2 CaCly, 10 Hepes, pH 7.4 with NMDG". Data
were analyzed using Origin (OriginLab) and GraphPad Prism (GraphPad Software).

The voltage dependence of ion current (I-V) was analyzed using a protocol consisting of
steps from a holding potential of -120 mV for WT/M9 and -150 mV for M11 for 200 ms
to voltages ranging from -90 to 80 mV for WT/M9 and from -50 mV to 180 mV for M11
for 50 ms in 5 mV increment. The linear component of leaky currents and capacitive
transients were subtracted using the P/4 procedure.

In the activation calculation, we used the equation, G= I/(V-Vr), where Vr (the reversal
potential) represents the voltage at which the current is zero. As the I-V curves of M11
contain only outward current, the Vr for M11 was determined from the tail currents at
peak activation. For the activation curves, conductance (G) was normalized and plotted
against the voltage from -90 mV to 20 mV for WT, from -90 mV to 60 mV for M9, and
from 0 mV to 180 mV for M11.

For voltage dependence of inactivation, cells were clamped at a holding potential of -90
mV, and were applied to step prepulses from -120 mV to 20 mV for WT/M9 and from -
150mV to 40 mV for M11 for 1000 ms with an increment of 5 or 10 mV. Then, the Na*

currents were recorded at the test pulse of 0 mV for WT, 10 mV for M9, and 150 mV for
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M11 for 50 ms. The peak currents under the test pulses were normalized and plotted
against the prepulse voltage.

Activation and inactivation curves were fit to a Boltzmann function to obtain V1> and
slope values. Time course of inactivation data from the peak current at 0 mV/10
mV/150mV was fitted with a single exponential equation: y = Al exp(—x/tinac) + y0,
where A1 was the relative fraction of current inactivation, Tinac Was the time constant, x
was the time, and y0 was the amplitude of the steady-state component. For closed-state
inactivation, cells were held at a potential of -120 mV for WT/M9 and -150 mV for M11,
and then were prepulsed to -70 mV or -50 mV for increasing durations (from 0.6 ms to
1350 ms) before stepped to 0 mV for WT, 10 mV for M9, and 150 mV for M11 for 50 ms
to determine the fraction of current inactivated during the prepulse. Entry into closed-
state inactivation was obtained by fitting a single exponential decay equation.

All data points are presented as mean =SEM and n is the number of experimental cells
from which recordings were obtained. Statistical significance was assessed using one-

way ANOVA analysis and extra sum-of-squares F test.

Recombinant co-expression and protein purification

Nav1.7-M11 was co-expressed with the auxiliary subunits f1 and 2 following an
identical protocol as reported (2). For one batch of sample preparation, 40 L transfected
cells were harvested by centrifugation at 800 g and resuspended in the lysis buffer
containing 25 mM Tris (pH 7.5) and 150 mM NacCl. The suspension was supplemented
with protease inhibitors containing 2 mM phenylmethylsulfonyl fluoride (PMSF, VWR),

aprotinin (6.5 ug/mL, MCE), pepstatin (3.5 pg/mL, Sigma), and leupeptin (25 pg/mL,



Huang et al

Sigma). After sonication, the cell lysate was incubated with 1% (w/v) n-dodecyl-p-D-
maltopyranoside (DDM, Anatrace) and 0.1% (w/v) cholesteryl hemisuccinate Tris salt
(CHS, Anatrace) at 4 °C for 3 h. Then the solution was ultra-centrifuged at 200,000 g for
30 min, and the supernatant was applied to anti-Flag M2 affinity gel (Sigma) at 4 °C.
After flowthrough by gravity, the resin was rinsed four times with the wash buffer (W
buffer) that contains 25 mM Tris (pH 7.5), 150 mM NacCl, 0.06% glyco-diosgenin (GDN,
Anatrace), and protease inhibitors. The target proteins were eluted with the W buffer plus
200 pg/mL FLAG peptide (Sigma). The eluent was then applied to Strep-Tactin
Sepharose (IBA), and the wash and elution protocol was the same as for the first-step
affinity purification except that 2.5 mM D-desthiobiotin (IBA) was added to the W buffer
for elution. The eluent was concentrated using a 100-kDa cut-off Centricon (Millipore)
and further purified through Superose-6 column (GE Healthcare) that was pre-
equilibrated with the W buffer. The peak fractions were pooled and concentrated to

approximately 1 mg/mL for cryo-EM analysis.

Cryo-EM data acquisition

Aliquots of 3.5 uL freshly purified protein were placed on glow-discharged holey carbon
grids (Quantifoil Au 300 mesh, R1.2/1.3). Grids were blotted for 3.0 s and flash-frozen in
liquid ethane cooled by liquid nitrogen with Vitrobot Mark IV (Thermo Fisher). Prepared
grids were subsequently transferred to a Titan Krios electron microscopy (Thermo
Fisher) operated at 300 kV and equipped with Gatan K3 detector and GIF Quantum
energy filter with a slit width of 20 eV. A total of 7352 movie stacks were automatically

collected using AutoEMation (3) with a preset defocus range from -1.8 pm to -1.5 pm in
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super-resolution mode at a nominal magnification of 81,000 X. Each stack was exposed
for 2.56 s with 0.08 s per frame, resulting in 32 frames per stack. The total dose rate was
50 e"/A? for each stack. The stacks were motion-corrected with MotionCor2 (4) and

binned 2 folds, resulting in a pixel size of 1.08 A/pixel. Meanwhile, dose weighting was

performed (5). The defocus values were estimated with Gctf (6).

Image processing

A diagram for the data processing is presented in SI Appendix, Fig. S3. A total of
3,256,316 particles were automatically picked using Gauotomatch. After 2D
classification, a total of 1,331,138 good particles were selected for non-uniform
refinement in cryoSPARC (7). For each of the last several iterations of the non-uniform
refinement, the particle.cs files were converted into RELION (8-10) data.star files using
the pyem package (11). A local angular search 3D classification was performed for

each .star file with K set to 4-6. In total 912,322 non-redundant particles were selected
from the local angular search 3D classification and subjected to the auto-refinement
procedure in RELION-3.1, resulting in a final reconstruction at 2.8 A overall resolution.
At this stage of the data processing, the density for VSD, was poor, exhibiting local
resolutions of 8-10 A. To improve the local EM density at this region, we attempted to
further classify the remaining particles into different conformational states following the
procedure below.

First, the data star from the auto-refinement procedure was fed into the SGD initial model
generation procedure of RELION-3.1 (K=1), which was initiated from random initial

seeds and terminated after only a few iterations (typically between 3 and 10). Second, the
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reference map of each iteration before termination was substituted with the 2.8 A overall
refined EM-density, and the SGD process was then resumed using the optimiser star file
generated by RELION. Through this procedure, we attempted to explore the high
dimensional manifold that was close to the consensus refinement result using a batch-
based step-wise model update routine. Third, the updated EM-map after different SGD
update epochs was fed into a Principle Component Analysis (PCA) script to look for
large variations within the population. The solved Principle Components were then added
to the consensus refinement result after proper scaling of the eigenvector solved from
PCA. The used linear coefficients were sampled in the observed range using a fixed
interval. Using one eigenvector solved from PCA, 10 different initial models were
generated from the consensus refinement result. Finally, the 10 different initial models
were used as seeds for the maximum likelihood-based 3D-classification procedure in
RELION-3.1, resolving VSD; in different conformations.

Upon identification of two conformational states, particles belonging to these individual
classes were separated and imported into cryoSPARC, wherein local refinement of these
two classes yielded reconstructions at 2.7 A (class 1) and 2.8 A (class I1) resolutions out
of 249,473 and 394,163 particles, respectively. The local resolution for VSD, was
sufficient for model building and side chain assignment (Fig.1D and E, SI Appendix, Fig.

S3).

Model building and structure refinement
Model building was based on the 2.7 A and 2.8 A maps. The coordinates of WT Nay1.7-

B1-p2 (PDB accession number: 7W9K) were fitted into the EM maps with manual
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adjustment in CHIMERA (12). Every residue in the models, with eleven residues
mutated, was manually checked and adjusted in COOT (13). The final models contain
1541 and 1529 residues for class | and class |1, respectively, and each with 11 sugar
moieties and 31 lipid molecules. The intracellular I-11 linker (residues 428-725), 1I-111
linker (residues 1015-1174), and the C-terminal sequences after Glu1768 of Nay1.7-M11
were not built due to the lack of densities. B2 was docked as a rigid body due to the
moderate resolution.

Structure refinement was performed using phenix.real_space_refine application in
PHENIX (14) in real space with secondary structure and geometry restraints. Over-fitting
of the overall model was monitored by refining the model in one of the two independent
maps from the gold-standard refinement approach and testing the refined model against
the other map (15). Statistics of the map reconstruction and model refinement can be

found in SI Appendix, Table S2.
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Supplementary Figures and Tables

hNav1.1 —--MEQTVLVPPGPDSFNFFTRESLAATERRIAEEKA P KD-T PNSDLEAGKNLPF-IYGDI LEDLDPYYINKK-TFIVLNKGKA 98
hNav1.2 -MAQSVLVPPGPDSFRFFTRESLAATEQRTAEEKA RPK( DEL PNSDLEAGKSLPF-IYGDIPPEMVSVPLEDLDPYYINKK-TFIVLNKGKA 99
hNav1.3 —--MAQALLVPPGPESFRLFTRESLAATEKRAAEEKA-~—~=~ KKPKKEQ-~============= DN-DDENKPKPNSDLEAGKNLPF-IYGDI PPEMVSEPLEDLDPYYINKK-TFIVMNKGKA 98
hNa«1.4 MARPSLCTLVPLGPECLRPFTRESLAATE( RLORNKQ IEEPERKPRSDLEAGKNLPM-IYGDPPPEVIGIPLEDLDPYYSNKK-TFIVLNKGKA 101
hNa«1.5 —-—-MANFLLPRGTSSFRRFTRESLAATIEKRMAEKQARGSTTLQESREGL P )LDLQASKKLPD-LYGNPPQELIGEPLEDLDPFYSTQK-TFIVLNKGKT 101
hNa.1.6 —-—MAARLLAPPGPDSFKPFTPESLANIERRIAESKL: KKPPKADG: DEDSKPKPNSDLEAGKSLPF-IYGDI PQGLVAVPLEDFDPYYLTQK-TFVVLNRGKT 102
hNav1.7 ==MAMLPPPGPQSFVHFTKQSLALIEQRL EPKI KD-DDEEAPKPSSDLEAGKQLPF-IYGDIPPGMVSEPLEDLDPYYADKK-TFIVLNKGKT 96

hNav1.8 ~MEFPIGSLETNNFRRFTPESLVELIEKQIAAKQG-TKKAREKHREQK—==============—==] DQEEKPRPQLDLKACNQLPK-FYGELPAELIGEPLEDLDPFYSTHR-TFMVLNKGRT 100
hNav1.9 ~MDDRCYPVIFPDERNFRPFTSDSLAAIEKRIAIQKI KKSKDQT" )PREQLDLKASRKLPK-LYGDI PRELIGKPLEDLDPFYRNHK-TFMVLNRKRT 99
NavPaS —MADNSPLIREERQRLFRPYTRAMLTAPSAQPAKENGKTEENKDNSRI RGANKDRI QALEQGSRLPARMRNIFPAELASTPLEDFDPFYKNKK-TFVVVTKAGD 110

—DWTKNVEYTFTGIYTFESLIKITARGFCLEDFTFLRDPWNWLDFTVITFAYVTEFVDLGN-VSAL 218

hNav1.1 IFRFSATSALYILTPFNPLRKIATKILVHSLFSMLIMCTILTNCVFMTMSNPP: 2

hNav1.2 ISRFSATPALYILTPFNPIRKLATKILVHSLFNMLIMCTILTNCVFMTMSNPP F 219
hNav1.3 IFRFSATSALYILTPLNPVRKIATKILVHSLFSMLIMCTILTNCVFMTLSNPP F 218
hNav1.4 IFRFSATPALYLLSPFSVVRRGATKVLIHALFSMFIMITILTNCVFMTMSDPP F 221
hNav1.5 IFRFSATNALYVLSPFHPIRRAAVKILVHSLFNMLIMCTILTNCVFMAQHDPP F 221
hNav1.6 LFRFSATPALYILSPFNLIRRIATKILIHSVFSMIIMCTILTNCVFMTFSNPP ~DWSKNVEYTFTGIYTFESLVKIIARGFCIDGFTFLRDPWNWLDFSVIMMAYITEFVNLGN-VSALITF 222
hNav1.7 IFRFNATPALYMLSPFSPLRRISIKILVHSLFSMLIMCTILTNCIFMTMNNPP ~DWTKNVEYTFTGIYTFESLVKI LARGFCVGEFTFLRDPWNWLDFVVIVFAYLTEFVNLGN-VSALITF 216
hNav1.8 ISRFSATRALWLFSPFNLIRRTAIKVSVHSWFSLFITVTILVNCVCMTRTDLP P 217
hNav1.9 IYRFSAKHALFIFGPFNSIRSLATIRVSVHSLFSMFIIGTVIINCVFMATGPAKNSNSNNTDIAECVFTGIYIFEALIKILARGFILDEFSFLRDPWNWLDSIVIGIAIVSYIPGITIKLLPLITE 224
NavPaS IFRFSGEKSLWMLDPFTPIRRVAISTMVQPIFSYFIMITILIHCIFMIMPATQ---—-TTYILELVFLSIYTIEVVVKVLARGFILHPFAYLRDPWNWLDFLVTLIGYITLVVDLGH-LYAL3 229

Ant Y An2 D R2
Bl
hNav1.1 BVIEALITISVI PGLKTIVGALIQSVKKLSDVMILTVECLSVFALIGLQLFMGNLRNKCIQWPP' SL IEKN-I 318
hNav1.2 BVLEZATTISVIPGLKTIVGALIQSVKKLSDVMILTVFCLSVFALIGLQLFMGNLRNKCLOWPPDNSSFEINITSFEF SLDGNGTTENRTVS--IFNWDEYI 320
hNav1.3 BVLEATATISVIPGLKTIVGALIQSVKKLSDVMILTVFCLSVFALIGLQLFMGNLRNKCLOWPPSDSAFETNTTSYEN TMDSNGTFVNVTMS--TFNWKDYI 319
hNav1.4 BVLEALGTITVI PGLKTIVGALIQSVKKLSDVMILTVECLSVFALVGLQLFMGNLRQKCVRWPPPFN--DTNTTWY SNDTWYGNDTWYGNEMWYGNDSWYAND' SWATND--TFDWDAYI 342
hNav1.5 BVIEALTISVISGLKTIVGALIQSVKKLADVMVLTVECLSVFALIGLQLFMGNLREKCVRN FTALNGT VWESLDLYL 308
hNav1.6 BVLEALTISVIPGLKTIVGALIQSVKKLSDVMILTVECLSVFALIGLQLFMGNLRNKCVVIWP INFNESYLENGTK--GFDWEEYI 306
hNav1.7 BVIEALWTISVIPGLKTIVGALIQSVKKLSDVMILTVECLSVFALIGLOLFMGNLKHKCFRN SLENNETLESIMNT--LESEEDFR 300
hNav1.8 BVLEALWTVSVIPGLKVIVGALIHSVKKLADVTILTIFCLSVFALVGLOLFKGNLKNKCVKN TTNYSSHR 293
hNav1.9 FRALGAT SVVSRLKVIVGALLRSVKKLVNVIILTFFCLSIFALVGQQLFMGSLNLKCISR DCK-NT, 285
NavPaS L VTIVPGWRTIVDALSLSITSLKDLVLLLLESLFVFAVLGLOI YMGVLTQKCVKE FPADGSWGNFT- NYT 310
R3 R4 K5

B2,

TR
hNav1.1 QDSRYHYFLEGFLDALLCGNSSDAGQCPEGYMCVK-AGRNPNYGYTSFDTFSWAFLSLFRIMTQDFWENLYQLTLRAAGKTYMIFFVLVIFLGSFYLINLI LAVVAMAYEEQNQATLEEAEQKEA 442
hNav1.2 EDKSHFYFLEGQONDALLCGNSSDAGQCPEGYICVK-AGRNPNYGYTSFDTFSWAFLSLFRIMTQDFWENLYQLTLRAAGKTYMIFFVLVIFLGSFYLINLILAVVAMAYEEQNQATLEEAEQKEA 444

hNav1.3 GDDSHFYVLDGQKDPLIC JCPEGYICVK-A PNYGYTSFDTFSWAFLSLFRLMTQDYWENLYQLTLRAAGKTYMI FFVLVIFLGS FYLVNLI LAVVAMAYEEQNQATLEEAEQKEA 443
hNa«1.4 SDEGNFYFLEGSNDALLC PEGYECIK-TGRNPNYGYTSYDTFSWAFLALFRIMTQDYWENLFQLTLRAAGKTYMIFFVVIIFLGSFYLINLI LAVVAMAYAEQNEATLAEDKEKEE 466
hNa.1.5 SDPENYLL 'SDVLLC 'CPEGYRCLK-AGENPDHGYTSFDS FAWAFLALFRIMTQDCWERLYQQTLRSAGKI YMIFFMLVIFLGS FYLVNLI LAVVAMAYEEQNQATIAETEEKEK 432
hNav1.6 NNKTNFYTVPGMLEPLLC QCPEGYQC PNYGYTSFDTFSWAFLALFRLMTQDYWENLYQLTLRAAGKT YMI FFVLVIFVGSFYLVNLI LAVVAMAYEEQNQATLEEAEQKEA 430

hNav1.7 —--KYFYYLEGSKDALLCGFSTDSGQCPEGYTCVK-IGRNPDYGYTSFDTFSWAFLALFRLMTQDYWENLYQQTLRAAGKTYMIFFVVVI FLGSFYLINLILAVVAMAYEEQNQANIEEAKQKEL 421
hNav1.8 K-PDIYINKRGTSDPLLCGNGSDSGHCPDGYICLK-TSDNPDFNYTSFDSFAWAFLSLFRIMIQDSWERLYQQTLRTSGKIYMIFFVLVIFLGSFYLVNLILAVVTMAYEEQNQATTDEIEAKEK 416
hNav1.9 AYDHCFEKKENSPEFKMCGIWMGNSACSIQYECKH-TKINPDYNYTNFDNFGWSFLAMFRLMTQDSWEKLYQQTLRTTGLYSVFFFIVVIFLGSFYLINLTLAVVTMAYEEQNKNVAAEIEAKEK 419
NavPaS SNSSHWYIPDDWIEYPLCGNSSGAGMCPPGYTCLQGYGGNPNYGYTSFDTFGWAFLSVFRLVTLDYWEDLYQLALRSAGPWHILFFIIVVFYGTFCFLNFILAVVVMSYTHMVKRADEE-KAAER 434

hNav1.1 EFQOMTEQLKKQOEAAQOAATATASEHS: —REPSAAG---RL LS [ERRNRRKKRKQKE( ~DEFQKSESEDSIRRKGFRFSIEGNRLTYEKRYSSPHQSLLSI 559
hNav1.2 EFQOMLEQLKKQQEEAQAAAAAASAE- —~RDFSGAGGIGVF LS ELKNRRKKKKQKE( DRV )STRRKGFRFSLEGSRLTYEKRFSSPHQSLLSI 562
hNav1.3 EFQOMLEQLKKQQEEAQAVAAASAAS— —-RDFSGIGGLGELL oF EWRNRRKKRRQREH: )SFPK LTSDKKFCSPHQSLLSI 562
hNav1.4 EFQQMLEKFKKHQEELEKAKARQALE: EAD 498
hNav1.5 RFQEAMEMLKKEHEALTIRGVDT SSLEMSPLAPVNSHERRSKRRKRMS----SGTEECGEDRLPKSDSEL SLTRGLSRTSM-- 520
hNav1.6 EFKAMLEQLKKQQEEAQAAAMATSAGTV! I RSSSEISK: [ERRNRRKKRKQKEL )PEKVFKSESEL FRLPD--NRIG--RKFSIMNQSLLSI 550
hNav1.7 EFQQMLDRLKKEQEEAEAIAARAAEYTS—----IRRSRIMG---L S ERRNRRKKKNQKKL )AEKLSKSESEDSIRRKSFHLGVEGHRRAHEKRLSTPNQSPLSI 539
hNav1.8 KFQEALEMLRKEQEVLAALGIDITSL: PLT RIKPRVS EGSTE )PYN-QRRMSFL LASH 495
hNav1.9 MFQEAQQOLLKEEKEALVAMGII TSLETSYFTPK-----KRKLFGNK: K- 465
NawPaS ELK EXKAA NT 449
hNav1.1 RGSLESP, LESFRC RAKDVGSENDFADDEHSTFEDNESRRDSLEVPRRHGERRN: SNLSQTSRSSR -MLAVF" TVDCNGV 650
hNav1.2 RGSLEFSPRRNSRASLEFSFRG— —RAKDIGSENDFADDEHSTFEDNDSRRDSL! SNVSQASRASR VLPIL JCNGV 653
hNav1.3 RGSLFSPRRNSKTSIFSFRG— —RAKDVGSENDFADDEHSTFEDSESRRDSLEVP ——SNVSQASMSSR MVPGL: TVDCNGV 653
hNav1.4 D- PAHGK DCNGS 509
hNav1.5 s IFTFRR———— RDLGSEADFADL TSLLVPWPLRRTSA QGQPSPGT: L TVDCNGVVSLLGAGDPEATSPGSHLLRPVM 623
hNav1.6 PGSPFLSRHNSKSSIFSFRGPG RFRD EFADI T DSLFIPIRA YSGYSGYSQGSRSSR IFPSL RRSVKRNSTVDCNGV 648
hNav1.7 RGSLFSA TSLFSFK! IGSETEFADDEHSIFGDN! LFVPHRPQ] SNISQASRSP: PML P )CNGV 627
hNav1.8 —-—-—- KRRASHGSVFHFRSP-————————| GRDISLPEGVTDDG-VFPGDHESHRGSLLL AGQQGPLPRSP: LPQP )PPPT 574
hNav1.8 RKSFFLRE DQ! EDCQKKPQL 494
Na.Pas AN QE: 454
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hNav1.1 VSLVGGPSVPTSPVGQLLPE--VIIDKPATDDNGTTTETEMRKRRSSSFHVSMDFLEDPSQRQRAMSIASILTNT-VEELE-— —~SNIFLIWDCSPYWLKV 757

hNav1.2 VSLVGGPSTLTS-AGQLLP EGTTTETEI YHVSMDLLEDPTSRQRAMSIASILTNT-MEELE: ANMCLIWDCCKPWLKV 748
hNav1.3 SALTSPTGOLEP EGTTTET YQISMEMLEDSSGRQRAVSIASILTNT-MEELE-— ~ANVFLIWDCCDAWLKV 749
hNav1.4 LDTSO! EKGA SDA-MEELE: EAHQKCPPWWYKC: AHKVLIWNCCAPWLKF 567
hNav1.5 LEHPPDTTTPSE. EPGGPQMLTSQAPCVDGFEEPGARQRALSAVSVLTSA-LEELE: RHKCPPCWNRL: AQRYLIWECCPLWMSI 706
hNav1.6 VSLI 1G-—GRLLP: EATTEVEIKKKGPGSLLVSMDQLASYGRKDRINS IMSVVTNTLVEELE-——————— ESQRKCPPCWYKF-—————-— ANTFLIWECHPYWIKL 742
hNav1.7 VSLVDGRSAIMLPNGQLLPE--VIIDKATSD-DSGTTNQIHKKRRCSSYLLSEDMLNDPNLRS SILTNT-VEELE ~AHKFLIWNCSPYWIKF 733
hNav1.8 SELAPGAVDVSA- FDAGQKKTFLSAEYLD---EPFRAQRAMSVVSTITSV-LEELE-— 654
hNav1.9 LEQTKRLSON 1LSLDHFDEHGDPLORORALSAVSTLTIT-MKEQE: 566
NavPa$ QTTIEMNGDEAVVIDNNDQAARQQS: 508
50 51 52 52-3 83 545
hNav1.1 KHVVNLVVMDPFVDLAITICIVLNTLFMAMEHYPMTDHENNVLIVGNLVETGIFTAEMFLKIIAMDPYYYFOEGWN I FDGFIVTLSLVELG--LANVEGLS L TLNMLI 880
hNav1.2 KHLVNLVVMDPFVDLAITICIVLNTLFMAMEHYPMTEQFSSVLSVGNLVETGIFTAEMFLKIIAMDPYYYFOEGWNIFDGFIVSLSIMELG--LANVEGLS . TLNMLI 871
hNa.1.3 KHLVNLIVMDPFVDLAITICIVLNTLFMAMEHYPMTEQFSSVLTVGNLVFTGIFTAEMVLKIIAMDPYYYFQEGWNIFDGIIVSLSIMELG--LSNVEGLS T TLNMLI 872
hNav1.4 KNIIHLIVMDPFVDLGITICIVLNTLFMAMEHYPMTEHFDNVLTVGNLVETGIFTAEMVLKLIAMDPYEYFQQGWNIFDSIIVTLSLVELG—-LANVQGLS T TLNMLI 690
hNav1.5 KQGVKLVVMDPFTDLTITMCIVLNTLFMALEHYNMTSEFEEMLOVGNLVFTGIFTAEMTFKIIALDPYYYFQOGWNTFDSIIVILSIMELG—-LSRMSNLS . TINTLI 829
hNa,1.6 KEIVNLIVMDPFVDLATTICIVLNTLFMAMEHHPMTPQFEHVLAVGNLVETGIFTAEMFLKLIAMDPYYYFQEGWNIFDGFIVSLSIMELS--LADVEGLS T TINMLI 865
hNav1.7 KKCIYFIVMDPFVDLATTICIVINTLFMAMEHHPMTEEFKNVLATGNLVETGIFAAEMVLKLIAMDPYEYFQVGWNTFDSLIVTLSLVELF--LADVEGLS T TINMLI 856
hNav1.8 KTILFGLVTDPFAELTITLCIVVNTIFMAMEHHGMSPTFEAMLQTGNIVETIFFTAEMVFKIIAFDPYYYFQKKWNIFDCIIVTVSLLELG--VAKKGSLS T TINTLI 777
hNav1.9 KKVLRTVMTDPFTELAITICIIINTVFLAMEHHKMEASFEKMLNIGNLVETSIFIAEMCLKITALDPYHYFRRGWNIFDSIVALLS FADVMNCVLOKRSWE T TINTLI 691
NavPaS QGAIGAVVLSPFFELFIAVIIVLNITFMALDHHDMNIEFERILRTGNYIFTSIYIVEAVLKIIALSPKFYFKDSWNVEDFIIVVFAILELG--LEGVQGLSVE; ! TLNNFM 631
Ant F An2 WNO®D 5 K
S5 P1 P2 56
hNavi.1 KIIGNSVGALGNLTLVIATIVFIFAVVGMOLFGKSYKDCVC--—-—~- KIASDCQLPRWHMNDFFHSFLIVFRVLCGEWIETMWDCMEVAG-—-QAMCLTVFMMVMVIGNLVVINLFLALLLSSFSA 997
hNav1.2 -KISNDCELPRWHMHDFFHSFLIVFRVLCGEWI ETMWDCMEVAG--QTMCLTVFMMVMVI GNLVVLNLFLALLLSSFSS 988
hNav1.3 ~KINDDCTLPRWHMNDFFHSFLIVFRVLCGEWI ETMWDCMEVAG--QTMCLI VFMLVMVIGNLVVLNLFLALLLSSFSS 989
hNav1.4 - KIALDCNLPRWHMHDFFHSFLIVFRILCGEWIETMWDCMEVAG—-QAMCLTVFLMVMVIGNLVVINLFLALLLSSFSA 807
hNav1.5 DSG----LLPRWHMMDEFHAFLI I FRILCGEWIETMWDCMEVS-—GQSLCLLVFLLVMVIGNLVVLNLFLALLLSSFSA 944
hNav1.6 - KINQDCELPRWHMHDEFHSFLI VFRVLCGEWIETMWDCMEVAG—-QAMCLI VEMMVMVIGNLVVLNLFLALLLSSFSA 982
hNa1.7 - KINDDCTLPRWHMNDEFHSFLIVFRVLCGEWI ETMWDCMEVAG—-QAMCLIVYMMVMVIGNLVVLNLFLALLLSSFSS 973

hNav1.8 KIIGNSVGALGNLTIILAIIVEVFALVGKQLLGENYRNN! DEFHSFLIVFRILCGEWIENMWACMEVG--QKSICLILFLTVMVLGNLVVLNLFIALLLNSFSA 895
hNav1.9 KIIGNSVGALGSLTVVLVIVIFIFSVVGMQLFGRSFNSQKSPKLCNPTGPTVSCLRHWHMGDEWHSFLVVFRILCGEWIENMWECMQEANASSSLCVIVFILITVIGKLVVLNLFIALLLNSFSN 816

NavPaS SVMIKSYGAFVNVMYVMFLLLFIFAIIGMOLFGMNYIDNME—-—-—- RFP-DGDLPRWNFTDFLHSFMIVFRALCGEWIESMWDCMLVG---DWSCIPFFVAVFFVGNLVILNLLIALLLNNYGS 746
O . . . oo

hNav1.1 DNLAATDD-DNEMNNLOIAVDRMHKGVAYVKRKIYEFIQQSFIRK--QKILDEIKPLDDL—---NNKKDSCMSNHT-AEIGKDLDYLKDVNGTTSGIGTGSSVE—-—-KYIIDES—————-———— 1100

hNav1.2 DNLAATDD-DNEMNNLQIAVGRMQOKGIDFVKRKIREFIQKAFVRK--QKALDEIKPLEDL----NNKKDSCISNHTTIEIGKDLNYLKDGNGTTSGIG-~SSVE— 1090

hNav1.3 DNLAATDD-DNEMNNLOQIAVGRMQKGIDY FQKAFFRK--PKVIEIHE-—-— ~GNKIDSCMSNNTGIEISKELNYLRDGNGTTSGVGTGSSVE— 1088

hNav1.4 DSLAASDE-DGEMNNLQIAIGRIKLGIGFAKAFLLGLLHGKILSP--KDIMLSLGEADGA----GEAGEAGETAPEDEKKEPPEEDLKKDNHI LNHMG—--LADG— -- 909

hNav1.5 DNLTAPDE-DREMNNLQLALARIQRGLREVKRTTWDFCCGLLRQR--PQKPAATLARQGQLPSCIATPYSPPPPETEKVPPTRKETRFEEGEQPGQGTPGDPEPVC
hNav1.6 DNLAATDD-DGEMNNLQISVIRIKKGVAWTKLKVHAFMQAHF-—-K--QREADEVKPLDEL----YEKKANCIANHTGADIHRNGDFQKNGNGTTSGIG--SSVE-~
hNav1.7 DNLTAIEE-DPDANNLOIAVTRIKKGINYVKQTLREFILKAFSKK--PKISREIRQAEDL----NTKKENYISNHTLAEMSKGHNFLKE-KDKISGFG--SSVD-~

VPIAVAESDTDDQEEDE 1063
1081
1074

hNav1.8 DNLTAPED-DGEVNNLQVALARIQ--V-FGHRTKQALCSFFSRSCPFPQPKAEPELVVKLPL IAANTA QA DEHSDFIANPTVWVS-—-VPIAEGESDLDDLEDDG 1013
hNav1.9 EERNGNLEGEARKTKVQLALDRFRRAFCEFVRHTLEHFCHKWCRKQNLPQQOKEVAGGCAAQ--—-SKDIIPLVMEMKRGSETQEELGILTSVPKTLGVRHDWIWL--~-APLAEEE---DDVEFSG 930
NavPaS —FCTSPTS-DEEDSKDEDALAQIVRIFKRFKP-NLNAVKLSPMKPD- SED I 793

hNav1.1 ~LTVTVPIAVGESDFENLNTEDFSSESDL TVDIGAPVE-——=—===~ EQP—====m=m== VVEPEETLEPEACFTEG 1184
hNaw1.2 - LTVTVPIAVGESDFENLNTEEFSSESL DIGA LEPEACFTED 1174
hNa1.3 -LTVTVPIAVGESDFENLNTEEFSSESELEE: SKEKLN---AT SSSEGSTVDVVLPREG-— ETEPEEDLKPEACFTEG 1172
hNau1.4 -LTIQVPIASEESDLEMPTEEETDTFSEPED: KKPPQPLYD NSSVCSTADYKPPEEDP— A )PEECFTEA 997
hNav1.5 ENSL JOES( EAPPDSRTWSQVSATASSEAEASASQADWRQOWKAEPQAPGCGETPE-DSC TAD! L PDLGQDVKDPEDCFTEG 1171
hNav1.6 —DHMSFINNPN----LTVRVPIAVGESDFENLNTEDVSSESDPEG————————————, SKDKLD-—-DT---—SSSEGSTIDIKPEVE-———————— EVP————————= VEQPEEYLDPDACFTEG 1164
hNa,1.7 -DGQSFIHNPS—---LTVTVPIAPGESDL SSDSDSEY- KVRLN--—RS TVDNPLPGEG EEA: DEPEACFTDG 1158
hNa1.8 GEDAQSFQOEVIPKGOQEQLQOVERCGDHLTPRSPGTGTSSEDLAPSLGETWKDESVPQVPAEGVDDT TVDCLDPEETL: RK: PELADDLEEPDDCFTEG 1118
hNav1.9 EDNAQRITQPE-PEQQAYELHOENKKPTSQRVQSVEIDMFSED LTIQD! TS----ILSECSTIDLOD F. GWL PEMVPKKQ-PERCLPKG 1022
NavPas VESQEIQGNNIA D -AEDVLAGEFPPDCCCNA 823
- S0 O« 1 ——« S2 [CREENCE 53 ¢
hNa.1.1 CVQRFKCCQINV JWWNLRRTCFRIVEHNWFETFIVFMILLSSGALAFEDI YIDQRKTIKTMLEYADKVFTYI FILEMLLKWVAYGYQTYFTNAWCWLDFLIVDVSLVSLTANALGYSEL 1309

hNav1.2 CVRKFKCCQISIEEGKGKLWWNLRKTCYKIVEHNWFETFIVFMILLSSGALAFEDIYIEQRKTIKTMLEYADKVFTYIFILEMLLKWVAYGFQVYFTNAWCWLDFLIVDVSLVSLTANALGYSEL 1299
hNav1.3 CIKKFPFCQVSTEEGKGKIWWNLRKTCYSIVEHNWFETFIVFMILLSSGALAFEDIYIEQRKTIKTMLEYADKVFTYIFILEMLLKWVAYGFQTYFTNAWCWLDFLIVDVSLVSLVANALGYSEL 1297
hNav1.4 CVQRWPCLYVDISQGRGKKWWTLRRACFKIVEHNWFETFIVFMILLSSGALAFEDIYIEQRRVIRTILEYADKVFTYIFIMEMLLKWVAYGFKVYFTNAWCWLDFLIVDVSIISLVANWLGYSEL 1122
hNav1.5 CVRRCPCCAVDTTQAPGKVWWRLRKTCYHIVEHSWFETFIIFMILLSSGALAFEDIYLEERKTIKVLLEYADKMFTYVFVLEMLLKWVAYGFKKYFTNAWCWLDFLIVDVSLVSLVANTLGFAEM 1296
hNav1.6 CVQRFKCCQVNIEEGLGKSWWILRKTCFLIVEHNWFETFIIFMILLSSGALAFEDIYIEQRKTIRTILEYADKVFTYIFILEMLLKWTAYGFVKFETNAWCWLDFLIVAVSLVSLIANALGYSEL 1289
hNav1.7 CVWRFSCCQVNIESGKGKIWWNIRKTCYKIVEHSWFESFIVLMILLSSGALAFEDIYIERKKTIKIILEYADKIFTYIFILEMLLKWIAYGYKTYFTNAWCWLDELIVDVSLVTLVANTLGYSDL 1283
hNav1.8 CIRHCPCCKLDTTKSPWDVGWQVRKTCYRIVEHSWFESFIIFMILLSSGSLAFEDYYLDQKPTVKALLEYTDRVFTFIFVFEMLLKWVAYGFKKYFTNAWCWLDELIVNISLISLTAKILEYSEV 1243
hNav1.9 FGCCFPCCSVDKRKPPWVIWWNLRKTCYQIVKHSWFESFIIFVILLSSGALIFEDVHLENQPKIQELLNCTDIIFTHIFILEMVLKWVAFGFGKYFTSAWRCCLDFIIVIVSVITLIN-~—=—=~. L 1140
NavPaS FYKCFPSRP-ARDSSVQRMWSNIRRVCFLLAKNKYFQKFVTAVLVITSVLLALEDIYLPQRPVLVNIT! LY\II\DY1VLTAE€VIEMZI IMLFAVGEKKYFTSKWYWLDEIVVVAYLLNFVIMCAG---1 944
n n; WXPPD
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« 54 (Rt 545 I S5 G (CEB O P1 [Cad
hNav1.1 T LiZALSPLITALS RFEGMRVVVNALLGAI PSIMNVLLVCLI FWLI FSIMGVNLFAGKFYHCI - -NTTTGDRFDI EDVNNHTDCLKLI E- RNETARWKNVKVN FDNVGFGYLSLLQVATF 1431
hNav1.2 TLALHPLIALSRFEGMRVVVNALLGAT PSIMNVLLVCLI FWLI FSIMGVNLFAGKFYHCI - ~NYTTGEMFDVSVVNNYSECKALT E- SNQTARWKNVKVNFDNVGLGYLSLLQVATF 1421
hNav1.3 LA LPLIALSRFEGMRVVVNALVGAT PSIMNVLLVCLI FWLI FS IMGVNLFAGKFYHCV--NMT'TGNMFDI SDVNNLSDCQALG--—-KQARWKNVKVNFDNVGAGYLALLQVATF 1416
hNav1.4 TLIALNPLEALSRFEGMRVVVNALLGAT PSTMNVLLVCLI FWLI FSIMGVNLFAGKFYYCI - -NTTTSERFDI SEVNNKSECESLMH-—TGOVRWLNVKVNYDNVGLGYLSLLQVATF 1243
hNav1.5 TLALNPLIALSRFEGMRVVVNALVGAT PSTMNVLLVCLT FWLI FS IMGVNLFAGKFGRCINQTEGDLPLN- YT TVNNKSQCES LNL-~TGELYWTKVKVNFDNVGAGYLALLQVATF 1418
hNav1.6 TL AL PLEALSRFEGMRVVVNALVGAT PSIMNVLLVCLI FWLI FS IMGVNLFAGKYHYCF--NETSEIRFET EDVNNKTECEKLMEGNNTEI RWKNVKINFDNVGAGYLALLQVATF 1412
hNav1.7 T AL P LEALSRFEGMRVVVNALI GAT PSIMNVLLVCLI FWLI FSIMGVNLFAGKFYECT ~~NTTDGSRFPASQVPNRSECFALMN-VSQNVRWKNLKVNFDNVGLGYLSLLQVATF 1405
hNav1.8 TLAL NP LEALS RFEGMRVVVDALVGAT PSIMNVLLVCLI FWLI FSIMGVNLFAGKFWRCINYTDGEFSLVPLS IVNNKSDCKIQN S--TGS FFWVNVKVNFDNVAMGYLALLQVATF 1366
hNav1.9 TLALPLEALSQFEGMKVVVNALI GAI PATLNVLLVCLI FWLVECI LGVYFFSGKFGKCI~~NGTDSVIN-YT I ITNKSQCE-——=~~, SGNFSWINQKVNFDNVGNAYLALLQVATF 1256
NavPaS LIVF L FEPLSKVNGMOVVT STLVEAVPHT FNVI LVGI FFWLVFATMGVQLFAGKFYKCVDEN STVLS -~ ~HET TMDRNDCLH —-ENYT FDHVGNAYLSLLQVATF 1060

2 R3 R4 R5
P2 O 56 ——H4 TV B———€ s0 G 1

hNav1.1 KGWMDIMYAAVDSRNVELQPKYEESLYMYLYFVIFIIFGSFFTLNLFIGVIIDNFNQOKKKFGG—QDIFMTEEQKKYYNAMKKLGSKKPQKPIPRPGNKFQGMVFDFVTROVFDISIMILICLNM 1555
hNav1.2 KGWMDIMYAAVDSRNVELQPKYEDNLYMYLYFVIFIIFGSFFTLNLFIGVIIDNFNQOKKKFGG—QDIFMTEEQKKYYNAMKKLGSKKPQKPIPRPANKFQGMVFDFVTKQVFDISIMILICLNM 1545
hNav1.3 KGWMDIMYAAVDSRDVKLOPVYEENLYMYLYFVIFIIFGSFFTLNLFIGVIIDNFNQOKKKFGG—QDIFMTEEQKKYYNAMKKLGSKKPQKPIPRPANKFQGMVFDFVTRQVFDISIMILICLNM 1540
hNav1.4 KGWMDIMYAAVDSREKEEQPQYEVNLYMYLYFVIFIIFGSFFTLNLFIGVIIDNFNQOKKKLGG—KDIFMTEEQKKYYNAMKKLGSKKPQKPTPRPONKIQGMVYDLVTKQAFDITIMILICLNM 1367
hNav1.5 KGWMDIMYAAVDSRGYEEQPOQWEYNLYMYIYFVIFIIFGSFFTLNLFIGVIIDNFNQQOKKKLGG-QDIFMTEEQKKYYNAMKKLGSKKPQKPIPRPLNKYQGFIFDIVTKQAFDVTIMFLICINM 1542
hNav1.6 KGWMDIMYAAVDSRKPDEQPKYEDNIYMYIYFVIFIIFGSFFTLNLFIGVIIDNFNQQKKKFGG-QDIFMTEEQKKYYNAMKKLGSKKPQKPIPRPLNKIQGIVFDFVTQQAFDIVIMMLICINM 1536
hNav1.7 KGWTIIMYAAVDSVNVDKQPKYEYSLYMYIYFVVFIIFGSFFTLNLFIGVIIDNFNQQKKKLGG-QDIFMTEEQKKYYNAMKKLGSKKPQKPIPRPGNKIQGCIFDLVINQAFDISIMVLICLNM 1529
hNav1.8 KGWMDIMYAAVDSREVNMQPKWEDNVYMYLYFVIFIIFGGFFTLNLEVGVIIDNFNQOKKKLGG-QDIFMTEEQKKYYNAMKKLGSKKPQKPIPRPLNKFQGFVFDIVIRQAFDITIMVLICLNM 1490
hNav1.9 KGWMDIIYAAVDSTEKEQQPEFESNSLGYIYFVVFIIFGSFFTLNLFIGVIIDNFNQQQKKLGG-QDIFMIEEQKKYYNAMKKLGSKKPQKPIPRPLNKCQGLVFDIVISQIFDIIIISLIILNM 1380
NavPaS KGWLQIMNDAIDSREVHKQPIRETNIYMYLYFIFFIVFGSFFILKLFVCILIDIFROQRRKAEG-LSATDSRTQLIYRRAVMRTMSAKPVKRI PKPTCHPQSLMYDISVNRKFEYTMMILIILNV 1184
3 .

00— S2 O-E230( s3 O—— S4 0— 545 I S5
hNav1.1 VITMMVETDDQSEYVTTILSRINLVFIVLFTGECVLKLISLRHYYFTIGWNIFDFVVVILSIVGMFLAELTIEK—-YFVSPTL! R T GET LL I TiGAKGIRTLLFAIMMS LPALFNIGLLLF 1678
hNav1.2 VTMMVETDDQSQEMTNILYWINLVFIVLFTGECVLKLISLRYYYFTIGWNIFDFVVVILSIVGMFLAELTIEK--YFVSPTL! R {T Gi3{T LT (GIRTLLFAIMMSLPALFNIGLLLF 1668
hNav1.3 VTMMVETDDQGKYMTLVLSRINLVFIVLFTGEFVLKLVSLRHYYFTIGWNIFDFVVVILSIVGMFLAEMIEK--YFVSPTL! R T GT LTI WGAKGTRTLLFATMMSLPALFNIGLLLF 1663
hNav1.4 VTMMVETDNQSQLKVDILYNINMIFIIIFTGECVLKMLALRQYYFTVGWNIFDFVVVILSIVGLALSDLIQK--YFVSPTL! LAIT G TS LIGGAKGIRTLLFAIMMS LPALFNIGLLLF 1490
hNav1.5 VTMMVETDDQSPEKINILAKINLLFVAIFTGECIVKLAALRHYYFTNSWNIFDFVVVILSIVGTVLSDIIQK--YFFSPTL: R TGIIT LiZT TEGAKGIRTLLFAIMSLPALFNIGLLLF 1665
hNav1.8 VIMMVETDTQSKQMENILYWINLVFVIFFTCECVLKMFALRHYYFTIGWNIFDFVVVILSIVGMFLADIIEK--YFVSPTL! R [T GiglT LT T»i AKGIRTLLFAIMMSLPALFNIGLLLF 1659
hNav1.7 VIMMVEKEGQSQHMTEVLYWINVVFIILFTGECVLKLISLRHYYFTVGWNIFDEVVVIISIVGMFLADLIET--YFVSPTL! LA AT GITT IMGAKGIRTLLFAIMMSLPALFNIGLLLF 1652
hNav1.8 ITMMVETDDQSEEKTKILGKINQFFVAVFTGECVMKMFALRQYYFTNGWNVEFDFIVVVLSIASLIFSAILKSLQSYFSPTL! RIF RIS ISFRII qu KGIRTLLFALMMSLPALFNIGLLLF 1615
hNav1.9 ISMMAESYNQPKAMKSILDHLNWVFVVIFTLECLIKIFALRQYYEFTNGWNLFDCVVVLLSIVSTMISTLENQEHIPFPPTL: IlERISFRIF IRTLLFALMMSLPSLFNIGLLLF 1505
NavPaS AVMATDHYGQSMEFSEVLDYLNLIFIIIFFVECVIKVSGLRHHYFKDPWNIIDFLYVVLATAGIMLSDVIEK--YFISPTL: LEVGRL L YFQSARGMRLLLLALRKALRTLFNVSFLLF 1307

An1 F An2 D R1 R2 R3 R4 R5 R6
G ( P O—C_m B { 56 o—a
hNav1.1 LVMFIYAIFGMSNFAYVKREVGIDDMFNFETFGNSMICLFQITTSAGWDGLLAPILNSKPPDCDPNKVNPGSSVKGDCGNPSVGIFFFVSYIIISFLVVVNMYIAVILENFSVATEESAEPLSED 1803
hNav1.2 LVMFIYAIFGMSNFAYVKREVGIDDMFNFETEGNSMICLFQITTSAGWDGLLAPILNSGPPDCDPDKDHPGSSVKGDCGNPSVGIFFFVSYIIISFLVVVNMYIAVILENFSVATEESAEPLSED 1793
hNa,1.3 LVMFIYAIFGMSNFAYVKKEAGIDDMFNFETFGNSMICLFQITTSAGWDGLLAPILNSAPPDCDRPDTIHPGSSVKGDCGNPSVGIFFFVSYIIISFLVVVNMYIAVILENFSVATEESAEPLSED 1788
hNa,1.4 LVMFIYSIFGMSNFAYVKKESGIDDMFNFETFGNSIICLFEITTSAGWDGLLNPILNSGPPDCDPNLENPGTSVKGDCGNPSIGICFFCSYIIISFLIVVNMYIAIILENFNVATEESSEPLGED 1615
hNav1.5 LVMFIYSIFGMANFAYVKWEAGIDDMFNFQTFANSMLCLFQITTSAGWDGLLSPILNTGEPYCDPT-L X ILFFTTYIIISFLIVVNMYIAIILENFSVATEESTEPLSED 1789
hNav1.6 LVMFIFSIFGMSNFAYVKHEAGIDDMFNFETFGNSMICLFQITTSAGWDGLLLPILN-RPPDCSLDKEHPGSGFKGDCGNPSVGIFFFVSYIIISFLIVVNMYIATILENFSVATEESADPLSED 1783
hNav1.7 LVMFIYAIFGMSNFAYVKKEDGINDMFNFETFGNSMICLFQITTSAGWDGLLAPILNSKPPDCDPKKVHPGSSVEGDCGNPSVGIFYFVSYIIISFLVVVNMYIAVILENFSVATEESTEPLSED 1777
hNav1.8 LVMFIYSIFGMSSFPHVRWEAGIDDMFNFQTFANSMLCLFQITTSAGWDGLLS PILNTGPPYCDPN-LPNSNGTRGDCGSPAVGIIFFTTYIIISFLIMVNMY IAVILENFNVATEESTEPLSED 1739
hNav1.9 LIMFIYAILGMNWFSKVNPESGIDDIFNFKTFASSMLCLFQISTSAGWDSLLSPMLRSKE-SCNSSSEN————————f CHLPGIATSYFVSYTIISFLIVVNMYIAVILENFNTATEESEDPLGED 1621
NavPa$ VIMFVYAVFGMEFFMHIRDAGAIDDVYNFKTFGQSIILLFQLATSAGWDGVYFAIANEE--DCRA--PDHELGYPGNCGSRALGIAYLVSYLI ITCLVVINMYAAVILDYVLEVYEDSKEGLTDD 1428

S S G D G-

hNav1.1 DFEMFYEVWEKEDPDATQFMEFEKLSQFAAALEPPLNLPQPNKLOLIAMDLEMVSGDRIHCLDILFAFTKRVL LRI VSYQPITTTLKRKQEEVSAVIIQRAYRR 1928
hNa1.2 DFEMFYEVWEKFDEDATQFIEFAKLSDFADALDPPLLIAKPNKVOLIAMDLPMVSGDRIHCLDILFAFTKRVLGESGEMDALRIQMEERFMASNP SKVS YEP ITTTLKRKQEEVSAI ITIQRAYRR 1918
hNav1.3 DFEMFYEVWEKFDPDATQFIEFSKLSDFAAALDPPLLIAKENKVOLIAMDLEMVSGDRIHCLDILFAFTKRVL LRIQMEI KVSYEPITTTLKRK ATIQRNFRC 1913
hNavl.4 DFEMFYETWEKEDPDATQFIAYSRLSDFVDTLQEPLRIAKPNKIKLITLDLEMVEGDKIHCLDILFALTKEVLGDSGEMDALKQTMEEKFMAANPSKVS YEPITTTLKRKHEEVCAIKIQRAYRR 1740
hNavi.5 DFDMFYEIWEKFDPEATQFIEYSVLSDFADALSEPLRIAKPNQISLINMDLPMVSGDRIHCMDILFAFTKRVL LKIQMEEKFMAANPSKISYEPITTTLRRK TQRAFRR 1914
hNav1.6 DFETFYEIWEKFDPDATQFIEYCKLADFADALEHPLRVPKPNTIELIAMDLPMVSGDRIHCLDILFAFTKRVLGDSGELDILRQOMEERFVASNPSKVSYEPITTTLRRKQEEVSAVVLORAYRG 1908
hNav1.7 DFEMFYEVWEKFDPDATQFIEFSKLSDFAAALDPPLLIAKPNKVQLIAMDLPMVSGDRIHCLDILFAFTKRVL LRS( SKVSYEPTTTTLKRKQEDVSATVIQRAYRR 1902
hNav1.8 DEDMFYETWEKFDPEATQFITFSALSDFADTLSGPLRIPKPNRNILIQMDLPLVPGDKIHCLDI LFAFTKNVLGESGELDSLKANMEEKFMATNLSKSSYEPTATTLRWKQEDT SATVIQKAYRS 1864
hNav1.9 DFDIFYEVWEKFDPEATQFTKYSALSDFADALPEPLRVAKPNKYQFLVMDLPMVSEDRLHCMDILFAFTARVL.GGSDGL ANPLKKLYEPTVTTTK ATIQKAFRK 1746
NavPaS DYDMFFEVWQOFDPEATQYIRYDQLSELLEALQPPLOVOKPNKYKILSMNIPICKDDHIFYKDVLEALVKDVFSRRGSPVEA—————| GDVQAPNVDEAEYKPVSSTLQRQREEYCVRLIQNAWRK 1548
IQ motif
hNavi.1 HLLKRTVKQASFTYNKNKI--KGGANLLIKEDMITDRI-—-—==- NENSIT--EKTDLTMSTAACPPSYDRVTKPTVEK---~HEQEGKDEKAKGK 2009
hNa1.2 YLLKQKVKKVSSIYKKDKG--KECDGTPIKEDTLIDKL-~-----NENSTP--EKTDMT PSTTS-PPSYDSVTKPEKEK--~FFEKDKSEKEDKGKDIRESKK 2005
hNav1.3 YLLKQRLKNISSNYNKEAT--KGRIDLPIKQDMIIDKL---—---NGNSTP-~EKTDGSSSTTS-PPSYDSVTKPDKEK-~-~FEKDKPEKESKGKEVRENQK 2000
hNav1.4 HLLQRSMKQASYMYRHSHD--GSGDDAPEKEGLLANTMSKMYGH PSP AGPTMGLMPISPSDT--AWPPAPPPGQTVRPGVKESLY 1836
hNav1.5 HLLQRSLKHASFLERQQAGSGLSEEDAPEREGLIAYVMS------ENFSRPLGPPSSSSISSTSFPPSYDSVTRATSDNLQVRGSDYSHSEDLADFPPSPDRDRESIV 2016
hNav1.6 HLARE FICKKTTSNKLE- ~NGGTHR--EKKESTPSTAS-LPSYDSVTKPEKEKQS KRS 1980
hNav1.7 YRLRONVKNISSIYIKDGD--RD-DDLLNKKDMAEFDNV- ~NENSSP-—-EKTDATSSTTS-PPSYDSVIKPDKEK---YEQDRTEKEDKGKDSKESKK 1988
hNav1.8 YVLHRSMALSNTPCVPRA---EEEAASLPDEGEVAFTAN--—---ENCVLPD---KSETASATSFPPSYESVT] TQNED! LIAPGP 1956
hNav1.9 YMMKVTKGDQGD-—-—-—=—~ ONDLENGPHSPLQTLCN === == GD--LSSFGVAKGKVHCD 1791
Na/PaS HKQQN 1553

Fig. S1 | Sequence alignment of the nine subtypes of human Nav channels and
NavPaS. This figure is adapted from our published sequence alignment with
modifications. The sequences are aligned using Clustal W (16). Secondary structural
elements of human Nay1.7 are indicated above the sequence alignment and color-coded
for the four repeats. Invariant amino acids are shaded yellow and conserved residues are
colored blue. The selectivity filter motif Asp/Glu/Lys/Ala (DEKA) residues are colored
red. The gating charge residues (labeled R/K1-6) in the S4 segment of each repeat are
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colored white and shaded red. The residues on S2, Anl, F/Y, and An2, have been
reported to facilitate charge transfer. The “WQ®®D” motif on S3 stabilizes gating
charge residues in the deactivated VVSD as seen in Fig. 2E. ® stands for hydrophobic
residues. The residues in Nay1.7 that are mutated to generate M11 are indicated with
brown dots under the sequences. The Uniprot IDs for the aligned human Nay sequences
are: Nay1.1: P35498; Nay1.2: Q99250; Nay1.3: QINY46; Nayl.4: P35499; Nay1.5:
Q14524; Nay1.6: QOUQDO; Nayl1.7: Q15858; Nay1.8: Q9Y5Y9; Nay1.9: QoUI33;
NavPaS: DOEOC2.
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Fig. S2 | Electrophysiological characterizations of Nav1.7 variants. (A) Representative

traces of voltage-dependent activation and inactivation for indicated Nay1.7 variants. The

inset panels show the diagrams of the corresponding protocols for activation and

inactivation recording. (B) Closed-state inactivation (CSI) of Nay1.7 variants. Shown here

are the time courses for the development of CSl at -70 mV (left) and -50 mV (right) for

the peak currents of Nay1.7 variants. The upper panels show the diagrams of the

corresponding protocols. Please refer to Materials and Methods for experimental details

and SI Appendix, Table S1 for the measured parameters.
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Fig. S3 | Flowchart for EM data processing and cryo-EM analysis of Nav1.7-M11.
(A) Flowchart for EM data processing of Nay1.7-M11. Details can be found in Materials
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and Methods. The scale bar under the 2D classification represents 10 nm. (B) FSC
curves. Left: Gold standard FSC curves for the two classes of 3D reconstructions for
Nay1.7-M11. Middle and right: FSC curves of the refined models versus the overall maps
that they were refined against (black), of the respective model refined in the first of the
two independent maps used for the gold standard FSC versus the same map (red), and of
the model refined in the first of the two independent maps versus the second independent
map (green). The small difference between the red and green curves indicates that the

refinement did not suffer from overfitting.
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Fig. S4 | EM maps of the segments in repeats | and 11 in the two classes of Nav1.7-
M11. TM segments in the first two repeats exhibit more pronounced structural shifts
than repeats 111 and 1V compared to Nay1.7-WT. The side groups of representative bulky
residues that are used to validate the sequence assignment are labeled. The maps were
prepared in PyMol and contoured at 4-6 ¢ for S1-S4 and 8-10 ¢ for S4-5, S5 and S6.
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Fig. S5 | The conformation of class Il Nav1.7-M11 is closer to that of Nav1.7-WT
despite one GC transfer in VSDi and VSDui. (A) Overall structure of class | Nay1.7-
M11 in complex with B1 and B2. In total 34 lipid molecules, including 8 cholesterol or
cholesteryl hemisuccinate molecules, were resolved surrounding the channel. The sugar
moieties are omitted. (B) The two classes of M11 mainly deviate in the position of VSD..
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Class I is domain-colored, and class 11 is colored pale purple. Shown here is an
intracellular view of the superimposed structures. (C) The position of the VSDs in class 11
M11 is similar to that in WT (dark gray, PDB code: 7W9K) despite the charge transfer in
VSD, and VSDy. (D) Structural deviations of VSD, and S4-5; between class Il M11 and
WT. Left: The two structures are superimposed in the context of the overall a subunit.
Right: The GC residues in VSD; of class 1l Nay1.7-M11 are half helical turn lower than
the corresponding ones in Nay1.7-WT, while the S4-5, segment undergoes a major shift
by pivoting around its C terminus. (E) Slightly different side chain orientations of R2 and
R3 in VSDy, of the two classes of Nay1.7-M11 structures. Otherwise, the two structures

are identical in all segments other than VSD..
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Fig. S6 | Conformational differences between class | Nav1.7-M11 and NavPaS. (A)

Substantial structural deviations between Nay1.7-M11 and NayPaS. When the two
structures are superimposed relative to the PD, none of the four VSDs can be completely
overlaid, an observation that is similar to the comparison between WT human Nay
channels with NayPaS. Shown on the left is an intracellular view of the superimposed o
subunit of class | Nay1.7-M11 and NayPaS, and shown on the right are the side views of
superimposed diagonal repeats. (B) The intracellular gate of NayPaS is slightly more
contracted than that of Nay1.7-M11. Shown here is an enlarged intracellular view of the
superimposed PD from the two channels. (C) The PD segments of Nay1.7-M11 are
largely similar to those in NayPaS except S6i1 and S6yv, which account for a more
contracted PD in NayPaS. The PD domains of the two channels can be superimposed with
a root-mean-square deviation of ~ 1.1 A over 440 aligned Ca atoms. Shown here are four
perpendicular side views of the superimposed PD of Nay1.7-M11 and NaPaS.

Pronounced structural deviations are indicated by red double headed arrows.
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Fig. S7 | Rearrangement of the interface between VVSD, and the PD during GC
transfer. To facilitate comparison, Nay1.7-WT is also domain-colored. The residues that
mediate the interaction between VSD,, S4-5,, and the pore-forming S5 and S6 segments
in repeat Il are shown as sticks. VSD in the down conformation interacts more

extensively with the PD of Nay1.7-M11.
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Table S1 | Activation, steady-state inactivation and closed-state inactivation parameters
of Nay1.7-WT, Nay1.7-M9 and Nay1.7-M11 in HEK293T cells.

Parameters Na,1.7-WT Na,1.7-M9 Na,1.7-M11
Vi (MmV) -26.02 +0.24 0.55 +0.43**** 69.85 +0.78****
P / < 0.0001 < 0.0001
Activation slope 5.65 +0.21 8.97 £0.40**** 22.22 £0.73****
P / < 0.0001 < 0.0001
n 14 10 18
Vi (MV) -69.21 +0.37 -60.40 +£0.56**** | -49.44 +0,95%***
P / < 0.0001 < 0.0001
slope 9.91 +0.33 11.11 +0.52 01381%‘;_:
Inactivation P / 0.075 < 0.0001
Tinac (MS) 1.05 +0.11 2.01 +0.46** 0'45f
0.06
P / 0.0044 0.0471
n 17 8 12
Tau Fokkk
Pre- (ms) 96.60 +5.81 50.31 +18.18 16.82 +3.19
holding -
70 mV
Closed-state P / 0.4965 <0.0001
inactivation
Pre- (Tnf;‘) 51.15 +2.67 40.39 +2.98* 49.55 +6.69
holding -
50 mV P / 0.0427 0.8840

* P <0.05 versus WT, ** P <0.01 versus WT, *** P <0.001 versus WT, **** P <
0.0001 versus WT. Each data point represents mean =SEM and n is the number of
experimental cells from which recordings were obtained. The extra sum-of-squares F test
was used to compare the V12 and slope factor of activation and inactivation fits. Tinac
values of Nay1.7-WT and mutations were compared by using one-way ANOVA analysis.
The tau values of closed-state inactivation were compared by using the extra sum-of-

squares F test..
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Table S2 | Statistics for data collection and model refinement.

Data collection
Voltage (kV) 300
Magnification 81,000
Pixel size (A) 1.0825
Electron dose (e/A?%) 50
Defocus range (um) -1.5~-25
Number of collected micrographs 7,352
Number of selected micrographs 7,352
Reconstruction
Software RELION 3.1/cryoSPARC
Symmetry Cl
Initial particles used 3,256,316
Class | Class Il
Final particles used 249,473 394,163
Resolution (A) 2.7 2.8
FSC threshold 0.143 0.143
Map resolution range (A) 50~2.4 50~2.4
Map sharpening B-factor (A?) -54.6 -46.3
Refinement
Initial model used (PDB code) TWIK 7TWOK
Model resolution (A) 3.1 3.2
FSC threshold 0.5 0.5
Model composition
Non-hydrogen atoms 12,853 12,882
Protein residues 1,541 1,529
Ligand 42 42
B factors (A?)
Protein 28.20 32.76
Ligand 38.49 42.39
R.m.s deviations
Bonds length (A) 0.025 0.033
Bonds Angle (°) 1.400 1.950
Validation
MolProbity score 2.68 2.95
Clashscore 18.10 18.79
Poor rotamers (%) 4.04 6.65
Ramachandran plot statistics (%)
Preferred 94.94 93.49
Allowed 5.06 6.51
Outlier 0.00 0.00
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Table S3 | Disease-related Nay1.7 mutations mapped to the interface that is re-arranged
between Nay1.7-WT and Nay1.7-M11.

Navl.7 Location Mutation Disease
11e136 S1, 1136V (17) PERYTHM
Pro149 S1-S2 P149Q Febrile seizures
Argl185 S2-S3, R185H (18), (Tg)" 1.2: R188W PEPD/ISFN
Ser211 S4 S211P (20) PERYTHM
Phe216 S4, F216S (21) PERYTHM
lle234 S4-5 1234T (22) PERYTHM
Ser241 S4-5, S241T (23) PERYTHM
Leu245 S5 L245V PERYTHM
Asn395 s6, N395K (24),(2N5z;\,1.5: N406K PERYTHM
V400M Nay1.4: V445M (26)
Val400 S6) Nav1.5: VA11M (27) PERYTHM
Glu406 S6i E406K (2) PERYTHM
Febrile seizures/ Dravet
11e750 Sl 1750V syndrome/ ISFN
Leu834 S4y L834R PERYTHM
11859 S4-5) 1859T PERYTHM
Leu869 S5y L869F/H PERYTHM
Val883 S5y V883G PERYTHM
GIn886 S5 Q886E PERYTHM
Leu966 S6y L966missing PERYTHM

PEPD: Paroxysmal extreme pain disorder; ISFN: Idiopathic small fiber neuropathy;
PERYTHM: Primary erythermalgia. Mutations in this table are summarized from
https://www.uniprot.org/uniprot/Q15858
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Legends for Supplementary Movies

Movie S1 | Conformational changes between Nav1.7-WT and Nav1.7-M11.
The morph was generated in PyMol using structures of Nay1.7-M11 and Nay1.7-WT
(PDB code: 7W9K) as the first and end frames. The channel is domain colored following

the same scheme as in the main figures.

Movie S2 | Gating charge (GC) transfer in VSD; and VSDu..

The GC and charge-transfer center residues are shown as thick and thin sticks,
respectively, in VSD) and VSDy,. The distance between L869 and 1234 is shown in A to
indicate the coupled motions of S4-5; and S5y during structural shifts between Nay1.7-
M11 and Nay1.7-WT. Side chains may be distorted during conformational changes owing

to the limitation of the method for morph generation in PyMol.

Movie S3 | Electromechanical coupling of GC transfer to pore gating.

Movements of VSD,, S4-5,, and S5y together drive the motion of S6 segments, leading to
a pronounced change of the intracellular gate. The distance between the Ca atoms of
Asn146 above S1; and Asp912 followed by P1y is shown in A to indicating the pivoting
point for VSD; rotation.

Movie S4 | Disease-related mutations on the interface of VSD, and the PD.
The interface between VSD, and S5y is rearranged between Nay1.7-M11 and Nay1.7-WT.
Structural comparison affords important insight into the pathogenic mechanism of a

number of mutations. The disease-related residues on this interface are shown as sticks.
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