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ABSTRACT: Voltage-gated sodium channels are membrane proteins that play an important role in the propagation of electrical
signals by mediating the rising phase of an action potential. Numerous diseases, including epilepsy, extreme pain, and certain
cardiac arrhythmias have been linked to defects in these channels. The S3b-S4a helix-turn-helix motif (paddle motif) is a region of
the channel that is involved in voltage sensing and undergoes significant structural changes during gating. It is also the binding site
for many gating-modifier toxins. We determined the solution structure of the paddle motif from the fourth repeat of Nay1.5 in
dodecylphosphocholine micelles by NMR spectroscopy and investigated its dynamics and micelle interactions. The structure
displays a helix hairpin with a short connecting loop, and likely represents the activated conformation with three of the first four
gating charges facing away from S3. Furthermore, paramagnetic relaxation measurements show that the paddle motif is mainly
interacting with the interface region of the micelle. NMR relaxation studies reveal that the paddle motif is mostly rigid, with some
residues around the loop region and the last 4 residues on the C-terminus displaying heightened mobility. The structural findings
reported here allowed the interpretation of three disease-causing mutations in this region of the human cardiac sodium channel,
S1609W, F1617del and T1620M. The establishment of this model system for NMR studies of the paddle region offers a promising
platform for future toxin interaction studies in the cardiac sodium channels, and similar approaches may be applied to other sodium

channel isoforms.

Voltage gated sodium channels (VGSCs) are membrane
proteins that function in the propagation of electrical signals
by depolarizing excitable cells™2. Numerous diseases have
been linked to mutations in VGSCs including epilepsy, mental
retardation, and several ailments that could lead to sudden
cardiac death®. There are nine well characterized sodium
channel isoforms, Nay1.1-1.9, that are expressed in a tissue
specific manner. Nay1.5 is expressed mainly in cardiomyo-
cytes by the gene SCN5A and is involved in the electrical
signaling of the heart*. Many diseases are associated with mu-
tations in SCN5A, such as Brugada syndrome, long-QT syn-
drome and sick sinus syndrome®. While the heart expresses
other sodium channel subtypes, they cannot compensate for
the dysfunction in Nay1.5, which demonstrates the importance
of Nay1.5 to the function of cardiac cells. Furthermore, Nay1.5
is a major target of class | antiarrhythmic drugs, such as lido-
caine®.

Mammalian VGSCs consist of a pore forming o subunit and
auxiliary B subunits. The o subunit consists of one polypeptide
chain with 24 transmembrane segments organized into four
repeats (domains) that surround a central agueous pore?3S,
Each repeat consists of six transmembrane helical segments
labeled S1-S6. The S1-S4 segments make up the voltage sens-
ing domain (VSD), while the S5-S6 and the extracellular loops
(p-loops) that connect these two segments from all 4 repeats

collectively constitute the pore domain?. Much information on
the structure of VGSCs has been obtained from the structure
elucidation of bacterial sodium channels such as NayAP’,
NayRH8, NayCt® and NayMs®¥, and more recently from the
cryo-EM structures of the Nay1.2'!, Nayl1.4'?, Nay1.5%, and
Nay1.7* mammalian channels. The S4 helix is known as the
voltage sensor and contains basic residues (typically arginines)
at every third position?. During resting potential, the S4 volt-
age sensor is facing downward towards the intracellular side,
and during depolarization it moves outward towards the extra-
cellular side?. Movement of the S4 voltage sensor in repeats 1-
3 translates to channel activation, and in repeat 4 to channel
inactivation?®,

Voltage gated sodium channels are the targets of certain an-
imal toxins. These toxins are an excellent probe of channel
function and a good drug lead due to their specific and potent
effect. Toxins that target the VSD usually bind to a region of
the S3 and S4 helices known as the S3b-S4a or “paddle” mo-
tifs. The paddle motif is a modular unit that is also implicated
in the gating process®®. It was demonstrated that the paddle
motif can be transferred between different channels and retain
its function and toxin binding'"*8. The kinetics of VSD4 have
been shown to be slower than the other repeats®®, indicating
that VSD4 plays a role in determining the rate of channel inac-
tivation', Consequently, many toxins that interact most
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strongly with domain IV paddle motif were shown to slow
down inactivation®®, Considering that certain heart diseases are
associated with accelerated fast inactivation, Nay1.5 domain
IV paddle motif represents a good drug target?2,

Although the structure of Nay1.5 was recently determined
by cryo-electron microscopy*®, the resolution in the region of
the paddle motif is between 4 and 6 A. Furthermore, the deter-
gent that was used for the reconstitution of the full channel
does not have a phosphate head group. This could lead to
some structural distortions since it is known that interactions
between the VSDs and the lipid environment are important for
proper function and toxin binding?e.

In this study, a simple and efficient method was devised to
obtain high yields of isotopically labeled paddle motif from
Nay1.5 DIV. Furthermore, we determined the solution NMR
structure of Nay1.5 DIV paddle motif in DPC micelles. This
paddle motif consists of 37 residues with a sequence of
VVVILSIVGTVLSDHQKYFFSPTLFRVIRLARIGRI, which
corresponds to residues 1597-1633 of human Nay1.5. Using
paramagnetic relaxation enhancement, we investigated the
positioning of each residue with respect to the micelle. Back-
bone dynamics of the paddle motif in DPC micelle were de-
termined through NMR N relaxation measurements.

Materials and methods

Materials. n-Decyl- and n-dodecylphosphocholine (Fos-
Choline-10 and DPC) were obtained from Anatrace Products
(Maumee, OH). cis-[Pt(en)Cl.] (en = ethylenediamine) was
obtained from Alfa Aesar (Haverhill, MA). The lipids 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-
dihexanoyl-sn-glycero-3-phosphocholine (DHPC) were ob-
tained from Avanti Polar Lipids (Alabaster, AL).

Cloning, expression, and inclusion bodies isolation of
Thioredoxin-paddle fusion protein. A codon-optimized gene
fragment coding for residues 1597-1633 of Nay1.5 preceded
by a methionine residue and followed by a stop codon was
cloned into pET-32b(+) (Novagen) between the Bglll and
Xhol restriction sites using standard molecular biology tech-
niques. The resulting plasmid encodes a thioredoxin-paddle
fusion protein separated by a 47 amino acid linker containing a
hexa-histidine tag (Figure S1). Fusion protein was over-
expressed in E. coli BL21(DE3) C43 cells?? at 37 °C. Cells
were induced at an optical density of 0.4 with 1 mM isopropyl
B-d-1-thiogalacto-pyranoside (IPTG) and grown for 18 hours
post induction at 37 °C. Inclusion bodies were isolated based
on the method by Cohen et al.?® with minor modification.
Briefly, cells were spun down at 3220 x g for 20 minutes and
cell pellets were lysed by suspending in lysis buffer (50 mM
Tris pH 8.0, 0.5 mM EDTA) containing 10 mg/mL lysozyme
followed by sonication. Inclusion bodies were isolated by
spinning the cell lysates at 38,700 x g at 4 °C. The resulting
pellet was washed three times by resuspension followed by
centrifugation as before, first with 50 mM Tris buffer pH 8.0,
then Tris buffer supplemented with 2 % triton-X 100, and
finally pure water.

Purification of paddle peptide. The cleavage reagent com-
plex cis-[Pt(en)(H.0),]** was generated by reacting cis-
[Pt(en)ClI,] with silver nitrate in a 1:2 molar ratio in water (pH
4.0) at 42 °C for 2 h. Inclusion bodies containing thioredoxin-
paddle fusion protein were dissolved in 80 % formic acid and
cleaved by the addition of 5 mM of this complex and incuba-
tion at 60 °C for 6 hours. The cleaved peptides were precipi-

tated by the addition of sodium hydroxide until the pH reached
a value of 8.0. The precipitated mixture was dissolved in 6 M
guanidium chloride, 0.5 M HCI, incubated for 16 h at 4 °C and
purified by HPLC on a Zorbax C3 column with dimensions of
21 x 150 mm (Agilent, Santa Clara, CA) using a gradient of
20-90 % acetonitrile in water with 0.1 % trifluoroacetic acid
(TFA) in 60 min at a flow rate of 5 ml/min. Eluted peptide was
lyophilized, dissolved in 1:1 trifluoroethanol (TFE):water,
lyophilized again and stored at -20 °C.

NMR sample preparation. Lyophilized paddle motif was
dissolved in buffer containing 10 mM potassium phosphate,
pH 7.0, 10 mM NaCl, 0.05% sodium azide, 10 % D0,
50 mM Fos-Choline-10 or 100 mM DPC. For bicelle, lyophi-
lized paddle motif, DMPC and DHPC were dissolved in 1:1
chloroform:methanol, dried under nitrogen gas and dissolved
in buffer containing 10 mM potassium phosphate, pH 7.0,
10 mM NaCl, 0.05 % sodium azide, 10 % D,O. Total lipid
concentration was 300 mM with g=0.5 (g=long chain:short
chain molar ratio). All spectra were recorded at 37 °C on ei-
ther Agilent (Varian) NMR system 600 MHz spectrometer
(paramagnetic, and homonuclear NOESY, TOCSY experi-
ments) or 800 MHz Bruker Avance (all other experiments),
both equipped with a triple resonance cold probe. All NMR
spectra were processed using NMRPipe? software and ana-
lyzed on CCPNMR? analysis software.

Backbone assignment in Fos-Choline 10. Chemical shifts
were referenced to sodium 2,2-dimethyl-2-silapentane-5-
sulfonate (DSS), and >N and **C shifts were referenced indi-
rectly®, For backbone assignments, HNCA, HNCACB,
HNCOCA and HNCO triple resonance experiments were col-
lected on a BC®N uniformly labeled peptide at a concentration
of 500 puM. The parameters are as follows: HNCA (time do-
main data size 64(t1) x 40(t2) x 1024(t3) complex points;
spectral width 30, 26, and 15.9 ppm for (t1), (t2) and (t3) re-
spectively; 40 scans), HNCACB (time domain data size
128(t1) x 40(t2) x 1,024(t3) complex points; spectral width
70, 26, and 15.9 ppm for (t1), (t2) and (t3) respectively; 64
scans), HNCO (time domain data size 56(t1) x 40(t2) x
2,048(t3) complex points; spectral width 14, 26, and 13.9 ppm
for (t1), (t2) and (t3) respectively; 8 scans), HNCOCA (time
domain data size 64(tl) x 40(t2) x 2,048(t3) complex points;
spectral width 30, 26, and 16 ppm for (t1), (t2) and (t3) respec-
tively; 24 scans).

Backbone assignment in DPC. Assignments were obtained
through analysis of HNCA, HNCACB and N NOESY exper-
iments collected on *C*N uniformly labeled peptide at a con-
centration of 500 pM. Side chains were assigned using a com-
bination of N NOESY, *C NOESY, and HCCH-TOCSY
experiments. The following experimental parameters were
used: HNCA (time domain data size 64(t1) x 50(t2) x 1024(t3)
complex points; spectral width 32, 20, and 12 ppm for (t1),
(t2) and (t3) respectively; 32 scans), HNCACB (time domain
data size 120(t1) x 50(t2) x 1,024(t3) complex points; 16
scans), >N NOESY (time domain data size 128(t1) x 48(t2) x
1,024(t3) complex points; 16 scans, mixing time = 150 ms),
13C NOESY (time domain data size 200(t1) x 50(t2) x
1,024(t3) complex points;16 scans, mixing time = 150 ms),
HCCH-TOCSY (time domain data size 180(t1) x 80(t2) x
1,536(t3) complex points; 16 scans, spin-lock period =
100 ms).

Structure calculation. Dihedral angles were obtained from
TALOS-N? using the Ca, CB, C, and Ha chemical shifts. Dis-
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tance restraints were obtained from the ®N NOESY and *C
NOESY experiments. All NOESY peaks were assigned manu-
ally. Structure calculation was done through ARIA2.3%/
CNS1.212° standard protocol using the NOE distance and the
TALOS dihedral angle restraints. Distances were calibrated by
cross peak volume within the software. The structural calcula-
tions consisted of 8 iterations of simulated annealing. The first
6 iterations generated 20 structures each, while the last 2 itera-
tions generated 100 structures each with the 7 lowest energy
structures chosen as input for the next iteration at each step.
The 10 lowest energy structures of the last iteration were water
refined. Structure quality was assessed by PROCHECK-
NMR®, All structure calculations were carried out using the
NMRBox virtual software environment®.

Paramagnetic relaxation. Paddle motif at a concentration
of 300 uM was prepared with and without 5-doxyl stearate
(Sigma-Aldrich, St. Louis, MO) or 16-doxyl stearate (Sigma-
Aldrich) in the same DPC buffer as above at 1:2 peptide:doxyl
stearate molar ratio. For the manganese experiment, paddle
motif and MnCl, were dissolved in 10 mM HEPES, pH 7.0,
10 mM NaCl, 100 mM DPC. Samples were prepared at 1 mM
paddle concentration, and HSQC spectra were measured be-
fore and after addition of 0.5 mM Mn?*. Peak height was nor-
malized to the least affected residue.

NMR relaxation. Relaxation parameters (Ri, R, and het-
eronuclear NOE) were measured on an 800 MHz spectrometer
using the standard **N HSQC based pseudo 3D experiments
on a 1 mM ®N-labeled paddle sample dissolved in 100 mM
DPC buffer. For Ry, nine interleaved experiments with the
following relaxation delays were collected: 0, 160, 240, 400,
560, 720, 880, 960, and 1040 ms. For Ry, six interleaved ex-
periments were collected with relaxation delays: 0, 16, 32, 64,
96, and 128 ms. HetNOE were collected using a saturation
time of 4 s for the saturation experiments, and an overall re-
laxation delay of 7 s. Four HetNOE experiments were meas-
ured in interleaved fashion, and the average values were ob-
tained from two experiments (two for saturation, and two for
non-saturation) with the uncertainty determined as the average
standard error. All analysis was done on CCPNMR analysis
software. The S2 order parameters were obtained from Lipari-
Szabo model free analysis® using the FAST-Modelfree pro-
gram®,

Results and discussion

Sample preparation. For initial experiments, paddle pep-
tide was expressed in inclusion bodies as TrpALE fusion and
the fusion tag cleaved off with cyanogen bromide due to the
success of other labs in expressing membrane protein frag-
ments using this system?. However, due to the health hazards
of working with cyanogen bromide, low yield, and occasional
occurrences of peptide oxidation, we developed a safer and
more reliable peptide production protocol involving expres-
sion as a thioredoxin fusion protein and cleavage by cis-
[Pt(en)(H.0),]** complex. This complex cleaves at the C-
terminus of methionine residues just like cyanogen bromide3.
Optimization of cleavage conditions showed essentially com-
plete cleavage of fusion protein after a 7 hour incubation with
5 mM platinum complex at 60 °C (Figure 1). Analysis of the
cleavage reaction by MALDI-TOF mass spectrometry con-
firmed the presence of the cleaved paddle peptide. In addition
to the paddle motif, the mass spectrum also shows two more
peaks that correspond to formylated peptides. Formyl groups

were removed by incubation with 0.5 M HCI before HPLC
purification (Figure 2). The cleavage mixture was purified by
preparative HPLC and purity was assessed by analytical
HPLC (Figure S2). This method resulted in an improved pep-
tide yield of 10-15 mg of peptide per liter of growth, compared
to the 2-4 mg yield achieved by cyanogen bromide cleavage of
TrpALE fusion construct, and also avoids the presence of resi-
dues modified by oxidation in the final peptide product.

' B 17 kDa

" 11kDa

0 25 5 0 25 5 0 2.5 5 mM

2 hours 4 hours 7 hours

Figure 1: SDS-PAGE analysis of the fusion protein cleavage by
cis-[Pt(en)(H20)2]?* complex. Redissolved inclusion bodies were
cleaved with varying platinum complex concentrations for differ-
ent amounts of time, and reaction completion analyzed on a 16 %
TRIS-Glycine gel. Note the disappearance of the fusion protein
(the bands just below the 26 kDa marker region in the black box)
and appearance of low molecular weight peptide (in the red box)
following incubation with the platinum complex.
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Figure 2: Deformylation of paddle motif following cleavage in
80 % formic acid with cis-[Pt(en)(H20)2]%*. (left) A MALDI-TOF
mass spectrum shows three major peaks representing unformylat-
ed, singly formylated and doubly formylated paddle motif. The
expected mass of the paddle motif is 4205 Da. The two peaks with
about 27 Da and 54 Da higher mass correspond to the presence of
one or two formyl group adducts. (right) Paddle motif after reac-
tion with 0.5 M HCI for 16 h at 4 °C and purification on HPLC
shows the disappearance of most of the formylated adducts and a
single peak at 4204.8 Da that matches the theoretical paddle mass.

While the expression of transmembrane fragments as
TrpALE fusion proteins followed by cyanogen bromide cleav-
age to liberate the transmembrane region is a commonly used
procedure®, we found that expression as a thioredoxin fusion
protein with platinum complex cleavage had several ad-
vantages. Foremost, the overall safety of the procedure was
increased by the replacement of the cyanogen bromide cleav-
age step. Additionally, the thioredoxin fusion construct result-
ed in superior expression levels as well as purity of the inclu-
sion bodies. We found that using the standard method, the
TrpALE fusion protein needed to be washed several times and
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Table 1: Structural statistics for the final 10 models of Nav1.5 DIV S3b-S4a

Quantity Value
Total unambiguous distance restraints 755
Intra residue 606
Sequential (|i—j|=1) 68
Medium 2 <|i-j|<4) 73
Long range 8
NOE violations (mean and s.d.)
>05A 5.8+0.6
>0.3A 12.9+1.51
>0.1A 44.4+2.90
RMSD from the average atomic coordinates (A)
Backbone
2 structure 0.559+0.131
All residues 1.47+0.521
Heavy atoms
2" structure 1.12+0.119]
All residues 1.88+0.450
Deviations from idealized covalent geometry
Bond (A) 0.00507+0.000166
Angles (°) 0.59 +0.024
Improper dihedrals (°) 1.73+£0.11
Ramachandran analysis (%)
Residues in most favored regions 81.2
Residues in additionally allowed regions 18.8
Residues in generously allowed regions 0.0
Residues in disallowed regions 0.0

purified using Ni?* affinity resin to obtain sufficient purity for
chemical cleavage, whereas the redissolved thioredoxin inclu-
sion bodies could be cleaved directly without prior purifica-
tion, simplifying the overall protocol. This method therefore
may provide an alternative route for producing high quantities
of transmembrane protein segments for NMR and other bio-
chemical studies.

NMR assignments. Backbone assignments of the peptide in
50 mM Fos-Choline-10 were made by collecting HNCA,
HNCACB, HNCOCA, and HNCO triple resonance experi-
ments on a *C®N double labeled sample and sequentially
linking chemical shifts starting from glycines at positions 1605
and 1631 (Figure S3). Full assignments were obtained for all
backbone hydrogen, nitrogen, and carbon resonances with the
exceptions of the first two N-terminal amino acids, which
could not be observed in any spectra, and for proline 1619 and
threonine 1620, for which only the Ca atoms were assigned.

HSQC spectra of paddle motif in 100 mM DPC were highly
similar to those in Fos-Choline-10 (Figure S4), and therefore
about half of the assignments could be unambiguously trans-
ferred to the DPC spectra. Using those peaks as starting points,
5N NOESY, HNCA, and HNCACB spectra were used to as-
sign the rest of the peaks. Assignments in DPC were obtained
to the same extent as in Fos-Choline-10 (Figure 3). In addition
to these assignments in detergent, a sample of paddle peptide
in DHPC/DMPC bicelles (with a 2:1 molar ratio of short-chain
to long-chain lipid) was also prepared, and the resulting HSQC

spectrum showed only minor differences in peak position to
the spectra in detergent (Figure S5), indicating that the con-
formation in detergent micelles is very close to that in the
more membrane-like bicelle environment.

Side chain assignments in DPC micelles were based on N
NOESY, ¥*C HCCH-TOCSY, ¥C NOESY (in D,O and H;0)
and HNCACB spectra collected on a sample prepared with
per-deuterated detergent. Ha chemical shifts were identified
based on the backbone assignments with help of the N
NOESY spectrum, and the rest of the side chain proton and
carbon assignments relied on the HCCH-TOCSY and
HNCACB experiments. About 85% of the side chain protons
were assigned using this approach. Unassigned side chains
include the first two residues and Leu 1608. For the latter, side
chain resonances could not be assigned due to overlap in spite
of existing backbone assignments.

Structure of S3b-S4a paddle motif in DPC micelles. The
structure was calculated using dihedral angles obtained from
the chemical shifts and distance restraints from the *N
NOESY and **C NOESY spectra. The first structure calcula-
tion was performed using the dihedral angle restrains and un-
ambiguous distance restraints. The resulting structure ensem-
ble was used to assign some of the ambiguous distance re-
straints and a second round of structural calculation was per-
formed. Initial structure calculations established the helix-coil-
helix motif. After several rounds of structural refinement, the
final 10 lowest energy, water refined structures converged
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(Figure 4, see Table 1 for structural statistics). Several long-
range NOEs proved crucial for determining the overall struc-
ture. They include an NOE between 1612IleHa to 1616PheHd
and 1612IleH6 to 1622PheHs.
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Figure 3: Fingerprint of Nav1.5 DIV paddle motif. Assigned 1°N
HSQC spectrum of paddle motif in DPC micelles.

As expected, the structure consists of mostly alpha helix.
The only exceptions are the termini and the loop. The lack of
order in the N-terminal region is due to the lack of assign-
ments of the first two residues. Even though all residues in the
C-terminus were assigned, there was a lack of inter-residue
NOEs in this region. This could be due to increased flexibility
in this region, which is supported by NMR relaxation studies
(Figure 8). A certain level of unraveling of the alpha helices at
both termini would be expected due to the fact that the ana-
lyzed peptide is a truncated fragment missing the intracellular
halves of the S3 and S4 helices. However, the significant dif-
ference in the extent of that unraveling at the N- and C-
terminal ends also indicates sequence-specific differences that
may have functional relevance (further discussed below).
When comparing the conformation of the side chains for argi-
nine residues 1623, 1626, 1629 and 1632 (the gating charge
residues R1 to R4), it can be seen that R1 to R3 side chain
positions are quite well defined in the structural bundle,
whereas R4 is disordered due to the unravelling of the S4 helix
towards the C-terminus (Figure 4).

While refining the final structure of the paddle motif, the
cryo-EM structure of the full rat Nay1l.5 channel was pub-
lished®®. This provided an opportunity to compare the structure
of the paddle motif in isolation and in the context of the full
channel. Alignment of the average NMR solution structure of
Nay1.5 DIV S3b-S4a with full channel (Figure 5) resulted in a
backbone RMSD between the two of 2.9 A (and of 3.2 A with
the more recently published human Nay1.5 structure®), which
represents good alignment when compared to the local resolu-

tion of ~5 A in this region of the cryo-EM structure. The high
similarity between the solution and the cryo-EM structure is a
good validation that the NMR structure of the paddle motif
represents a functionally relevant conformation. This is con-
sistent with previous studies that have shown that an isolated
paddle peptide retains binding affinity towards toxin even in
the absence of the whole channel®. Our finding that the
Nay1.5 paddle motif retains its native structure as an isolated
peptide in DPC micelles can explain these previous results.

Figure 4: Overlay of the 10 lowest energy water refined struc-
tures of Navl.5 DIV S3b-S4a paddle motif generated by Aria2
shown as a cartoon representation. Functionally important resi-
dues discussed in this manuscript are shown in stick representa-
tion (hydrogen atoms omitted for clarity).

It is interesting to compare our study with a previous NMR
study of a 28 amino acid fragment in DPC micelles represent-
ing the S3b-S4 motif of the BK potassium channel. In that
study, the potassium channel peptide also adopted a helix-
turn-helix motif®, although the structure does not align as well
with the cryo-EM structure of full BK channel®® as our paddle
fragment does with full Nay1.5. These differences might be
due to the fact that BK channel adopts a much more extensive
loop region between the helices, where interactions between
different loops that cannot be fully captured in an isolated
peptide might contribute to stabilizing the channel structure.

While our paddle structure aligns well with the same region
of the full channel structure, a significant difference is found
in the S4 helix, which in the cryo-EM structure transitions
from an alpha helix to an extended 310 helix after R1. In the
NMR structure, the whole S4b region forms a continuous al-
pha helix up to R3. In the resting state, sodium channel volt-
age sensors are thought to adopt a 30 helix in the region from
R1 to R4, with the residues around R1 relaxing to an a helix
upon transition to the activated state*®*!, In the case of Nay1.7-
NavPas chimera cryo-EM structure in the activated state, it
was observed that the a-helical conformation extended up to
and including the region around R2%, but the conformation
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found in our fragment is unique in the structural studies so far.
This could indicate that the 3o helical conformation in S4 is
induced to facilitate favorable structural interactions elsewhere
in the VSD, and the absence of those interactions allows the
peptide to adopt its most relaxed secondary structure seen in
our truncated fragment. Alternatively, this difference in sec-
ondary structure may also be due to the detergents used in the
reconstitution. In our study, the isolated motif was reconstitut-
ed in DPC micelle, while in the cryo-EM structure of full
Nay1.5, the channel was solubilized in glycol diosgenin
(GDN) supplemented with cholesteryl hemisuccinate. The
presence of choline phosphate headgroups in DPC, which are
not present in GDN, may also result in conformational differ-
ences. It is known that interaction between ion channels and
membrane phospholipids are essential for proper channel
function®, and some of these interactions involve the paddle
motif and influence both toxin binding and gating of the chan-
nel‘®. The structure in DPC micelle may therefore be closer to
the structure in lipids, since we have observed that the NMR
spectra in DPC micelles and DHPC/DMPC bicelles are simi-
lar, indicative that the conformation of the paddle in DPC is
similar to that in the more membrane-like bicelle system (Fig-
ure S5).

Figure 5: (left) Alignment of NMR solution structure of Nav1.5
DIV S3b-S4a motif with cryo-EM of the full channel from rat.
(right) Alignment of the gating charges on the S4a helix. Atoms
colored in cyan are the arginine residues (gating charges) from the
NMR structure while those colored in magenta are from the cryo-
EM structure of the full channel.

Gating charges. An essential feature of sodium channel
VSDs are the gating charges consisting of the positively
charged amino acid side chains found at every third position
on helix S4. The Nay1.5 DIV paddle motif fragment contains
four of these arginine residues that are separated by hydropho-
bic residues to give it an amphipathic character. In the struc-
ture of the paddle motif determined in this report, three of the
gating charges (R1, R2 and R4) are facing to the outside of the
helical hairpin away from S3, while the third one (R3) points
into the hairpin towards the S3 helix (Figure 6). This differ-
ence in side chain arrangement is also reflected in the sensitiv-
ity to paramagnetic relaxation agents (see below), which show
that R3 is the most sensitive to the lipophilic paramagnetic
agents, while R1 and R4 are the least sensitive (Figure 7). It
should be noted in this context that the region around R4 is
unstructured and highly dynamic in the paddle fragment, so
our discussion here will focus on R1-R3. During gating, the
first two gating charges are facing towards the intracellular
side in the resting state and during channel activation, they

move outward toward the extracellular side through a “sliding
helix” mechanism?®3, In the NMR solution structure of the pad-
dle motif, the first two gating charges are facing outward and
the third is facing inward in agreement with other studies. As
expected, the NMR solution structure of the S3b-S4a paddle
motif resembles the activated state because it was reconstitut-
ed in symmetrical DPC micelles that approximate the envi-
ronment of a membrane at 0 mV potential.

(A)

Figure 6: Structural features of Nav1.5 DIV S3b-S4a paddle mo-
tif. (A) Top and (B) side views of the paddle motif highlighting
the locations and orientation of the gating charges with arginine
residues colored in blue, aspartic acid in red and serine in magen-
ta. Three of the gating charges are facing outward, while R3 is
facing inward. (C) Detail of the possible interaction between R3
and serine 1609 on the S3b helix. (D) Detail of the loop connect-
ing S3 and S4 helix with aromatic residues shown in stick repre-
sentation.

The third gating charge in the NMR average structure is
close to serine 1609 on the S3b helix with a distance between
the serine oxygen and one of the terminal arginine nitrogens of
3.5 A (Figure 6), suggesting that the two residues interact with
each other. In the activated state, it is thought that an acidic
residue on the S2 helix interacts with the third gating charge to
stabilize the helix!®. However, our observation of the close
proximity of S1609 to R3 suggests that this interaction may
also contribute to the stabilization of R3 in the activated state.
Interestingly, the only currently known point mutation on the
Nay1l.5 DIV S3b helix to cause a disease phenotype is this
same residue, serine 1609. This mutation, S1609W, causes
long QT syndrome type 3 (LQT3)*, but to the best of our
knowledge the functional effect of this mutation on Nay1.5 has
not been studied in detail. Based on our NMR solution struc-
ture, a tryptophan replacing this serine would disrupt the helix-
helix interaction since tryptophan is much bulkier than serine.
Another possibility is that a cation-pi interaction between the
tryptophan and R3 might help stabilize the VSD in the activat-
ed conformation, thus explaining the gain-of-function pheno-
type observed in LQT3.
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Loop residues. The loop connecting the S3 and S4 helices
is short and rich in aromatic residues, consisting of a tyrosine,
two phenylalanines, a serine and a proline (YFFSP). The tyro-
sine is actually the last helical residue of the S3b helix but can
be considered part of the loop due to involvement of its side
chain in an aromatic ‘cap” that marks the end of S3 (Figure 6).
The rings of the first two aromatic residues in this “cap” (Y-F)
are facing away from S4 and are conserved throughout all
VGSC subtypes. The third residue in the loop, phenylalanine
1617 points to the opposite side from the previous two aro-
matic residues. This residue is unique to Nay1.5, while in all
other subtypes it is replaced by a valine.

Interestingly, deletion of the third aromatic residue
(F1617del) has been reported to be associated with LQT3.
Chen et al. discovered that this deletion alters the voltage de-
pendence of fast inactivation through a reduction of gating
charges®. They postulated that the shortening of the loop
caused by the mutation would reduce the flexibility of the S4
helix and make it difficult for the voltage sensor to return to a
fully closed, resting position during hyperpolarization and to a
fully extended state during depolarization. Given the very
short nature of this loop (even shorter than the 7-10 residues
that Chen and co-workers expected), such an effect is indeed
plausible. A possible additional effect is that loss of one of the
aromatic cap residues that likely interact with the lipid head-
groups could also weaken the positioning of the end of S3
with respect to the membrane, which might further disrupt the
correct conformational shifts in S4 upon membrane potential
changes. Interestingly, F1617 and the following residue
(S1618) are highly susceptible to paramagnetic relaxation by
hydrophobic relaxation agents (see below, and Figure 7), indi-
cating their strong interaction with the membrane lipids. Con-
sistent with this strong lipid interaction, the two residues are
barely affected by the water-soluble relaxation agent Mn?*
even though they are part of a potentially solvent-exposed
loop.

Interaction with micelle. To determine the residues that are
inserted into the hydrophobic core of the micelle and the ones
that reside at the micelle-solvent interface, we measured para-
magnetic relaxation caused by water-soluble Mn?* ions as well
as two hydrophobic spin-labeled reagents, 16-doxylstearate
and 5-doxylstearate (Figure 7). Residues located deeper in the
hydrophobic interior of the micelle are expected to be affected
more strongly by 16-doxylstearate, while those closer to the
surface by 5-doxylstearate. Overall, the strongest relaxation
effects were observed in samples with 5-doxylstearate, which
reduced the intensity of most residues at a 1:2 peptide to spin
label molar ratio. The strongest effect of 5-doxylstearate was
on residues V1599, 11600, S1602, G1605 and T1606 on the
S3b helix and on R1626, R1629, 11630 and G1631 on the S4a
helix). The most protected residues were those at or near the
loop region, from V1607 on S3b to F1616 in the loop and
from L1621 to 11625 on the S4 helix. As indicated above, the
exceptions are residues F1617 and S1618, which are strongly
affected by the spin label in spite of their position in the loop.
A similar pattern is seen with 16-doxylstearate, however the
effect of 16-doxylstearate is generally weaker than 5-
doxylstearate. This shows that the peptide is inserted into the
micelle but generally resides in the more radial regions of the
hydrophobic core. The unusual behavior of the loop residues
F1617 and S1618 may be due to strong lipid interactions as
stated above, and possibly also due to specific interactions of
these two side chains with the DOXYL group itself. The re-

sults of the paramagnetic relaxation with Mn?* show that the
most solvent-accessible region of the paddle domain is found
towards the end of the S3 helix and specifically around residue
D1610. It is possible that the relaxation effects around that
residue could also be reinforced by specific interactions be-
tween the manganese ion and the aspartate side chain. Howev-
er, it is interesting to note that this region of the S3 helix was
shown to interact with the scorpion toxin Lgh3 by cryo-EM*,
and therefore would be a region that is expected to be more
solvent accessible to allow for the toxin binding to occur. The
loop itself is not very strongly affected, presumably due to its
highly aromatic character and strong interaction with the lipid
headgroups. The other region that is strongly affected by the
manganese are the last few residues at the C-terminal end of
the fragment. This region was found to be mostly unstructured
and highly flexible in our truncated construct. This dynamic
behavior probably enables transient conformations where the
terminal residues leave the micelle core and thus become sus-
ceptible to strong paramagnetic relaxation in the presence of
manganese ions.
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Figure 7: Paddle motif interaction with DPC micelle. The ratios
of peak intensity before and after addition of relaxation agent are
plotted against residue number for Mn?*, 5-DOXYL stearic acid
and 16-DOXYL stearic acid. The data points for the gating ar-
ginines are shown in red boxes. To the right of each graph, the
strength of the paramagnetic relaxation is mapped onto the aver-
age paddle NMR solution structure, with residues most strongly
affected in red and those least affected in blue. Unassigned resi-
dues are shown in green.
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Figure 8: Overview of R1, Rz, *H-'N heteronuclear NOE and S? relaxation parameters of Nav1.5 DIV S3b-S4 paddle motif in DPC mi-
celles. Backbone relaxation rates were obtained on an 800 MHz spectrometer at 37 °C, and the S? order parameters calculated through
Lipari-Szabo model free analysis. Residues with HetNOE <0.6 or S? <0.75 are subject to increased motion in the ps-ns time scale.

Backbone Dynamics. NMR N relaxation experiments were
conducted to explore the backbone dynamics of the isolated
paddle motif in DPC micelles. R; and R; relaxation rates as
well as heteronuclear *H-SN NOEs were measured and S2
order parameters derived using the Lipari-Szabo model-free
approach®?. Based on these measurements, it can be seen that
the paddle is quite rigid overall with S? values above 0.9 for
almost half of the peptide. Based on the order parameters, the
most rigid region of the peptide is the first half of the S3b he-
lix, with increased dynamics in the second half of S3b, the
loop region and in the S4 helix (Figure 8). The most flexible
part of the peptide is found to consist of the last three residues
on the S4a helix, which is most likely due to the truncation
and can further explain why the C-terminal region of the pep-
tide did not converge in the structure calculations. However, it
is interesting to note that the N-terminal end of the peptide,
which is also truncated, does not experience the same level of
dynamics, which could indicate that the level of conforma-
tional heterogeneity and dynamics at the C-terminal end of the
fragment is inherent to the amino acid sequence itself. This
would be consistent with the extensive conformational rear-
rangements that the S4 helix undergoes during voltage gating.
The generally lower order parameters in the end of S3b, the
loop region and S4 also demonstrate that these regions of the
sequence have an inherent flexibility that allows for the struc-

tural rearrangements that the VSD undergoes during voltage
gating.

In addition to the overall trends described above, there are a
few specific residues that stand out due to their increased dy-
namic behavior. T1606, for which we obtained the lowest
order parameter in the S3 helix, is located at the position
where helix S3 forms a kink. In the structure of an intermedi-
ate state of Nay1.5 induced through scorpion toxin binding,
the kink in the helix at that position increases, facilitating the
downward translocation of the S4 gating charges by two posi-
tions*. The increased dynamics observed for this threonine
therefore appear to be essential in allowing the adjustment in
the degree of helix kinking to happen. The residues lysine
1614 and tyrosine 1615 at the end of the S3b helix as well as
leucine 1621 at the beginning of S4a also display S? values
below 0.75. These residues bracket the S3-S4 loop and there-
fore their increased dynamics points to a role as hinge points
during the gating transitions. It is also interesting to note that
backbone relaxation parameters could not be obtained for the
two residues preceding L1621, proline 1619 and threonine
1620. While this is due to the absence of an amide proton for
the proline residue, the fact that the amide *H-°N correlation
signal for T1620 could not be observed may indicate a chemi-
cal exchange process happening at this residue at an interme-
diate time scale, further supporting the notion that this region
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of the structure forms a flexible hinge important in the VSD
gating transition. T1620 is the first residue of the S4 helix and
interestingly is the site of multiple mutations that lead to both
gain and loss of function phenotypes. One of these mutations
is T1620K, which causes both cardiac conduction disease and
LQT syndrome®. Since T1620 is the first residue on the S4
helix and found about one turn of the helix before R1, muta-
tion to lysine would simply add an extra gating charge that can
explain the gain of function and loss of function characteristics
of this mutant at different membrane potentials*’. More inter-
estingly in the context of our study, the T1620M mutation was
found to cause Brugada syndrome*®. When this mutant chan-
nel was expressed in mammalian cells, it caused a slower re-
covery from inactivation*®. Given the apparent conformational
flexibility of T1620 that we found in our study, it is possible
that a mutation to the larger and less polar methionine side
chain at this position may inhibit the conformational transi-
tions involved in the recovery from the inactivated state.

Conclusion. We developed a method to produce and recon-
stitute the Nay1.5 DIV S3b-S4a paddle motif in DPC micelles
in sufficient amount and purity for NMR study while avoiding
the use of highly toxic cyanogen bromide in the protocol. The
resulting NMR solution structure resulted in a well-defined
helix-loop-helix motif with only the last helical turn in the S4a
segment being unstructured, likely due to the truncation. The
average NMR structure aligns well with the corresponding
segments of the rat and human Nay1.5 cryo-EM structures and
provides some additional structural detail given the lower
resolution of the cryo-EM structures in the VSD region. In
particular, our NMR structure provides plausible structural
explanations for three disease-causing mutations, S1609W,
F1617del and T1620M. We then studied the interaction of the
paddle motif with micelle detergent using paramagnetic agents
and determined that the C-terminal end of the S3 helix is the
most solvent-exposed part of the structure, whereas the rest of
S3 and S4 (with the exception of the unstructured terminus)
are mostly embedded in the micelle. The dynamics of the S3b-
S4a paddle motif were also studied using NMR relaxation,
revealing increased motions in residues expected to be in-
volved in the structural rearrangements that happen during
voltage sensing.

Based on these results, our system should be suitable for fu-
ture ligand binding studies in particular with animal toxins that
are known to interact with this region of the channel. For ex-
ample, Nay1.5 DIV is targeted by several sea anemone toxins,
and using NMR spectroscopy to study their interaction with
the isolated paddle motif should help elucidate structural de-
tails of the toxin-channel complex. The same approach could
also be used for studying the S3b-S4a motifs of the other
VSDs of the cardiac as well as other sodium channels. While
the latest cryo-EM structures have provided a wealth of struc-
tural insight into sodium channel structure and interactions,
additional methods for higher resolution and more targeted
elucidation of highly flexible regions like the one we have
described here will be necessary to complement these studies.

ACCESSION CODES

Human Nav1.5: Q14524. The NMR structure of Nav1.5 DIV S3b-
S4a in DPC micelle was deposited in the PDB (7L83), and NMR
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AUTHOR INFORMATION

Corresponding Author
*Sébastien Poget, sebastien.poget@csi.cuny.edu

Present Addresses

+Adel Hussein, NYU School of Medicine, Skirball Institute, 540
First Ave., New York, NY 10016

In Memoriam

1Our beloved colleague and friend Boris Arshava passed away on
Janl, 2018.

Author Contributions

AKH and SFP planned the research. AKH and MHB carried out
the experiments. BA and JZ contributed to peptide purification
and NMR experiment setup, respectively. AKH and SFP wrote
the manuscript. All authors approved the final manuscript.

Funding Sources

Funding for this work was obtained from NIH grant
1R15GM124606 (SFP). 800 MHz Avance Il spectrometers used
for data collection at the New York Structural Biology Center are
supported by NIH grant S100D016432. This study made use of
NMRbox: National Center for Biomolecular NMR Data Pro-
cessing and Analysis, a Biomedical Technology Research Re-
source (BTRR), which is supported by NIH grant PA1GM111135.

ACKNOWLEDGEMENTS

The authors acknowledge Drs. Michael Goger and Shibani
Bhattacharya for assistance with NMR data collection, Dr. Leah
Cohen for assistance with HPLC purification and Dr. Fred Naider
for helpful discussions and instrument use.

ASSOCIATED CONTENT
Supporting Information. One PDF file with figures S1-S5.

REFERENCES

(1) Catterall, W. A., Goldin, A. L., and Waxman, S. G. (2005)
International Union of Pharmacology. XLVII. Nomenclature and
Structure-Function Relationships of Voltage-Gated Sodium Channels.
Pharmacol. Rev. 57, 397-409.

(2) Ahern, C. A., Payandeh, J., Bosmans, F., and Chanda, B. (2016) The
hitchhiker’s guide to the voltage-gated sodium channel galaxy. J. Gen.
Physiol. 147, 1-24.

(3) de Lera Ruiz, M., and Kraus, R. L. (2015) Voltage-Gated Sodium
Channels: Structure, Function, Pharmacology, and Clinical Indications. J.
Med. Chem. 58, 7093-7118.

(4) Veerman, C. C., Wilde, A. A. M., and Lodder, E. M. (2015) The
cardiac sodium channel gene SCN5A and its gene product NaV1.5: Role
in physiology and pathophysiology. Gene 573, 177-187.

(5) Tfelt-Hansen, J., Winkel, B. G., Grunnet, M., and Jespersen, T. (2010)
Inherited cardiac diseases caused by mutations in the navl.5 sodium
channel: Molecular perspectives. J. Cardiovasc. Electrophysiol. 21, 107—
115.

(6) Catterall, W. A., Lenaeus, M. J., and Gamal EI-Din, T. M. (2020)
Structure and Pharmacology of Voltage-Gated Sodium and Calcium
Channels. Annu. Rev. Pharmacol. Toxicol. 60, 133-154.

(7) Payandeh, J., Gamal EI-Din, T. M., Scheuer, T., Zheng, N., and
Catterall, W. a. (2012) Crystal structure of a voltage-gated sodium channel
in two potentially inactivated states. Nature 486, 135-9.

(8) Zhang, X., Ren, W., DeCaen, P., Yan, C., Tao, X., Tang, L., Wang, J.,
Hasegawa, K., Kumasaka, T., He, J., Wang, J., Clapham, D. E., and Yan,
N. (2012) Crystal structure of an orthologue of the NaChBac voltage-
gated sodium channel. Nature 486, 130-134.

(9) Tsai, C. J.,, Tani, K., Irie, K., Hiroaki, Y., Shimomura, T., McMillan,
D. G., Cook, G. M., Schertler, G. F. X., Fujiyoshi, Y., and Li, X. D.


https://doi.org/10.1101/2021.05.21.443843
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.21.443843; this version posted May 21, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

(2013) Two alternative conformations of a voltage-gated sodium channel.
J. Mol. Biol. 425, 4074-4088.

(10) Bagnéris, C., DeCaen, P. G., Naylor, C. E., Pryde, D. C., Nobeli, I.,
Clapham, D. E., and Wallace, B. A. (2014) Prokaryotic NavMs channel as
a structural and functional model for eukaryotic sodium channel
antagonism. PNAS 111, 8428-8433.

(11) Pan, X., Li, Z., Huang, X., Huang, G., Gao, S., Shen, H., Liu, L., Lei,
J., and Yan, N. (2019) Molecular basis for pore blockade of human Na +
channel Na v 1.2 by the m-conotoxin KIIIA. Science 363, 1309-1313.
(12) Pan, X., Li, Z., Zhou, Q., Shen, H., Wu, K., Huang, X., Chen, J.,
Zhang, J., Zhu, X., Lei, J., Xiong, W., Gong, H., Xiao, B., and Yan, N.
(2018) Structure of the human voltage-gated sodium channel Nav1.4 in
complex with B1. Science 362.

(13) Jiang, D., Shi, H., Tonggu, L., Gamal EI-Din, T. M., Lenaeus, M. J.,
Zhao, Y., Yoshioka, C., Zheng, N., and Catterall, W. A. (2020) Structure
of the Cardiac Sodium Channel. Cell 180, 122-134.¢10.

(14) Shen, H., Liu, D., Wu, K., Lei, J., and Yan, N. (2019) Structures of
human Nav1.7 channel in complex with auxiliary subunits and animal
toxins. Science 363, 1303-1308.

(15) Capes, D. L., Goldschen-Ohm, M. P., Arcisio-Miranda, M.,
Bezanilla, F., and Chanda, B. (2013) Domain IV voltage-sensor
movement is both sufficient and rate limiting for fast inactivation in
sodium channels. J. Gen. Physiol. 142, 101-112.

(16) Milescu, M., Bosmans, F., Lee, S., Alabi, A. a, Kim, J. Il, and Swartz,
K. J. (2009) Interactions between lipids and voltage sensor paddles
detected with tarantula toxins. Nat. Struct. Mol. Biol. 16, 1080-5.

(17) Alabi, A. A., Bahamonde, M. 1., Jung, H. J., Kim, J. I, and Swartz,
K. J. (2007) Portability of paddle motif function and pharmacology in
voltage sensors. Nature 450, 370-375.

(18) Bosmans, F., Martin-Eauclaire, M.-F., and Swartz, K. J. (2008)
Deconstructing voltage sensor function and pharmacology in sodium
channels. Nature 456, 202-208.

(19) Chanda, B., and Bezanilla, F. (2002) Tracking voltage-dependent
conformational changes in skeletal muscle sodium channel during
activation. J. Gen. Physiol. 120, 629-645.

(20) Zeng, Z., Zhou, J., Hou, Y., Liang, X., Zhang, Z., Xu, X., Xie, Q., Li,
W., and Huang, Z. (2013) Electrophysiological Characteristics of a
SCN5A Voltage Sensors Mutation R1629Q Associated With Brugada
Syndrome. PLoS One 8, 1-8.

(21) Bennett, P. B., Yazawa, K., Makita, N., and George, A. L. (1995)
Molecular mechanism for an inherited cardiac arrhythmia. Nature 376,
683-685.

(22) Miroux, B., and Walker, J. E. (1996) Over-production of Proteins in
Escherichia coli: Mutant Hosts that Allow Synthesis of some Membrane
Proteins and Globular Proteins at High Levels. J. Mol. Biol. 260, 289-298.
(23) Cohen, L. S., Arshava, B., Estephan, R., Englander, J., Kim, H.,
Hauser, M., Zerbe, O., Ceruso, M., Becker, J. M., and Naider, F. (2008)
Expression and biophysical analysis of two double-transmembrane
domain-containing fragments from a yeast G protein-coupled receptor.
Biopolymers 90, 117-130.

(24) Delaglio, F., Grzesiek, S., Vuister, G. W., Zhu, G., Pfeiffer, J., and
Bax, A. (1995) NMRPipe: a multidimensional spectral processing system
based on UNIX pipes. J.Biomol.NMR 6, 277-293.

(25) Vranken, W. F., Boucher, W., Stevens, T. J., Fogh, R. H., Pajon, A,,
Llinas, M., Ulrich, E. L., Markley, J. L., lonides, J., and Laue, E. D.
(2005) The CCPN data model for NMR spectroscopy: development of a
software pipeline. Proteins 59, 687-696.

(26) Wishart, D. S., Bigam, C. G., Yao, J., Abildgaard, F., Dyson, H. J.,
Oldfield, E., Markley, J. L., and Sykes, B. D. (1995) 1H, 13C and 15N
chemical shift referencing in biomolecular NMR. J. Biomol. NMR 6, 135~
140.

(27) Shen, Y., Delaglio, F., Cornilescu, G., and Bax, A. (2009) TALOS+:
a hybrid method for predicting protein backbone torsion angles from
NMR chemical shifts. J. Biomol. NMR 44, 213-223.

(28) Rieping, W., Habeck, M., Bardiaux, B., Bernard, A., Malliavin, T. E.,
and Nilges, M. (2007) ARIA2: automated NOE assignment and data
integration in NMR structure calculation. Bioinformatics 23, 381-382.
(29) Briinger, A. T., Adams, P. D., Clore, G. M., DeLano, W. L., Gros, P.,
Grosse-Kunstleve, R. W., lJiang, J.-S. S., Kuszewski, J., Nilges, M.,
Pannu, N. S., Read, R. J., Rice, L. M., Simonson, T., and Warren, G. L.
(1998) Crystallography &amp; NMR System: A New Software Suite for
Macromolecular Structure Determination. Acta Crystallogr. Sect. D Biol.
Crystallogr. 54, 905-921.

(30) Laskowski, R., Rullmann, J. A., MacArthur, M., Kaptein, R., and
Thornton, J. (1996) AQUA and PROCHECK-NMR: Programs for

checking the quality of protein structures solved by NMR. J. Biomol.
NMR 8, 477-486.

(31) Maciejewski, M. W., Schuyler, A. D., Gryk, M. R., Moraru, 1. I,
Romero, P. R., Ulrich, E. L., Eghbalnia, H. R., Livny, M., Delaglio, F.,
and Hoch, J. C. (2017) NMRbox: A Resource for Biomolecular NMR
Computation. Biophys. J. 112, 1529-1534.

(32) Lipari, G., and Szabo, A. (1982) Model-free approach to the
interpretation  of nuclear magnetic resonance relaxation in
macromolecules. 2. Analysis of experimental results. J. Am. Chem. Soc.
104, 4559-4570.

(33) Cole R, L. J. (2003) FAST-Modelfree: a program for rapid automated
analysis of solution NMR spin-relaxation data. J Biomol NMR 26, 203—
213.

(34) Milovi¢, N. M., Dutcd, L. M., and Kosti¢, N. M. (2003) Transition-
Metal Complexes as Enzyme-Like Reagents for Protein Cleavage:
Complex cis-[Pt(en)(H20)2]2+ as a New Methionine-Specific Protease.
Chem. - A Eur. J. 9, 5097-5106.

(35) Fu, Q., Piai, A., Chen, W., Xia, K., and Chou, J. J. (2019) Structure
determination protocol for transmembrane domain oligomers. Nat. Protoc.
14, 2483-2520.

(36) Li, Z., Jin, X., Wu, T., Huang, G., Wu, K., Lei, J., Pan, X., and Yan,
N. (2021) Structural Basis for Pore Blockade of the Human Cardiac
Sodium Channel Na v 1.5 by the Antiarrhythmic Drug Quinidine. Angew.
Chemie Int. Ed. 60, 11474-11480.

(37) Martin-Eauclaire, M.-F., Ferracci, G., Bosmans, F., and Bougis, P. E.
(2015) A surface plasmon resonance approach to monitor toxin
interactions with an isolated voltage-gated sodium channel paddle motif.
J. Gen. Physiol. 145, 155-162.

(38) Unnerstdle, S., Lind, J., Papadopoulos, E., and Maler, L. (2009)
Solution Structure of the HsapBK K + Channel Voltage-Sensor Paddle
Sequence. Biochemistry 48, 5813-5821.

(39) Tao, X., and MacKinnon, R. (2019) Molecular structures of the
human Slol K+ channel in complex with p4. Elife 8, 1-27.

(40) Yarov-Yarovoy, V., DeCaen, P. G., Westenbroek, R. E., Pan, C. Y.,
Scheuer, T., Baker, D., and Catterall, W. A. (2012) Structural basis for
gating charge movement in the voltage sensor of a sodium channel. Proc.
Natl. Acad. Sci. U. S. A. 109, 93-102.

(41) Wisedchaisri, G., Tonggu, L., McCord, E., Gamal EI-Din, T. M.,
Wang, L., Zheng, N., and Catterall, W. A. (2019) Resting-State Structure
and Gating Mechanism of a Voltage-Gated Sodium Channel. Cell 178,
993-1003.e12.

(42) Clairfeuille, T., Cloake, A., Infield, D. T., Llongueras, J. P., Arthur,
C. P, Li, Z. R, Jian, Y., Martin-Eauclaire, M. F., Bougis, P. E., Ciferri,
C., Ahern, C. A., Bosmans, F., Hackos, D. H., Rohou, A., and Payandeh,
J. (2019) Structural basis of a-scorpion toxin action on Na v channels.
Science 363, 1-25.

(43) Jiang, Q.-X., and Gonen, T. (2012) The influence of lipids on
voltage-gated ion channels. Curr. Opin. Struct. Biol. 22, 529-536.

(44) Millat, G., Chevalier, B., Restier-Miron, L., Da Costa, A., Bouvagnet,
P., Kugener, B., Fayol, L., Gonzalez Armengod, C., Oddou, B., Chanavat,
V., Froidefond, E., Perraudin, R., Rousson, R., and Rodriguez-lafrasse, C.
(2006) Spectrum of pathogenic mutations and associated polymorphisms
in a cohort of 44 unrelated patients with long QT syndrome. Clin. Genet.
70, 214-227.

(45) Chen, T., Inoue, M., and Sheets, M. F. (2005) Reduced voltage
dependence of inactivation in the SCN5A sodium channel mutation
delF1617. Am. J. Physiol. Circ. Physiol. 288, 2666-2676.

(46) Jiang, D., Tonggu, L., Gamal El-Din, T. M., Banh, R., Pomes, R.,
Zheng, N., and Catterall, W. A. (2021) Structural basis for voltage-sensor
trapping of the cardiac sodium channel by a deathstalker scorpion toxin.
Nat. Commun. 12, 128.

(47) Surber, R., Hensellek, S., Prochnau, D., Wemer, G. S., Benndorf, K.,
Figulla, H. R., and Zimmer, T. (2008) Combination of cardiac conduction
disease and long QT syndrome caused by mutation T1620K in the cardiac
sodium channel. Cardiovasc. Res. 77, 740-748.

(48) Chen, Q., Kirsch, G. E., Zhang, D., Brugada, R., Brugada, J.,
Brugada, P., Potenza, D., Moya, A., Borggrefe, M., Breithardt, G., Ortiz-
Lopez, R., Wang, Z., Antzelevitch, C., O’Brien, R. E., Schulze-Bahr, E.,
Keating, M. T., Towhin, J. A., and Wang, Q. (1998) Genetic basis and
molecular mechanism for idiopathic ventricular fibrillation. Nature 392,
293-296.

(49) Baroudi, G., Carbonneau, E., Pouliot, V., and Chahine, M. (2000)
SCN5A mutation (T1620M) causing Brugada syndrome exhibits different
phenotypes when expressed in Xenopus oocytes and mammalian cells.
FEBS Lett. 467, 12-16.


https://doi.org/10.1101/2021.05.21.443843
http://creativecommons.org/licenses/by/4.0/

