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ABSTRACT The voltage-sensing domain (VSD) is a conserved structural module that regulates the gating of voltage-dependent
ion channels in response to a change in membrane potential. Although the structures of many VSD-containing ion channels are now
available, our understanding of the structural dynamics associated with gating transitions remains limited. To probe dynamics with
site-specific resolution, we utilized NMR spectroscopy to characterize the VSD derived from Shaker potassium channel in 1-palmi-
toyl-2-hydroxy-sn-glycero-3-phospho-(1’-rac-glycerol) (LPPG) micelles. The backbone dihedral angles predicted based on second-
ary chemical shifts using torsion angle likeliness obtained from shift (TALOS+) showed that the Shaker-VSD shares many structural
features with the homologous Kv1.2/2.1 chimera, including a transition from a-helix to 3;¢ helix in the C-terminal portion of the fourth
transmembrane helix. Nevertheless, there are clear differences between the Shaker-VSD and Kv1.2/2.1 chimera in the S2-S3 linker
and S3 transmembrane region, where the organization of secondary structure elements in Shaker-VSD appears to more closely
resemble the KvAP-VSD. Comparison of microsecond-long molecular dynamics simulations of Kv 1.2-VSD in LPPG micelles
and a 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) bilayer showed that LPPG micelles do not induce significant structural
distortion in the isolated voltage sensor. To assess the integrity of the tertiary fold, we directly probed the binding of BrMT analog 2-[2-
({[3-(2-amino-ethyl)-6-bromo-1H-indol-2-ylJmethoxy}k7methyl)-6-bromo-1H-indol-3-ylJethan-1-amine (BrET), a gating modifier
toxin, and identified the location of the putative binding site. Our results suggest that the Shaker-VSD in LPPG micelles is in a
native-like fold and is likely to provide valuable insights into the dynamics of voltage-gating and its regulation.

SIGNIFICANCE The Shaker potassium channel is a model for studying voltage-gating mechanisms within ion channels,
but a high-resolution structure is lacking. We have developed a robust system for overexpression, purification, and
structural characterization of the isolated Shaker voltage-sensing domain (VSD), which enables further biophysical and
structural analysis and deeper understanding of this important system. Our initial NMR characterization of the Shaker-VSD
reveals important and interesting structural features of the Shaker-VSD that do not match the structure predicted by
homology models based on the Kv1.2/2.1 chimera crystal structure. Moreover, our NMR results reveal inherent structural
flexibility within the isolated Shaker-VSD, which might help explain why the isolated Shaker-VSD is able to conduct proton
currents in the absence of the pore domain.

INTRODUCTION They function to sense changes in membrane voltage,
control the opening and closing of these channels, and
generate electrical signals. So far, all known VSDs share
a conserved architecture as well as a voltage-sensing
mechanism (2). The VSD is composed of four consecutive

transmembrane helixes (S1-S4) and is connected to the

Voltage-sensing domains (VSDs) play a fundamental role
in the gating processes of voltage-gated ion channels (1).
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tetrameric pore domain via a short amphipathic linker he-
lix. Conserved positively charged arginines are found on
the S4 transmembrane helix (3,4), and their interaction
with the membrane potential drives the movement of the

ccccccc
uuuuuuu


mailto:chanda@wisc.edu
mailto:henzlerwildm@wisc.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpj.2019.06.020&domain=pdf
https://doi.org/10.1016/j.bpj.2019.06.020

S4 transmembrane helix in response to voltage. As the
VSDs are tightly coupled to the pore domain, the resulting
conformational change in the VSDs regulates the state of
the pore gate (5,60).

Numerous efforts using biochemical, electrophysiolog-
ical, spectroscopic, and structural techniques have been
made to characterize VSDs in an isolated form as well as
in the context of full-length ion channels (5,7-13). One
of the most important model systems for functional studies
of VSDs and the development of our current understanding
of voltage-sensing and voltage-gating mechanisms has
been the Shaker potassium channel, a voltage-gated K™ -se-
lective channel from Drosophila (14-20). Two competing
models for voltage-sensor movement, the transporter model
and the helical screw model, have been proposed based on
structural, electrophysiological, and computational studies
of the Shaker ion channel and its homologs (21-28). Crys-
tal and cryogenic electron microscopy (cryo-EM) struc-
tures of homologous ion channels (29-31) have been
solved, but the structure of the Shaker potassium channel
is not available. These channels differ mostly in their
loop regions, which have been shown to be important for
function and pharmacological specificity (32-36). Despite
their importance, these linkers are either truncated or not
visible in the available structures of homologous channels
(35,37).

In this study, we describe the use of solution NMR spec-
troscopy to characterize the voltage-sensing domain of
the Shaker potassium channel in 1-palmitoyl-2-hydroxy-
sn-glycero-3-phospho-(1’-rac-glycerol) (LPPG) micelles.
NMR spectroscopy is a powerful method for studying pro-
tein structure and dynamics with residue-level resolution
(38—41), but the full-length tetrameric potassium channel
solubilized in a membrane mimetic environment is too
large for solution-phase NMR studies. The discovery of
voltage-sensitive phosphatases and voltage-gated proton
channels, both of which lack the canonical pore domain,
shows that the VSDs of ion channels can function as inde-
pendent structural modules (12,13). We find that the back-
bone structure of Shaker-VSD in LPPG micelles is
generally consistent with the high-resolution structure of
the homologous voltage-gated K™ (Kv) channels. Our
NMR structural analysis also reveals some features that
were unexpectedly different from homology models
based on the Kv1.2/2.1 chimera crystal structure, such
as a longer S3 helix in the Shaker-VSD. Binding
of the gating modifier toxin BrMT analog 2-[2-({[3-(2-
amino-ethyl)-6-bromo-1H-indol-2-ylJmethoxy }k7methyl)-
6-bromo-1H-indol-3-yl]ethan-1-amine (BrET) to the iso-
lated VSDs suggests that the tertiary structural fold is
properly maintained in LPPG micelles and also reveals
details about the toxin binding site in these channels.
Overall, the results provided here show that isolated
Shaker-VSD may be a suitable system for further studies
of structural dynamics of voltage-sensing domains.

NMR Characterization of Shaker-VSD

MATERIALS AND METHODS
Cloning and overexpression of Shaker-VSD

Codon-optimized segments of Shaker (222-392, 208-380, 208-392, 208—
397, or 217-397) with an N-terminal 8xHis tag followed by TEV protease
cleavage site were cloned into a pET15b expression vector. To optimize the
overexpression of the Shaker-VSD, pET15b-Shaker-VSD constructs were
transformed into Escherichia coli BL21 (DE3) with pRARE plasmids for
additional codon supply. Overexpression of Shaker-VSD was tested at three
temperatures (16, 25, and 37°C) and three isopropyl §-D-1-thiogalactopyr-
anoside concentrations (0.1, 0.5, and 1 mM) at OD 0.8-1.0 in M9 minimal
media. The expression levels were evaluated using 14% sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). Segment 217—
397 overexpressed at 25°C and induced overnight (18-20 h) with
0.5 mM isopropyl B-D-1-thiogalactopyranoside gave the best yield and
thus was used for protein production for NMR studies. For isotopic labeling
with 13C, 5N , and/or 2H, the standard media components were substituted
with >NH,CI, 13C—glucose, and/or D,O plus 0.5 g/L isotopically labeled
isogro (Sigma-Aldrich, St. Louis, MO).

Reconstitution of Shaker-VSD into lysolipid
micelles

To purify Shaker-VSD, cells were collected and resuspended in buffer A
(50 mM Tris (pH 8.0), 100 mM KCl, 1 pg/mL pepstatin, 10 uM leupeptin,
and 100 uM phenylmethylsulfonyl fluoride) with 1 mM EDTA, 5 mM g-
me, 250 mM sucrose, and 1 mg/mL lysozyme and lysed by sonication.
The cell debris and inclusion bodies were separated using a low speed
spin (20 min at 7000 x g). The membrane fraction was isolated by spin-
ning for 1 h at 150,000 x g. Detergent (40 mM n-decyl-3-D-maltopyrano-
side [DM], 40 mM n-dodecyl-G-D-maltopyranoside [DDM], 1% w/v
n-octyl-3-D-glucopyranoside [OG], 1% w/v 3-[(3-cholamidopropyl)dime-
thylammonio]-1-propanesulfonate [CHAPS], or 1.5% w/v foscholine-12,
Anatrace, Maumee, OH) and 15 mM tris(2-carboxyethyl)phosphine
(TCEP) were added to buffer A to extract Shaker-VSD from the mem-
brane fraction. After solubilizing for 2 h with rotation at room tempera-
ture, insoluble protein was removed by centrifugation at 30,000 x g for
30 min. Only DM and foscholine-12 were able to extract Shaker-VSD.
As further fast protein liquid chromatography purifications indicate that
Shaker-VSD aggregates in DM micelles but not foscholine-12 micelles
(data not shown), foscholine-12 is chosen as the detergent for Shaker-
VSD extraction. Solubilized Shaker-VSD in foscholine-12 was applied
to Ni-NTA His-bind beads (Protino, Diiren, Germany) prewashed with
buffer B (50 mM Tris (pH 8.0), 100 mM KCl, and 15 mM TCEP), supple-
mented with 0.15% w/v foscholine-12, and allowed to bind for 30 min at
room temperature. The beads were washed with 10 bed volumes of buffer
B, followed by 10 bed volumes of buffer C (buffer B plus 20 mM imid-
azole and 0.15% w/v foscholine-12).

For reconstitution into lysolipid micelles, foscholine-12 was
exchanged by washing the beads with 15 bed volumes of buffer B
supplemented with 0.1% w/v 1-myristoyl-2-hydroxy-sn-glycero-3-phos-
pho-(1’-rac-glycerol) (LMPG), LPPG, or 1-palmitoyl-2-hydroxy-sn-
glycero-3-phosphocholine (LPPC). Shaker-VSD was eluted with five
bed volumes of buffer B supplemented with 400 mM imidazole and
0.2% w/v LMPG, LPPG, or LPPC. For LPPG and LPPC reconstitution,
eluted Shaker-VSD was dialyzed against TEV cleavage buffer (20 mM
Tris (pH 8.0), 50 mM KCl, and 5 mM g-me) containing 0.0001% w/v
LPPG or LPPC. For LMPG reconstitution, eluted Shaker-VSD was run
through a PD-10 column equilibrated with TEV cleave buffer containing
0.2% w/v LMPG to remove imidazole. TEV protease was then added at
1:1 VSD/TEV mole ratio and incubated overnight at room temperature
to remove His-tag. The next day, His-tag cleavage was verified using
14% SDS-PAGE. The solubilized and cleaved Shaker-VSD was then
applied back to Ni-NTA His-bind resin to remove His-tagged TEV
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protease and cleaved tag. The flow through was concentrated to 0.5 mL
and loaded onto a Superdex 200 column pre-equilibrated in NMR buffer
(100 mM MOPS (pH 7.0), 50 mM KCl, and 4 mM TCEP) with the
appropriate detergent (0.2% w/v LMPG, LPPG, or LPPC). Peak frac-
tions containing Shaker-VSD were pooled and concentrated to 300 uL
for NMR. For Shaker-VSD in LPPG/LPPC mixed micelles, samples pu-
rified with LPPG and LPPC micelles were mixed at 1:1 volume ratio
before concentration. For Shaker-VSD in LPPG/Chobimalt mixed mi-
celles, Chobimalt was added before concentration.

Reconstitution of Shaker-VSD into bicelles

Expression of Shaker-VSD was the same except the TEV protease cleavage
site was replaced with a thrombin cleavage site to achieve efficient His-tag
cleavage in foscholine-12. The initial extraction and Ni-NTA resin binding
steps are as described above. Shaker-VSD was eluted from the Ni-NTA
resin as above and then concentrated to 0.5 mL aliquots for loading directly
onto a Superdex 200 column pre-equilibrated in NMR buffer (100 mM
MOPS (pH 7.0), 50 mM KCl, and 4 mM TCEP) with 10 mM foscholine-
12. Peak fractions were pooled, and thrombin was added to remove the
His-tag.

To reconstitute Shaker-VSD into bicelles, we used our previously pub-
lished protocol with slight modifications (42). Long-chain lipids (Table
S1) were hydrated at 20 mg/mL in NMR buffer, bath sonicated for
~1 min, and solubilized with 10 mM foscholine-12 for 20 min. Purified
and cleaved Shaker-VSD fractions after size-exclusion purification were
added to the solubilized long-chain lipids at a molar ratio of 1:100 VSD/
lipids and rotated at room temperature for 3 h. Two aliquots of 45 mg Am-
berlite XAD-2 (Bio-Rad Laboratories, Hercules, CA) per milligram of total
detergent were added to remove the detergent and incubated overnight at
room temperature. Amberlite was removed by filtration, and the Shaker-
VSD proteoliposomes were ultracentrifuged at 150,000 x g for 2 h at
6°C. The proteoliposome pellet was solubilized with short-chain lipids (Ta-
ble S1) dissolved in NMR buffer to create q = 0.33 bicelles. Four freeze-
thaw cycles produced homogeneous bicelles containing Shaker-VSD,
which were flash frozen and stored at —80°C until use.

Reconstitution of Shaker-VSD into nanodiscs

MSPIDI14HS, a truncation mutant that produces nanodiscs with a smaller
diameter, was used to assemble Shaker-VSD containing nanodiscs (43),
with plasmids generously provided by Prof. Gerhard Wagner. The expres-
sion and purification of MSP1D14HS5 was performed according to the pre-
viously published protocol (44). The N-terminal His-tag was removed by
TEV protease. Any additional His-tagged TEV protease was removed by
applying back to Ni-NTA resin. His-tag cleavage and TEV removal were
verified by SDS-PAGE.

Shaker-VSD was purified following the bicelle reconstitution protocol
described above except that the His-tag was not cleaved. Nanodiscs were
assembled according to established protocols with modifications (43—45).
Briefly, MSP1D14H5 and foscholine-12 solubilized lipids (Table S1)
were incubated with Shaker-VSD at a molar ratio of VSD/MSP1D14HS5/
lipid of 1:20:200 overnight at room temperature in 50 mM Tris (pH 8.0),
100 mM KCl, 4 mM TCEP, and 100 mM foscholine-12. The next day, three
aliquots of 10 mg Amberlite XAD-2 (Bio-Rad Laboratories) per milligram
of total detergent were added to remove the detergent, with incubation 4—

12 h at room temperature after each addition. Amberlite was removed by
filtration, and the nanodisc-containing solution was incubated with Ni-NTA
beads at room temperature for 30 min to separate Shaker-VSD containing
nanodiscs. The Ni-NTA beads were then washed with 10 bed volumes of
buffer B followed by 10 bed volumes of buffer D (buffer B plus 20 mM
imidazole). VSD-containing nanodiscs were eluted with five bed
volumes of elution buffer (buffer B plus 400 mM imidazole). Elutions
were concentrated to 0.5 mL and loaded onto a Superdex 200 column
pre-equilibrated in NMR buffer (100 mM MOPS (pH 7.0), 50 mM KCl,
and 4 mM TCEP). Peak fractions were pooled and concentrated to
300 uL for NMR sample.

Reconstitution of Shaker-VSD into Amphipol
A8-35

Shaker-VSD was reconstituted into Amphipol A8-35 according to the pub-
lished protocol (46). Shaker-VSD was purified the same way as for bicelle
reconstitution and mixed with A8-35 polymer at a mass ratio VSD/A8-35 of
1:5 and incubated at room temperature for 1 h. Two aliquots of 10 mg Am-
berlite XAD-2 (Bio-Rad Laboratories) per milligram of total detergent were
added to remove the detergent with an incubation for 2 h at room temper-
ature after each addition. Amberlite was removed by filtration, and the
Shaker-VSD in A8-35 was concentrated to 0.5 mL and loaded onto a Super-
dex 200 column pre-equilibrated in NMR buffer (100 mM MOPS (pH 7.0),
50 mM KCl, and 4 mM TCEP). Fractions containing Shaker-VSD were
pooled and concentrated to 300 uL for an NMR sample.

NMR experiments for the screening of membrane
mimetics and assignment of backbone resonance

NMR samples contained 0.2—-0.5 mM Shaker-VSD in various membrane
mimetics with 10% D,0 and 5% NaNj. Spectra were acquired at the Na-
tional Magnetic Resonance Facility at Madison (University of Wisconsin-
Madison, Madison, WI). Transverse relaxation optimized spectroscopy
(TROSY)-HNCO, TROSY-HN(ca)CO, TROSY-HNCA, TROSY-HN(co)
CA, and TROSY-HNCACB were analyzed on a 750-MHz Bruker spec-
trometer with cryoprobe and processed using NMRPipe (47) and analyzed
with CCPNMR Analysis (48). Backbone walk experiments were supple-
mented with 1-'>C’-amino acid-specific labeling (49). The backbone as-
signments have been deposited in the BioMagResBank (http:/www.
bmrb.wisc.edu) as BMRB: 27886.

NMR-detected BrET binding studies

BrET-observed one-dimensional 'H spectra with titrated Shaker-VSD were
recorded on a 600-MHz Bruker spectrometer. Samples contained 0.1 mM
BrET and 0.2% w/v (~3.9 mM) LPPG in NMR buffer in a 1.7-mm NMR
tube at 25°C to track Shaker-VSD concentration-dependent chemical shift
perturbations of the Hy in the indole ring of BrET. Because the Shaker-VSD
and BrET have extremely limited solubility in water and are only soluble
within the detergent micelles, traditional concentration units using the total
sample volume are not appropriate. Instead, the mole fraction of Shaker-
VSD and BrET in each sample was calculated relative to the moles of
LPPG in each sample. The NMR chemical shift perturbation data were fit
to determine the binding affinity using the equation below (50):

Ay = Awne{ (P] + 1L, + Ka) = [(P] + [L], + Kq) = 4[P), + L] ]/2}/2[L] L, (M)
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where 4w is the observed chemical shift perturbation of Hy, 4wy, is the
maximal chemical shift perturbation, [P], is the total concentration of
Shaker-VSD in each sample in mole percentage relative to LPPG, [L]; is
the BrET concentration in mole percentage relative to LPPG, and K} is
the molar percentage binding affinity.

TROSY-HNCO spectra of Shaker-VSD without BrET were recorded
with ~0.2 mM Shaker-VSD under the same conditions on a 750-MHz
Bruker spectrometer. After the recording of TROSY-HNCO spectrum
without BrET, 0.5 mg lyophilized BrET was incubated with the NMR sam-
ple overnight at room temperature (final molar percentage concentration
relative to LPPG is ~9%), and the TROSY-HNCO spectrum was re-re-
corded. Chemical shift perturbation and peak volume were analyzed using
CCPNMR Analysis (48).

Molecular dynamics simulations

Crystal structure of Kv1.2-VSD (Protein Data Bank [PDB]: 3LUT) (51)
served as the starting structure. The initial Kv1.2-VSD LPPG micelle
model and Kv.2-VSD 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC) bilayer model were built with the web-based program
CHARMM-GUI (52-54). For the micelle model, 150 LPPG molecules
were added around the Kv1.2-VSD to form a torus-shaped micelle.
The protein-micelle complex was solvated in a cube box of water with
a side length of 115 A. For the bilayer model, Kv1.2-VSD was
embedded in a POPC lipid bilayer with a side length of 80 A. A water
box with a thickness of 15 A was added to the top and the bottom of
the lipid bilayer, and 150 mM KCI ions were randomly placed in the
water.

Both simulations used the OpenMM package (55) with GPU-accelera-
tion. The CHARMM36 force field (56,57) with TIP3P water model (58)
was applied in constant particle number, pressure, and temperature
ensemble. The system was first energy minimized for 500 steps. Then, a
six-step equilibration was carried out before the production simulation
with decreasing constraint forces on the backbone carbons, side chain
heavy atoms, and micelle/lipid bilayer as recommended by CHARMM-
GUI (59,60). Production simulations were carried out for 1000 ns at 298
K. Langevin Integrator was used with 1-fs time step and a collision fre-
quency of 1 ps~'. MonteCarloBarostat was applied at 1 atm with a fre-
quency of 100 fs~'. Nonbonded method used in the simulation was
particle-mesh Ewald (PME) with a nonbonded cutoff of 12 A and a switch
distance of 10 A. Bonds to hydrogens were constrained, and rigidWater op-
tion was implemented. Finally, periodic boundary condition was imple-
mented at the edge of the water box.

RESULTS

Isolated Shaker voltage-sensing domain is
properly folded in LPPG micelles and is suitable
for NMR study

To determine the conditions for studying isolated Shaker-
VSD using NMR, we screened various truncation segments
of the Shaker channel, testing five different constructs span-
ning the voltage-sensing domain for expression in E. coli
(BL21) (Fig. S1). Only segment 217-397 gave a high-level
expression (Fig. 1, a and b); the other tested constructs did
not express sufficiently for detection on SDS-PAGE with
coomassie blue stain, indicating yields well below the
amounts needed for NMR. Thus, this construct, hereafter
referred to as Shaker-VSD, was used for all further studies.
We then screened 31 different membrane mimetics to deter-
mine the optimal conditions for NMR (Table S1), as as-

NMR Characterization of Shaker-VSD

sessed by the number of resolved signals, peak dispersion,
resolution, and uniformity of peak intensity across the
"H-">N TROSY-heteronuclear single quantum coherence
(HSQC) spectrum. The best '"H-">N TROSY-HSQC spectra
were obtained in LPPG and LMPG detergent micelles at
45°C, which is consistent with NMR studies of isolated
VSDs from other ion channels (Figs. S2 and S3; (45,61—
65)). The "H-">N TROSY-HSQC spectra obtained in other
membrane mimetics had fewer peaks or worse resolution,
indicating a lack of stable, well-folded tertiary structure,
and thus were excluded from further NMR study (Fig. S3).

NMR chemical shifts are highly sensitive to local struc-
ture, which affects the distribution of electrons around a nu-
cleus and thus the shielding of the nucleus from the applied
magnetic field of the spectrometer. Backbone chemical
shifts are particularly sensitive to backbone torsion angles,
hydrogen bonding, and primary amino acid sequence
(66,67). The backbone torsion angle and secondary structure
propensity of a protein can thus be predicted based on the
backbone chemical shift data and the known amino acid
sequence. The torsion angle likeliness obtained from shift
(TALOS)+ program uses the empirical relationship be-
tween backbone '3 C, 5N , and 'H chemical shifts and back-
bone ¢ and Y angles to reliably predict the backbone
dihedral angles and secondary structure elements in pro-
teins. Comparison of backbone torsion angles predicted
from the NMR chemical shift data with the corresponding
crystal structure across a 200-protein data set revealed sig-
nificant deviations for only 2.5% of residues, some of which
likely reflect actual structural differences between the solu-
tion and the crystal (68). This demonstrates the accuracy of
chemical shift-based torsion angle prediction, and this
approach is widely used in NMR structure calculation
(69,70). Therefore, to check that Shaker-VSD was properly
folded in LPPG detergent micelles, we first performed back-
bone assignment for secondary structure evaluation. 86% of
the backbone amide resonances were assigned for Shaker-
VSD with TROSY-HNCO, HN(ca)CO, HNCA, HN(co)
CA, and HNCACB NMR experiments plus 1-'°C’ Gly,
Phe, Ala, Tyr, Leu, Ile, and Val specifically labeled samples
(Figs. 1 and S4; (49)). The secondary structure of Shaker-
VSD was calculated by TALOS+- using the chemical shifts
of backbone HN, "°N, *CO, *Ceq, and *Cg (68), and the
dihedral angles were found to be most consistent with the
expected secondary structural features observed in the Kv
1.2/2.1 chimera and full-length KvAP (Figs. 2 a and S5;
(7,29,30)). As noted previously, the S4 transmembrane helix
switches from «-helix to a 3;y-helix toward the C-terminus.
Given the high homology between the Kv 1.2/2.1 chimera
and Shaker channel in this region, we might expect that
the Shaker-VSD will also exhibit this feature. Remarkably,
we find that the NMR-derived backbone dihedral angles pre-
dicted by TALOS+ are consistent with classic 3;y-helix
throughout the C-terminal end of the S4 transmembrane he-
lix (Fig. 2, b and c).
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FIGURE 1

1H ppm

Isolated Shaker-VSD construct optimized for NMR study. (a) Shown is a homology model and (b) amino acid sequence of the isolated Shaker-

VSD (217-397), which spans from the S1 transmembrane helix to the S4-S5 linker. Residues with assigned backbone resonances are colored blue. Prolines
are colored black. Unassigned residues are colored gray. () "H-'>N TROSY-HSQC NMR spectrum of the isolated Shaker-VSD construct in LPPG micelle at

pH 7.0 and 45°C is shown. Sequence assignments are shown in Fig. S4.

Next, we probed the integrity of the tertiary structure of
isolated VSD by assaying its ability to bind the toxin
BrET (Fig. 3 a). BrET is a synthetic derivative of a naturally
occurring gating modifier gastropod toxin BrMT (6-bromo-
2-mercaptotryptamine) (71). BrMT induces cooperativity in
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the Shaker potassium, presumably by interacting with the
VSD (72). The BrMT binding site is proposed to lie within
the S1, S2, and/or S3 transmembrane helices, but its binding
has not been measured directly (71-74). We performed
separate NMR experiments monitoring either BrET- or

FIGURE 2 Secondary structure and backbone
dihedral angles of the isolated Shaker-VSD.
TALOS+- analysis of the backbone NMR chemical
shifts (Hy, N, Co, Ce, and C) can reliably predict
the backbone dihedral angles and secondary struc-
ture elements in proteins. The a-helical propensity
of the isolated Shaker-VSD under the conditions
used for NMR studies is shown in (a), with
numbering according to the full-length Shaker
-45° sequence. The expected secondary structure is
shown above the data with lines and helices desig-
nating loops and rectangles, respectively, and re-
gions with insufficient chemical shift assignments
for TALOS+ analysis are drawn in gray. For the
predicted a-helical propensity, bars are colored ac-
cording to the quality of prediction indicated by
TALOS+, with black indicating good prediction,

-65°

=3

-75°

€

-25°

cyan indicating dynamic conformations, and orange indicating ambiguous prediction. The data correspond quite well with the expected helical segments.
The backbone dihedral angles, ¢ (b) and ¥ (c), of the S4 transmembrane helix are plotted on the homology model of isolated Shaker-VSD with a blue
to red color scale to illustrate that the reduced a-helical propensity in the C-terminal half of S4 is due to a transition to 3o-helix. Backbone dihedral angles
characteristic of a-helix are colored red, and torsion angles characteristic of 3;o-helix are colored blue in both (b) and (c).
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FIGURE 3 BrET interacts directly with Shaker-VSD. (a) Chemical
structure of BrET is shown. (b) Binding curve was generated from NMR
titration of BrET with the Shaker-VSD. The BrET 'H NMR spectra used
to generate this curve are shown in Fig. S8. (¢) The addition of BrET to
the isolated Shaker-VSD causes a localized perturbation of the three-
dimensional TROSY-HNCO NMR spectrum, indicating a specific binding
interaction. The normalized change in peak volume in the Shaker-VSD
upon BrET binding is plotted on a homology model of the isolated
Shaker-VSD with a blue to red color scale as shown. Significant peak vol-
ume reduction is observed for residues from S2 transmembrane helix. Small
chemical shift perturbations are also observed, as shown in Fig. S7.

Shaker-VSD to confirm direct and specific binding of BrET
to Shaker-VSD at 25°C. Specific chemical shift perturbation
of a well-resolved BrET peak corresponding to the —NH
group in the indole ring was observed upon titration with un-
labeled Shaker-VSD. Fitting this data yields an apparent
binding affinity of 7 = 2 mol% (Figs. 3 b and S6). Results
are reported as mol% because the highly hydrophobic BrET
has minimal solubility in water and is only soluble in the
LPPG micelles. Given that most of the VSD is likely to be
in an activated conformation in the absence of membrane
potential, it is not surprising that the BrET, which has a pref-
erence for the resting conformation (72,74), binds weakly to
the isolated VSD.

To further identify the binding site of BrET within
Shaker-VSD, we recorded three-dimensional TROSY-
HNCO spectra of Shaker-VSD with and without BrET at
45°C. We observed a significant volume reduction of peaks
from residues on the S2 transmembrane helix (Fig. 3 c).
BrET was previously hypothesized to bind to the same re-
gion based on electrophysiology studies (71,72,74). The sig-
nificant line broadening and loss of peak intensity observed
upon BrET addition is consistent with the rapid on and off of
a weak binding ligand coupled with a structural transition
upon ligand binding (75). Moreover, we also observed a
small but significant chemical shift perturbation throughout
the entire protein (Fig. S7), suggesting that the protein un-
dergoes a global conformational change upon binding.
These results confirm direct binding of BrET to Shaker-
VSD with the binding site centered on the S2 helix,
indicating that the architecture of the toxin binding site in
isolated Shaker-VSD in LPPG micelles is conserved.

NMR Characterization of Shaker-VSD

Multiple structural states of the isolated
Shaker-VSD

Upon assigning the backbone resonances of Shaker-VSD,
we observed peak doubling for residues in the SO helix,
S1-S2 linker, S4 transmembrane helix, and S4-S5 linker in
the TROSY-HNCO and HNCA spectra (Fig. S8). This indi-
cates that these regions of Shaker-VSD exist in two distinct
conformations under our NMR experimental condition. One
possibility is that these reflect the resting and activated states
of the isolated VSDs, but charge-voltage measurements
of Shaker-VSD shows that these channels are more than
90% activated at 0 mV (76). Alternatively, the isolated
voltage sensors are known to undergo a transition into a
relaxed state upon prolonged activation (77). Because these
isolated domains do not experience any voltage gradient in
the micelles, it is quite likely that the observed peak
doubling particularly in the S4 and S4-S5 linker reflects
the conformational transitions between the activated and
relaxed states. Nevertheless, additional experiments would
be necessary to determine whether these conformational
transitions correspond to the functional states identified by
electrophysiologists. In any case, the observation of peak
doubling highlights the inherent flexibility of this region
of the VSD and exactly where the functionally relevant
structural transitions are expected to occur.

Inherent structural features of Shaker-VSD

The crystal structure of Kv1.2/2.1 chimera has been widely
used as a model for functional studies of Shaker potassium
channel (6,20,78-80). Because of their highly conserved se-
quences, the structure of Shaker-VSD is expected to be
almost identical to that of Kv1.2/2.1 chimera, except for
S1-S2 and S3-S4 linker whose length and sequence are
very different. As previously noted, the NMR-derived back-
bone torsion angles are consistent with a transition from
a-helix to 3j¢-helix in the C-terminal portion of S4 as
observed in Kv1.2/2.1. The NMR chemical shift-based sec-
ondary structure prediction also shows that the Shaker S3
transmembrane helix is composed of two individual helices
(Fig. S3, a and b) like Kv 1.2/2.1(Figs. 2 a and S5). How-
ever, S3b is ~1-2 helical turns longer and is separated
from S3a by a short S3 loop in Shaker, and the loop between
S2 and S3 helices is about seven residues shorter in Shaker-
VSD than in Kv1.2/2.1-VSD. At this point, it is not clear
whether these observed structural differences between the
Shaker and Kv1.2/2.1 chimera are due to differences in
detergents, primary structure, or both.

To test whether the LPPG detergent micelles can alter the
VSD conformation, we performed molecular dynamics
(MD) simulations of the VSD of Kv1.2 in both LPPG mi-
celles and POPC bilayer for comparison. These simulations
were performed with the Kv1.2 because of the availability
of the high-resolution structural model (51). We extracted
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the average backbone dihedral angles and their variances
from 1 us MD trajectories for comparison with the NMR
data. We focused our comparison on the transmembrane he-
lices because the sequences of the transmembrane helices
are highly conserved between Shaker-VSD and Kvl1.2-
VSD. The length and sequence in the loop regions of
Shaker-VSD vary significantly from that of Kv1.2-VSD
(Figs. 4 and S9), so we excluded these regions from the anal-
ysis. Except for a few residues at the beginning and end of
each transmembrane helix, no major secondary structure
differences were observed between Kv1.2-VSD in LPPG
micelles and POPC bilayer. Therefore, these observations
support the notion that the LPPG micelles are unlikely to
distort the secondary structure differences of the isolated
voltage sensors.

We further compared the secondary structure of isolated
Shaker-VSD with high-resolution x-ray and cryo-EM struc-
tures or NMR studies of other Kv-VSDs (7,29,30,63,81-83).
Despite an overall conserved four-helix bundle architecture,
we observed significant secondary structural diversity espe-
cially in the S3 transmembrane helix (Figs. 5 and S10).
KCNQI1 has a straight S3 helix ~5 helical turns long, both
in humans and Xenopus (63,83). In the cryo-EM structure
of X. laevis KCNQ1-VSD, the linker connecting the S2 and
S3 segments, is observed to form a short helix that is denoted
as the S2/S3 helix. However, this is not present in isolated
hKCNQI1-VSD, according to torsion angles derived from

NMR secondary chemical shift analysis using TALOS+.
rEAG-VSD and hHCN1-VSD share similar secondary struc-
tural configurations in this region (81,82). The S3b helices
are ~3—4 helical turns long, with an unstructured region con-
necting the S3a and the S3b helices following a proline resi-
due. AThr or Ser in the middle of the S3a helix breaks it into
two subhelices, each of which are ~3 helical turns long and is
denoted as S3al and S3a2, respectively. The crystal and cryo-
EM structures of the Kv1.2/2.1 chimera-VSD obtained in
different membrane mimetics (detergent/lipid mixed mi-
celles and nanodiscs, respectively) are almost identical to
each other but show differences compared to the rEAG
and hHCN channel structures (29,30). The S3 helix in
Kv1.2/2.1 chimera is also broken into S3a and S3b following
a proline residue, but the S3a is not further subdivided into
smaller helices. This architecture is similar to the KvAP-
VSD in which the bend between the S3a and S3b helix is
more pronounced. Overall, the backbone torsion angles and
secondary structure assignments based on NMR secondary
chemical shift analysis are in agreement with the high-reso-
lution structures of related channels, which strongly indicate
that the isolated Shaker-VSD in LPPG micelles is in a native-
like fold. The backbone structure of the Shaker-VSD is
similar to the Kv1.2/2.1 chimera as expected, particularly
in the charged residue containing S4 helix. In contrast, com-
parison of the variable S3 helix (Figs. 5, S5, and S11) sug-
gests that the length of S3a and S3b and the size of the
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lated backbone torsion angles of Kv1.2-VSD. MD
simulations of Kv1.2-VSD were performed in
both LPPG micelle and POPC bilayers to evaluate
the effect of the micelle environment on the VSD
structure. Kv1.2-VSD was chosen because of its
homology to Shaker and the availability of a crystal
structure. Backbone (a) ¢ and (b) y torsion angles
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FIGURE 5 Diversified secondary structure configuration of S2-S3 linker and S3 helix in different Kv-VSDs. (a) Sequence alignment of the S2-S3 linker
and S3 helix region of different Kv-VSDs is shown. Colored rectangles above the sequences indicate the segments corresponding to S3al (magenta), S3a2
(orange), S3b (cyan), straight S3 helix (blue), S2-S3 helix (gray), or S2 helix (white). Backbone ¢ and ¥ angles extracted from the Protein Data Bank struc-
tures were extracted and analyzed (Ramachandran plots in Fig. S10) to define the helical regions: isolated Shaker-VSD (our NMR results); KvAP-VSD in full
channel, x-ray (10RQ); Kv1.2/2.1-VSD in full channel, x-ray (2R9R); Kv1.2/2.1-VSD in full channel, cryo-EM (6EBK); human KCNQ1-VSD, NMR;
X. laevis KCNQI-VSD in full channel, cryo-EM (5VMS); EAG-VSD in full channel, cryo-EM (5K7L); and HCN1-VSD in full channel, cryo-EM
(5U60). (b) The defined helical regions are shown in the same color scheme plotted on the segment of the structure corresponding to the sequence alignment
in (a) for each of the different Kv-VSDs, highlighting the structural diversity in this region. Comparison of the variable S3 helix (also Figs. S5 and S11)
suggests that the length and position of helices within this region in Shaker-VSD might be more similar to KvAP.

intervening loop in Shaker-VSD might be more similar to
KvAP. However, the current data are insufficient to evaluate
whether the angle between the S3a and S3b helices matches
full-length KvAP.

DISCUSSION

The Shaker potassium channel is a model system for
studying the mechanisms of voltage gating and regulation.
It is well characterized mainly in terms of its electrophys-
iological behavior, but very little is known about the struc-
ture of these channels. The related Kv 1.2/2.1 chimera
high-resolution structure is widely used as a model for in-
terpreting the functional effects of structural perturbations.
Nevertheless, it is clear that there are significant differ-
ences between the Shaker and Kv 1.2 channels. For
instance, Islas et al. have shown that the Kv 1.2 channels
move ~25% less charge than the Shaker potassium chan-
nel in response to a depolarizing voltage pulse (84). Bio-
physical and structural characterization of Shaker-VSD
has been hindered, in part, by the difficulty in obtaining
milligram quantities of properly folded and functional
samples (85). In this study, we have generated a robust
protocol for heterogeneous overexpression and purifica-
tion of isolated Shaker-VSD. We assessed the structural

integrity of the Shaker-VSD in 31 different membrane mi-
metics (86-88) and found conditions suitable for NMR
studies. Among all the membrane mimetics that were
screened, the best 'H-'"N TROSY-HSQC spectra were ob-
tained in lysophosphatidylglycerol (LMPG and LPPG)
detergent micelles. The secondary structure predicted
from our backbone resonance assignments, as well as
the BrET binding studies, support a native-like fold for
Shaker-VSD in LPPG micelles. Interestingly, LPPG mi-
celles have also been used for NMR studies of the
VSDs of KCNQI1, Na, 1.4, and hERG as well as the
sensing domain of TRPMS8 (45,61-64), suggesting that
Lyso-PG detergent micelles are best suited for studying
isolated VSDs.

Although the overall secondary structure of the Shaker
potassium channel is consistent with the structures of other
closely related potassium channels such as Kv 1.2/2.1
chimera, there were a few notable differences. First, the
increased length of the Shaker S3a and the S3b helices
and their separation by a short unstructured loop region
as well as the break within the S3a helix make this region
more closely resemble the structure of KvAP than
Kv1.2/2.1. Second, our studies reveal an inherent flexi-
bility of the isolated Shaker-VSD. The 'H-'>N TROSY-
HSQC spectrum of isolated Shaker-VSD is crowded with
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significant variation in peak intensity across the spectrum
(Fig. 1 ¢). In contrast, the NMR peaks from isolated
KvAP-VSD and hKCNQI1-VSD are well dispersed and
more uniform (45,63,65,89). A single set of well-resolved
resonances is the hallmark of a tightly packed, stable ter-
tiary structure in which each residue is locked in a single
unique environment. Protein motion leads to increased
line broadening due to enhanced relaxation or the aver-
aging effect of sampling multiple different structural states,
depending on the timescale. Conformational heterogeneity
and dynamic sampling of multiple states on microsecond-
millisecond timescales also average the chemical shift for
a single resonance across different environments and
reduce chemical dispersion. For several regions of the
Shaker-VSD, we also observed peak doubling, indicating
that those regions in the channel are sampling at least
two different conformations on a millisecond or slower
timescale. This peak doubling further contributes to the
crowding in the NMR spectra of Shaker-VSD and empha-
sizes the inherent dynamics of the Shaker-VSD. Recent
electrophysiological studies of the isolated Shaker-VSD
show that the voltage-sensing domain is able to conduct
proton currents in the absence of pore domain, whereas
these proton currents are not observed in the full-length
channel (76). One interpretation is that in the absence of
the stabilizing influence of the pore domain, the voltage-
sensing domain of the Shaker potassium channel is more
dynamic and allows protons to pass through. Note that in-
side the gating pore of the Shaker-VSD, the extracellular
and the intracellular solutions are separated by a single ar-
omatic charge transfer center. Therefore, it is not difficult
to envision that this separation is not as tight in the isolated
VSD. However, specific conclusions about whether the
observation of proton current through isolated Shaker-
VSD is related to the flexibility here by NMR is not
possible without additional experiments. Comparison with
equivalent data for KCNQ and KvAP-VSDs may be help-
ful in testing this hypothesis.

In conclusion, our study for the first time to our knowl-
edge establishes a robust system for biochemical, biophysi-
cal, and structural study of isolated Shaker-VSD. We have
characterized secondary structural features of the isolated
Shaker-VSD using NMR spectroscopy and provided insight
into the channel dynamics. Our studies also shed light on the
binding site of a small-molecule gating modifier of the
Shaker potassium channel, BrET. Follow-up studies will
allow us to gain a deeper structural understanding of the
Shaker-VSD for comparison with functional studies to
gain more insight into the voltage-sensing mechanism of
voltage-gated ion channels.

SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
2019.06.020.
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Figure S1. Constructs screened for optimizing Shaker-VSD expression. The highest expressing
construct (217-397) was chosen for further NMR studies.
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Figure S2. Shaker-VSD purification. (a) Representative gel filtration elution profile of the
isolated Shaker-VSD in 0.2% LPPG on a Superdex 200 column. (b) SDS-PAGE gel of fractions
from the main peak of the S200 elution profile for the isolated Shaker-VSD shows that the
purified protein is a monomer with an apparent molecular mass near 20 kDa as expected.



LPPC - i LMPG * [c
- -
® :H‘U ) 110
- & E
. ) -
115 115
i £
120 120
[ 125 125
B N
B - :
° 130 130
T T T T T T T T T T T | T
100 95 90 85 B8 : : 5 6.0 100 95 90 85 80 75 70 65 6.0
DMPC/D,PC - (DMPG:CHS)/D;PC B
bicelle - bicelle -
110 110
115 o [ 115
- - —h
. i - o
120 [ 120 £
5 L o
- |- o
[ - 3
125 [ 125
B i
. 130 [ 130
| | I | | ! 1 1 ! I | I | T I | I I
100 95 90 85 80 7.5 7.0 65 6.0 100 95 90 85 80 75 70 65 6.0
DMPC-nanodisc . DMPG-nanodisc C
@ 110 110
.8 L B
. o & g i & -
- 115 [ 115
N : - f B
T - -
: 120 120
0¢ [ 125 125
‘4 ,° i -
. 130 130
T T T T T T T 1 T T T T T T T T T
100 95 90 85 80 75 7.0 65 60 100 95 90 85 80 7.5 7.0 65 6.0
1H ppm

Figure S3. Representative 'H-">"N TROSY-HSQC spectra of the isolated Shaker-VSD at pH
7.0 in different membrane mimetics tested during NMR sample optimization. All spectra were
acquired on a 750MHz Bruker magnet at 45 °C, except for the DMPC/D¢PC bicelle sample,
which was acquired at 37 °C.
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Figure S4. *H-N NMR chemical assignments of isolated Shaker-VSD at 45°C in 1.6%
LPPG at pH 7.0.
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Figure S5. Comparison of secondary structures of isolated Shaker-VSD, KvAP-VSD and
Kv1.2/2.1-VSD. The sequence of Shaker-VSD, KvAP-VSD and Kv1.2/2.1-VSD are aligned with
Clustal Omega and manually adjusted. The a-helical propensity of isolated Shaker-VSD based
on its backbone chemical shifts as shown in Figure 2 is plotted on its sequence with a cyan to
red color scale indicating the location of helical regions (0 indicating 0% tendency to form a helix
while 1 indicating 100% tendency). Residues in Shaker-VSD without color indicate lack of
backbone assignment. Helical regions of KVAP-VSD and Kv1.2/2.1-VSD are marked with red
rectangles based on their crystal structures (10RQ and 2R9R) (1,2). The secondary structural
features of isolated Shaker-VSD generally agrees with that of Kv1.2/2.1-VSD, except for S2-S3
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Figure S6: NMR titration of BrET with Shaker-VSD. (a) Structure of BrET with indole marked
with *. Stacked plot of 1D 'H NMR spectra of BrET with increasing concentration of added
Shaker-VSD in the region of 10ppm. The chemical shift change of the peak corresponding to
the BrET indole proton (*) upon Shaker-VSD titration shown in this figure was used to generate
the binding curve in Fig. 3.
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Figure S7. Effect of BrET binding as observed from the NMR spectrum of Shaker-VSD. (a)
Overlay of the peak corresponding to Val257 in Shaker-VSD from a TROSY-HNCO spectrum
without BrET (green) and with BrET (orange). The chemical shift perturbation is about 0.026. (b)
Chemical shift perturbations are plotted on a homology model of isolated Shaker-VSD with a
blue to red color scale. Small chemical shift perturbations are observed in many sites across the
Shaker-VSD, suggesting that the protein undergoes a global conformational change upon

binding.



Figure S8. Residues of Shaker-VSD exhibiting peak doubling in the well-resolved 3D
TROSY-HNCO or TROSY-HNCA NMR spectra are highlighted in orange.
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Figure S9: Sequence alignment of Kv1.2-VSD and Shaker-VSD. Residues in the
transmembrane helices with different sequence are colored in red and blue.
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Figure S10: Ramachandran plots of the backbone dihedral angles of the S2-S3 linker and
S3 helix in different Kv-VSDs. Backbone ¢ and y angles are extracted from the deposited
PDB structures and/or data in the following references: isolated Shaker-VSD (our NMR results);
KvAP-VSD in full channel, X-ray (10RQ) (1); Kv1.2/2.1-VSD in full channel, X-ray (2R9R) (2);
Kv1.2/2.1-VSD in full channel, Cryo-EM (6EBK) (3); human KCNQ1-VSD, NMR (calculated with
TALOS+ using backbone resonances assignment deposited in BMRB: 19708) (4); Xenopus
laevis KCNQ1-VSD in full channel, cryo-EM (5VMS) (5); EAG-VSD in full channel, cryo-EM
(5K7L) (6); HCN1-VSD in full channel, cryo-EM (5U60) (7). The ramachandran plot is
generated based on theoretical definition of backbone ¢ and y angles in different secondary
structural configurations (8), with intense color indicating right-handed helix (orange color
indicating favored and yellow indicating allowed regions) and pale orange and pale yellow
indicating favored and allowed regions for other secondary structures. Non-helical residues are
labeled in red. These analyses were used to define the secondary structure configuration of
Shaker-VSD in Figure 5.
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Figure S11: Comparison of backbone dihedral angles of Shaker-VSD, full-lenth KvAP and
Kv1.2/2.1in the S2-S3 linker and S3 helix. Backbone ¢ and y angles are extracted from the
deposited PDB structures and/or data in the following references: isolated Shaker-VSD (our
NMR results); KvAP-VSD in full channel, X-ray (10RQ) (1); Kv1.2/2.1-VSD in full channel, X-ray
(2R9R) (2). The ¢ and yp angles distribution pattern of Shaker-VSD is more similar with that of
full-length KvAP crystal structure then that full-length Kv1.2/2.1 crystal structure, indicating that
some structural features of this region in Shaker-VSD might be more similar with that of KVvAP.



Table S1. Membrane mimetics screened for VSD Reconstitution

Membrane Mimetics

°N-*H HSQC Spectrum Quality

Detergent DM Aggregate
Micelles DDM Failed to extract from membrane
oG Failed to extract from membrane
CHAPS Failed to extract from membrane
Foscholine-12 Poor
LMPG Great
LPPG Great
LPPC OK
LPPC.LPPG=1:1 OK
LPPG:Chobimalt=4:1 OK
Bicelles Long-chain Lipids Short-chain °N-'H HSQC Spectrum Quality
Lipids
DMPC D6PC Poor
DMPC:DMPG=3:1 CHAPSO Reconstitution failed
POPC:POPG=3:1 D6PC Poor
POPC:POPA=3:1 D6PC Poor
POPE:POPG=3:1 D6PC Poor
DMPC:DMPA=3:1 D6PC Poor
DMPG DePC Poor
DMPG:Cholesterol=9:1 D6PC OK
DMPC:DMPA+1%PIP2 D6ePC Poor
DMPC:DMEPC=3:1 D6PC Poor
DMPC:DMTAP=3:1 D6PC Poor
DMPG:Cholesterol=9:1 D7PC OK
DMPC:DMPA=3:1 D7PC Poor
DPPC D7PC Poor
DPPG D7PC Poor
DPPC:Choleterol=9:1 D7PC Poor
DPPG:Cholesterol=9:1 D7PC OK
Nanodiscs Lipids Scaffold °N-*H HSQC Spectrum Quality
Protein
DMPC MSP1D1AH5 Poor
DMPG MSP1D1AH5 Poor
DMPC:DMPA=3:1 MSP1D1AH5 Poor
Amphipol A8-35 Poor
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