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Temperature-dependent regulation of ion channel activity is critical
for a variety of physiological processes ranging from immune re-
sponse to perception of noxious stimuli. Our understanding of the
structural mechanisms that underlie temperature sensing remains
limited, in part due to the difficulty of combining high-resolution
structural analysis with temperature stimulus. Here, we use NMR to
compare the temperature-dependent behavior of Shaker potassium
channel voltage sensor domain (WT-VSD) to its engineered temper-
ature sensitive (TS-VSD) variant. Further insight into the molecular
basis for temperature-dependent behavior is obtained by analyzing
the experimental results together with molecular dynamics simula-
tions. Our studies reveal that the overall secondary structure of the
engineered TS-VSD is identical to the wild-type channels except for
local changes in backbone torsion angles near the site of substitu-
tion (V369S and F370S). Remarkably however, these structural dif-
ferences result in increased hydration of the voltage-sensing
arginines and the S4–S5 linker helix in the TS-VSD at higher temper-
atures, in contrast to the WT-VSD. These findings highlight how
subtle differences in the primary structure can result in large-scale
changes in solvation and thereby confer increased temperature-
dependent activity beyond that predicted by linear summation of
solvation energies of individual substituents.
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The human body is finely tuned to respond to subtle changes in
temperature, and much of this response is mediated by spe-

cialized ion channels expressed in peripheral nerves innervating
the skin and tongue. The founding members of this class of ion
channels are the TRPV1 and TRPM8 channels, both of which
have also been widely studied (1–5). Structures (6, 7) of the iso-
lated TRPV1 channel and in complex with peptide toxin, DKTx,
led to the identification of a hydrophobic cluster behind the se-
lectivity filter of the channel. Mutagenesis studies of residues
within this cluster (8–11) had been previously shown to alter
temperature sensitivity without affecting activation by capsaicin,
suggesting that this region may act an allosteric temperature-
activation pathway. Most strikingly, swapping the pore region of
the TRPV1 channel on to the Shaker potassium channel makes
the activation of the chimeric channel temperature sensitive (12).
Despite the wealth of evidence that the hydrophobic stretch in

the selectivity filter of TRPV1 channel is critical for temperature
sensing, the mechanisms of thermosensing remain far from fully
understood for multiple reasons. First, even in the case of
TRPV1 channels, mutagenesis studies have shown that the other
regions of the channel also alter the ability to sense temperature
(9, 10, 13–21). It remains unclear whether these other sites are
part of the sensing element or they constitute the transduction
machinery coupling the sensors to pore gates. Second, we have
not been able to directly measure thermodynamic parameters
associated with temperature-dependent gating. These measure-
ments are necessary to determine the contributions of putative
sensors to temperature-sensitivity. Finally, we have very little

firsthand information about the structural changes that are as-
sociated with temperature in these channels. Recently, Sobo-
levsky and colleagues used cryo-EM to solve the structures of
thermosensitive TRPV3 channels after preincubation at two
different temperatures (22). Their studies show that the pore
lining S6 helices undergo a rotation upon opening which changes
the solvent exposure of ∼8 residues. It remains unclear, however,
whether the pore-lining helices are the primary temperature
sensors in TRPV3 channels.
Given these uncertainties about the identity and conformation

of the temperature-sensing motif in thermosensitive TRP chan-
nels, we sought to characterize temperature-induced structural
changes in a more well-defined system. Previously, Chowdhury
et al. (23) were able to engineer temperature sensitivity into the
prototypical Shaker potassium channel, which is naturally tem-
perature insensitive, by systematically introducing mutations in
the voltage-sensing domain (VSD) (23). In contrast to the nat-
urally occurring temperature-sensitive ion channels, the primary
advantage of this designed system is that we know precisely the
location and identity of the changes that cause increased tem-
perature dependence. In one of the temperature-sensitive vari-
ants (S2bot), two hydrophobic residues between the third and
fourth positive charge in the voltage-sensing helix were replaced
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by serines (Fig. 1A). Remarkably, these two substitutions dra-
matically increase the temperature dependence of channel
opening wherein at 0 mV, most of the channels are open at 28 °C
but not at 8 °C [see figure 3E in Chowdhury et al. (23)].
Here, we use NMR spectroscopy to characterize the temperature-

induced conformational changes and water accessibility in the
voltage-sensing domain of the wild-type Shaker VSD (WT-VSD)
and the temperature-sensitive S2bot mutant (TS-VSD). We have
recently shown that the isolated WT-VSD is structurally stable in
1-palmitoyl-2-hydroxy-3-sn-phosphatidylglycerol (LPPG) micelles
and suitable for NMR studies (24). Here, we find that the two
serine substitutions introduced in the S4 helix of the Shaker po-
tassium channel not only alters the distribution between the
resting and activated Shaker-VSD upon thermal perturbation in
the isolated TS-VSD but also modifies the structure such that the
water-filled crevices are much more hydrated. Molecular dynamics
(MD) simulations of analogous mutations in a homologous
channel reveal a similar increase in hydration. Together, these

findings provide insight into the role of solvation in temperature-
dependent gating of ion channels.

Results
Serine Mutations in S2bot Alter the Structure and Dynamics of
Shaker-VSD. To assess the impact of the S2bot mutations on the
structure and hydration of the Shaker-VSD by NMR, we first
need to assign the backbone resonances for the mutant VSD. Using
the previously described methodology for backbone assignments of
the WT-VSD (24), we assigned 85% of the TS-VSD mutant in
LPPG micelles at 45 °C (SI Appendix, Fig. S1). We evaluated the
chemical shift perturbation (CSP) between WT-VSD and TS-VSD
using TROSY-HNCO spectra collected at 45 °C because of the
improved resolution of the three-dimensional (3D) experiments at
this temperature enable quantitative analysis of more residues.
Plotting the CSP data onto the homology model of the WT-VSD
structure shows that the largest differences are at the site of the
mutations as expected, but significant perturbations extend along
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Fig. 1. Serine mutations in S2bot alter the structure of Shaker-VSD. (A) The two-amino-acid S2bot mutation (V369F370 to S369S370) is highlighted in magenta
on the homology model of isolated Shaker-VSD and in the S4 helix sequence (Lower Inset, voltage-sensing arginines in red). (B) CSP between WT-VSD and TS-
VSD was calculated as described in Materials and Methods using the well-resolved 3D-HNCO spectra at 45 °C. The graph is numbered according to the full-
length Shaker sequence, with the S2bot mutation (magenta) and transmembrane helices S1 to S4 indicated at the top. An overlay of the WT-VSD and TS-VSD
peaks (A, Inset) corresponding to M356 in the 3D-HNCO illustrates the significance of a CSP value of 0.1. (C) The CSP data are plotted on the homology model
of the isolated Shaker-VSD (blue to red color scale as shown, unassigned residues in white). Significant CSP ≥ 0.1 (red in B) is observed at the site of mutation
and extending along the S4 transmembrane helix and into the adjoining loops. Similar results are observed at 28 °C (SI Appendix, Fig. S2). (D) The α-helical
propensity of WT-VSD (orange) and TS-VSD (blue) was calculated using TALOS+ (25) analysis of the backbone NMR chemical shifts (HN, N, Co, C-α, and C-β). The
scale extends from 0 (no helical propensity) to 1.0 (α-helix). The gaps in data reflect residues without backbone assignments. TS-VSD is generally similar toWT-VSD
except for a loss of α-helical propensity at the S2bot mutation site (purple shading) and extending toward the C-terminal end of S4. Almost identical predictions
are obtained with PECAN (26) (SI Appendix, Fig. S2). The raw data underlying the secondary structure analysis include the C-α (E) and C-β (F) secondary chemical
shifts, which are shown for the S4 transmembrane helix of WT-VS (orange) and TS-VSD (blue) plotted against the average secondary chemical shifts for the
corresponding amino acid sequence in a fully α-helix (gray) or 310-helix (black) conformation as extracted from the PACSY database (27).
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the whole length of the S4 transmembrane helix (Fig. 1 B and C).
To compare the structural differences at two temperatures, the CSP
analysis was repeated with TROSY-HNCO spectra of WT-VSD
and TS-VSD collected at 28 °C, with the resonance assignments
transferred by temperature titrations. The data were very similar at
both 28 and 45 °C, indicating that there are no significant structural
changes in the isolated VSDs in this temperature range (SI Ap-
pendix, Fig. S2 A and B) as expected. Unfortunately, due to the slow
tumbling time of the micelle-solubilized protein and consequent low
sensitivity, we were not able to extend this analysis to 8 °C.
Backbone chemical shifts (HN, 15N, 13CO, 13C-α, and 13C-β)

are also highly sensitive to the structure of the backbone and can
be used to determine the secondary structure and backbone tor-
sion angle. We calculated the residue-specific α-helical propensity
of TS-VSD using TALOS+ (25) for comparison with WT-VSD
(Fig. 1D). Overall, the α-helical propensity is very similar between
WT-VSD and TS-VSD. However, there are major differences in
the S4 transmembrane helix, with a significant decrease in the
α-helical propensity at the site of the mutations and an increase in
helical propensity in the C-terminal portion of S4 in the TS-VSD.
Similar results are obtained using a different program, PECAN (26),
to predict torsion angle and secondary structure based on backbone
chemical shifts (SI Appendix, Fig. S2C). These results strongly in-
dicate that the S2bot mutations alter the secondary structure of the
S4 transmembrane helix near the site of substitutions.
Next, we examined the secondary chemical shifts of C-α and

C-β for the S4 transmembrane helix (Fig. 1 E and F). Also shown
as reference are the average C-α and C-β secondary chemical
shifts derived from the Protein structure and Chemical Shift
NMR spectroscopy database for various positions in the S4 helix
if it were either purely α-helical or 310-helical structure (27). For
WT-VSD, the C-α and C-β secondary chemical shifts at the C
terminus of the S4 transmembrane helix agree well with 310-helix
(24). However, the secondary chemical shifts of TS-VSD deviate
from helical values near the site of mutation and are closer to the
random coil values. In addition, the model-free order parameters
(S2) predicted from the backbone chemical shifts (28) suggest
increased flexibility at the site of the mutations (SI Appendix, Fig.
S3A). Together, these results indicate that the S4 helix is much
shorter in the TS-VSD compared to the WT-VSD.
We previously observed peak doubling in the S4 transmem-

brane helix of WT-VSD (24), including the voltage-sensing ar-
ginines, indicating two conformational states. Interestingly, we
only observe a single peak for the residues in S4 in TS-VSD (SI
Appendix, Fig. S3B). Either the S2bot mutation has stabilized a
single conformational state or it has increased the rate of exchange
between conformational states so that it is fast on the NMR time-
scale and only a single, average chemical shift is observed. Further
experiments will be required to distinguish these two possibilities.
Overall, these observations indicate that the serine mutations in
S2bot perturb the structure of the S4 helix in the TS-VSD.

Shaker TS-VSD Mutant Has Enhanced Temperature Sensitivity
Compared to WT-VSD. Solvation of hydrophobic surfaces is an im-
portant factor in the heat capacity hypothesis used to design the
temperature-sensitive S2bot mutant. We therefore assessed the
temperature-dependent water accessibility of both WT-VSD and
TS-VSD using NMR spectroscopy. An important consideration in
choosing the S2bot mutant for this work is the observation that
temperature alone can shift the S2bot channel from the resting
state to the activated state at 0 mV (23), where our NMR ex-
periments are performed. The WT-VSD and TS-VSD samples
were purified and prepared according to our previously published
protocols (24). In this experiment, we focus on the four arginines
(R362, R365, R368, and R371) in the S4 helix which are primarily
involved in voltage sensing and are expected to undergo a change

in environment upon channel activation (29–31). The S4 helix is
also the region with the largest backbone chemical shift differ-
ences between WT-VSD and TS-VSD, making this region most
likely to have different hydration in the temperature-sensitive
mutant. In addition, the increased motion of the arginine side
chains relative to the backbone makes them more sensitive probes
for NMR detection, particularly at low temperatures where the
slow tumbling of the Shaker-VSD/micelle complex results in ex-
treme line broadening of backbone resonances. Thus, the voltage-
sensing arginines are ideal residues to monitor changes in water
accessibility within the WT-VSD and TS-VSD at 28 and 8 °C for
direct comparison with the electrophysiology measurements.
We use established NMRmethods for specific detection of the

-NeHe resonance of the arginine side chains (32), which fall in a
unique region of 1H-15N TROSY-HSQC spectra (Fig. 2). There
is significant overlap of the arginine side-chain resonances in the
two-dimensional (2D) 1H-15N TROSY-HSQC spectra, so each
of the four voltage-sensing arginines were assigned by mutagenesis
(R to K) in both WT-VSD and TS-VSD under each set of con-
ditions to account for peak shifts as a function of temperature and
pH (SI Appendix, Fig. S4). Hydrogen/deuterium (H/D) exchange is
traditionally performed by rapidly transferring the protein from
water to D2O, a more challenging experiment for detergent-
solubilized membrane proteins since detergent is often lost dur-
ing these procedures. Spectral overlap complicates the use of
quantitative methods to monitor H/D exchange that require pre-
cise measurement of peak intensity. Thus, we turned to pH per-
turbation since hydrogen exchange with water is pH dependent
and exchange rates increase at pH values above neutral (33, 34).
This increased exchange leads to enhanced line broadening of
water-exposed -NeHe resonances of lysine and arginine side chains
at high pH (35, 36). We therefore compared arginine -NeHe

spectra of WT-VSD and TS-VSD at neutral pH (pH 7.0) and
slightly basic pH (pH 7.7) to qualitatively assess water accessibility
of the voltage-sensing arginines at 28 and 8 °C (Fig. 2).
For WT-VSD (Fig. 2 A and B), no significant peak loss was

observed in the arginine TROSY-HSQC between pH 7.0 and 7.7
at 8 °C. Some peak broadening is observed at 28 °C when the pH
is raised. This is expected for arginines on the surface of the VSD
in the loop or tail regions due to the intrinsic temperature-
dependent increase in the rate of hydrogen exchange with water.
However, the -NeHe resonances of R362, R365, R368, and R371
in S4 remain visible and are not broadened at pH 7.7, indicating
that these important residues remain relatively well-protected
from water at 28 °C. We note that we explicitly assigned
these four individual -NeHe resonances at every condition, and
the method we used (SI Appendix, Fig. S4) will detect whether
the resonance for a particular side chain is present or exchange
broadened at each pH, even when they are not well-resolved in the
2D spectrum. Thus, the four voltage-sensing arginines in S4 are
protected from water and this protection is insensitive to tem-
perature, consistent with our expectation from the electrophysi-
ology data showing WT Shaker channel is temperature insensitive
from 8 to 28 °C.
The NMR spectra for TS-VSD at 8 °C (Fig. 2D) show similar

results to WT-VSD, with all four voltage-sensing arginines again
protected from water. For TS-VSD at 28 °C (Fig. 2C), many
arginine side-chain resonances again disappear when the pH is
increased, and in contrast to WT-VSD, the resonance that dis-
appear in TS-VSD include the side chains for R365, R368, and
R371. Only the side chain of R362 at the top of the S4 helix is
relatively protected from water in TS-VSD at 28 °C (for further
explanation see SI Appendix, Fig. S4). This demonstrates a clear
temperature-dependent change in water-accessibility for voltage-
sensing arginines in TS-VSD compared to the WT-VSD at 0 mV
as temperature is increased from 8 to 28 °C.
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Fig. 2. Temperature dependence of solvent accessibility for the voltage-sensing arginines in WT-VSD and TS-VSD. 1H-15N TROSY-HSQC spectra of the arginine
sidechain NeHe group for both WT-VSD (A and B) and TS-VSD (C and D) are shown at 28 °C (A and C) and 8 °C (B and D). For each condition, spectra at pH = 7.0
and 7.7 are compared to assess susceptibility to base-catalyzed H/D exchange as a measure of water accessibility. Peaks corresponding to arginine sidechains
that are well protected from water will be present in the spectra at both pH values, while those that are exposed to water will disappear at the higher pH.
Peaks corresponding to the sidechains of the voltage-sensing arginines (R362, R365, R368, and R371) were assigned by Arg to Lys mutagenesis at each position
(SI Appendix, Fig. S4). The voltage-sensing arginine sidechains are observable at both pH values for WT-VSD at 8 and 18 °C and for TS-VSD at 8 °C, indicating
good protection from water under these conditions. In contrast, for TS-VSD at 28 °C, the peaks corresponding to R365, R368, and R371 in TS-VSD at 28 °C
disappear at pH = 7.7, indicating that these residues are no longer protected from H/D exchange in the TS-VSD at this temperature. (E–H) Histograms of the
number of water molecules within 6 Å of He in the voltage-sensing arginines based on 1 μs of conventional MD simulations (histograms calculated over entire
trajectory) also show a redistribution of water around the voltage-sensing arginines in TS-VSD1.2. A slightly larger amount of water is observed around R362
(E) and R368 (G) in the WT-VSD1.2, while the TS-VSD1.2 features more water around R365 (F) and R371 (H).
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The exact pattern of the temperature-dependent differences
between WT-VSD and TS-VSD does not match our original
expectation. In the electrophysiology experiments, at 0 mV the
S2bot channel is closed at 8 °C and open at 28 °C, while the WT
Shaker channel is open at both temperatures. Thus, our initial
assumption was that the difference in hydration between TS-
VSD and WT-VSD would be detected at 8 °C, not at 28 °C where
we experimentally observe it by NMR. This prompted us to
perform further NMR experiments and MD simulations.

Increased Hydration within the Water Crevices of TS-VSD. To further
probe the differences in solvent accessibility between the WT-
VSD and TS-VSD, we performed 15N-edited NOESY-TROSY
experiments. NOESY experiments provide a sensitive measurement
of intramolecular distances for protons within ∼5 Å and are com-
monly used for structure determination. Intermolecular nuclear
Overhauser effects (NOEs) are also observable, and NOESY ex-
periments were first used decades ago to monitor protein hydration
(37, 38). Although concerns have been raised regarding potential
artifacts due to the influence of water dynamics on the NOE, spin
diffusion, and potential long-range nature of NOEs (39–41), recent
comparison of MD simulations and NOESY spectra indicates that
NOEs to water correlate remarkably well with close proximity to
surface water in the simulations, and this experiment is therefore a
useful monitor of protein hydration (42).
Therefore, 15N-edited NOESY-TROSY experiments spectra

of WT-VSD and TS-VSD were collected at 45 °C using identical
parameters for the comparison of solvent accessible surface at
high temperature (Fig. 3). We do not attempt to distinguish
NOESY cross-peaks due to H/D exchange from true NOEs since
both reflect accessibility to water. These experiments were per-
formed at 45 °C to maximize spectral resolution and take ad-
vantage of the more complete backbone assignments at this
temperature. Our NMR data (Fig. 1 B and C and SI Appendix, Fig.
S2) indicate that there is no significant structural change in either
WT-VSD or TS-VSD between 28 and 45 °C, and both electro-
physiology studies (23) and the NMR data (Fig. 2 A–D) show that
the structural and functional transition occurs between 8 and 28 °C.
Thus, the hydrated surface of WT-VSD and TS-VSD observed at
45 °C should be very similar to the hydrated surface at 28 °C.
Since much of the Shaker-VSD is embedded in the micelle, we

expect the majority of the resonances will not have any cross-
peaks to water in an 15N-edited NOESY-TROSY experiment.
Thus, this provides an internal control to check VSD folding and
micelle insertion. This is exactly what we observe for WT-VSD
(Fig. 3 A and C), with NOE cross-peaks to water resonances
from amides in the loop regions but not from amides in the
transmembrane helices. In contrast (Fig. 3 B and D), in TS-VSD
many more cross-peaks to water are observed, including residues
along the potential water crevice within the VSD helical bundle.
To confirm that TS-VSD remains stably embedded within the
LPPG micelles, we examined the NOE cross-peaks to the methyl
group of LPPG, as a reporter of regions of the VSD covered by
LPPG (SI Appendix, Fig. S5). NOE cross-peaks to the methyl
groups of LPPG are observed for almost all of the assigned
residues within the transmembrane helices, and the pattern is
nearly identical between WT-VSD and TS-VSD (SI Appendix,
Fig. S5), indicating both of them are well embedded within the
micelle. Thus, the increased hydration within the TS-VSD re-
flects increased hydration within the water crevices of TS-VSD
and not expulsion of the VSD from the micelle. The broader
assessment of hydration provided by this NOESY data are
consistent with the earlier analysis of voltage-sensing arginine
side chains (Fig. 2 A–D), with both data sets indicating increased
hydration within the TS-VSD compared to WT-VSD.

We also observe differences in hydration for WT- and TS-VSD
outside the transmembrane helices. We previously noted that our
NMR data reveals two conformations for the large S1–S2 loop in
WT-VSD, with two distinct resonances for residues in this region
(24). Interestingly, we observe NOE crosspeaks to water for only

789
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Fig. 3. NMR reveals increased hydration within the water crevices of TS-
VSD. Residues within WT-VSD (A) and TS-VSD (B), with visible crosspeaks to
water in an 15N-edited NOESY-TROSY experiment are colored cyan on the
homology model of the Shaker-VSD. Residues without crosspeaks to water
resonances are colored wheat, and residues without assignments or peak
overlap are colored gray. The raw data for WT-VSD (C) and TS-VSD (D) are
shown below. The overlay of the 15N-1H TROSY-HSQC spectrum (black) and
the water plane (∼4.58 ppm at 45 °C) from the 15N-edited NOESY-TROSY
spectrum (cyan) clearly shows which backbone amide resonances have
crosspeaks to water due to close proximity of water or H/D exchange. For
WT-VSD (A and C), crosspeaks to water are not observed for the majority of
residues on the transmembrane helices, while many more residues have
crosspeaks to water in TS-VSD (B and D). This indicates increased water oc-
cupancy around the water crevices within the VSD. WT-VSD and TS-VSD are
both stably embedded in the same way in the LPPG micelle (SI Appendix, Fig.
S5), so the increased hydration of the water crevices in TS-VSD is not due to
mutation-induced disruption of the protein/micelle complex. In addition,
T265 to E268 in the S1–S2 linker of WT is colored green in A. Doubled res-
onances are observed for this region in the 15N-1H TROSY HSQC spectrum,
but NOESY crosspeaks to water are only observed for one resonance, indi-
cating that the two conformations have different water accessibility.
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one of the two HN resonances in WT-VSD for residues T265 to
E268 (Fig. 3A, highlighted in green), consistent with differential
water accessibility of the two loop conformations. However, in TS-
VSD (Fig. 3B), we observe NOE cross-peaks to water for both HN
resonances throughout this region. We also observe hydration
differences between WT- and TS-VSD in the amphipathic S4–S5
linker helix that would connect the VSD to the pore domain in the
full channel (Fig. 3 A and B). Once again, increased hydration in
this region is observed in TS-VSD compared to WT-VSD. Alto-
gether, the NMR data clearly demonstrates differences in hydra-
tion between WT- and TS-VSD along the voltage-sensing S4 helix
as well as in adjacent regions.
A similar approach was recently used to assess temperature-

dependent hydration in the isolated human TRPV1 sensor do-
main, and increased hydration as a function of temperature was
observed in the C-terminal region of S4 helix and in several loops
(43). This pattern is similar but not as widespread as the in-
creased hydration we observe between WT-VSD and TS-VSD.

MD Simulations Support Enhanced Hydration Level of the Crevices
and Structural Plasticity of the S4 Helix. To supplement the NMR
studies and gain further insights into the response of VSD to the
S2bot mutations, we carried out μs-scale conventional MD sim-
ulations as well as metadynamics simulations for the WT-VSD1.2
and TS-VSD1.2 at 25 C°. Note that these simulations used the
Kv1.2 channel VSD structural model (denoted VSD1.2 to dis-
tinguish from the Shaker VSD), which was validated for the WT
protein in our recent joint MD–NMR study (24). Motivated by
the NMR results presented above, we focus MD analysis on the
hydration levels of the voltage-sensing arginine side chains, po-
lar/charged residues in the water crevices, and the structural
plasticity of the S4 helix.
Conventional MD simulations reveal that the hydration level

of polar/charged residues in the water crevices generally in-
creases in TS-VSD1.2 relative to WT-VSD1.2. In addition to the
expected level of enhanced hydration near the mutation sites (SI
Appendix, Figs. S6A and S7A), the hydration level of the key
arginine residues increases in the TS-VSD1.2. As illustrated by
the histograms in Fig. 2 E–H and radial distribution functions in
SI Appendix, Fig. S8, elevated hydration is most visible for the
second and fourth arginine sidechain in the S4 helix (R365 and
R371 with the Shaker sequence), while the change is minimal for
the first and the third arginines. The R371 sidechain is close to
the base of the water crevice, and analysis of interhelical dis-
tances (SI Appendix, Fig. S11) indicates that this region expands
in TS-VSD1.2, which explains a higher level of hydration for R371.
Therefore, the MD simulations qualitatively captured the hydra-
tion level change observed by NMR. We note, however, that the
NMR data reports increased hydration for the second, third, and
fourth arginine (R365, R368, and R371 with the Shaker sequence).
In addition, there is evidence for a redistribution of water around
the S4–S5 linker helix (SI Appendix, Fig. S6 B and C), although it is
not as uniformly an increase in hydration or proximity of water
molecules in the MD simulations. The quantitative difference be-
tween MD and the NMR results might be due in part to the dif-
ferent time scales (see SI Appendix, Fig. S7B for the time
dependence of hydration levels of the arginine sidechains) and in
part to the difference between the Shaker and Kv1.2 channels used
for NMR and MD, respectively.
In the conventional MD simulations, S4 residues near the

mutation site are observed to exhibit a higher propensity for 310-
than α-helix (Fig. 4 A and B), while the reverse is true for the
mutation sites (S369 and S370) and the following residues in the
TS-VSD1.2. Therefore, the S4 helix remains structured in the TS-
VSD1.2 during conventional MD simulations at the μs time scale,
as also illustrated by the backbone ψ/ϕ-angles, secondary-structure

analysis, and amide order parameters shown in SI Appendix, Fig.
S9. While the high 310-helical propensity for the WT-VSD1.2 is
qualitatively consistent with the NMR analysis discussed above,
the conventional MD simulations do not observe any significant
reduction in helicity in S4 in the TS-VSD1.2.
On one hand, since the conventional MD simulations captured

the enhanced hydration level in the water crevices of TS-VSD1.2,
the lack of structural disorder in S4 in these simulations implies
that the change in hydration level in TS-VSD is not a consequence
of the locally disordered conformations near the mutation site
(i.e., the increased polarity due to mutations in a membrane-
contact region of the S4 helix is sufficient to induce notably en-
hanced hydration within the water crevices). On the other hand,
transition to locally disordered conformations induced by the S2bot
mutations might occur at a time scale much longer than μs. To test
the latter hypothesis, we have conducted metadynamics simula-
tions using the fraction of local contact (44) (Q) as a collective
variable. As shown in Fig. 4 C and D (for convergence behavior of
the metadynamics simulations, see SI Appendix, Fig. S10), the free
energy profile along Q (the fraction of native contacts) for the TS-
VSD1.2 is consistently lower thanWT-VSD1.2, especially in the low-
Q region with few native contacts, which corresponds to locally
disordered conformations. Moreover, the free energy minimum in
the high-Q region is observed at a lowerQ value in TS-VSD1.2 than
in the WT-VSD1.2. These observations support the experimental
NMR observation that the S2bot mutations modify not only the
hydration level of the water crevices but also the structural en-
semble of the S4 helix relative to the WT-VSD.

Discussion
According to the heat capacity hypothesis proposed by Miller
and Clapham (45), temperature-dependent gating of TRP channels
is associated with large changes in molar heat capacity. Thus, de-
spite the same overall architecture between a typical voltage-gated
potassium channel and a thermosensing TRP channel, the source
of temperature sensitivity is entirely due to the high heat capacity of
TRP channels. Since the primary origin of high heat capacity is the
solvation of hydrophobic residues upon channel gating, their theory
predicts that a targeted substitution of about 25 to 30 amino acids
per subunit will be sufficient to endow high temperature sensitivity
to any channel. Using this overarching thermodynamic framework,
Chowdhury et al. (23) found that even substitution of just eight
amino substitution (two per subunit) is sufficient to confer high-
temperature dependence, suggesting that there may be other pro-
cesses at play. Our NMR studies here on one such double mutant
show that these substitutions alter the temperature-dependent
solvation of a broader region, providing a possible explanation
for the unexpected nonlinear effects of the two substitutions.
Since the full-length channel is too large for NMR studies, we

focused on the isolated voltage-sensing domain where both the
mutations in the S2bot channel are localized. Previous studies
have shown that the isolated VSD, like the WT channel, is able
to transport gating charge in response to depolarization, dem-
onstrating that this domain folds correctly in the membrane (46).
However, unlike the VSD in the WT channel, the isolated VSD
conducts protons through the gating pore at hyperpolarized po-
tentials. This observation suggests that the integrity of the gating
septum is compromised when a strong force is applied in absence
of stabilization by the pore domain. Our measurements were
carried at 0 mV, and under those conditions the isolated VSD
behaves similar to the VSD in the full-length channel.
The other issue to consider is the apparent inconsistency be-

tween the electrophysiology data of the S2bot mutant channel
(23) and NMR data obtained from the isolated VSD. Our NMR
data shows that the solvent accessibility of the TS-VSD is similar
to WT-VSD at low temperature whereas at high temperature,
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the gating crevice in the TS-VSD is significantly more hydrated
than either the WT-VSD or TS-VSD at low temperature. If one
assumes a simple model that these mutations only affect tem-
perature dependence of voltage-sensor movement, then one
would expect that the low-temperature structures are going to be
different. One possible and simple explanation is that the tem-
perature dependence of the isolated TS-VSD is flipped, which
would happen if the mutation also makes the allosteric coupling
temperature dependent. Multiple studies have established the
crucial role of V369—one of the S2bot sites—in voltage-sensor
pore coupling and Shaker channel cooperativity (47–50). Loss of
voltage-sensor pore coupling in V369I mutation causes opposite
shifts on the Po-V and Q-V curves (47). Furthermore, Hill slope
(51) of S2bot dramatically increases at higher temperatures, in-
dicating that the cooperativity associated with channel activation
is highly temperature dependent.
The MD simulations, in addition to recapitulating the ob-

served increase in hydration at the gating crevices in mutant
VSD, also provide further insight into the mechanism. The MD
simulations suggest that water penetration to solvate the polar
serine sidechains in the TS-VSD1.2 occurs first, followed by
structural changes that occur on a longer timescale. The addi-
tional structural change may enhance the temperature sensitivity
introduced by this particular mutation by causing a greater dif-
ference in solvation between resting and activated states of the
channel, although further structural studies will be needed to
experimentally determine the precise details of the conformational

differences between WT-VSD and TS-VSD in order to test this
hypothesis. Interestingly, differences in hydration also propagate
along the S4–S5 linker, suggesting that there could be secondary
effects of the two serine mutations that could further influence the
temperature-dependent activity of the channel.
Previous studies have shown that introducing serine in a

transmembrane helix embedded in a hydrophobic lipid bilayer is
able to cause a water defect (52, 53), and serine within trans-
membrane helices is associated with helical bending and re-
cruitment of water molecules to functionally important regions
(54–56). Thus, our observation of increased hydration and struc-
tural changes in the C-terminal half of S4 in TS-VSD is consistent
with the known properties of serine. Recently, a combination of
MD simulations and experimental electrophysiology experiments
with hyperpolarization-activated cyclic nucleotide-gated (HCN)-
channel chimeras and mutants demonstrated that a break in the
S4 helix mediated by a serine residue was critical for determining
channel-gating behavior, and this helix break resulted in large
differences in hydration of the lower crevice within the VSD be-
tween the resting and activated state (57, 58). Amino acid sub-
stitutions that substantially alter the hydrophobicity and helical
stability in the lower portion of S4 may thus have a profound
impact on the S4 conformational transition between the resting
and activated states with consequent effects on channel gating as a
function of both voltage and temperature. These results suggest
that exact amino acid sequence, particularly the presence and
location of polar residues in the C-terminal region of S4, may be

TS-VSD1.2

WT-VSD1.2

TS-VSD1.2

WT-VSD1.2

TS-VSD1.2

WT-VSD1.2

TS-VSD1.2

WT-VSD1.2

A B

C D

Fig. 4. MD simulations capture changes in secondary structure propensity and flexibility near the site of mutation in TS-VSD. In conventional MD simulations,
the secondary structures around the mutation sites are ordered but show a slight shift in α-helix (A) versus 310-helix (B) propensity in the TS-VSD. The timescale
of the MD simulations may not be long enough to fully capture the loss of helical structure observed by NMR. Multiple-walker well-tempered metadynamics
simulations reveal that TS-VSD features a higher level of structural plasticity near the mutation sites compared to the WT-VSD, consistent with the NMR data.
The potential of mean force (PMF) along the collective variable plotted against the fraction of native contacts (Q) for α-helix (C) and 310-helix (D) from
metadynamics simulations reveals an energy minimum at lower fraction of native contacts and lower energy barrier to access low-Q states for the TS-VSD.
Convergence behavior of the computed PMFs is shown in SI Appendix, Fig. S10.
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important for determining the regulatory mechanism and setpoint
for channel gating by sensor domains.

Materials and Methods
Sample Preparation. WT-VSD was expressed and purified as described pre-
viously (24) and the TS-VSD was expressed and purified using the same
protocol, as described below. The S2bot mutation and Arg to Lys mutations
used for side-chain assignment were introduced into the pET15b VSD expres-
sion vector using standard quick-change mutagenesis protocols. All protein
samples were overexpressed in Escherichia coli BL21 (DE3) pRARE in M9 mini-
mal media and induced at optical density (OD) 0.8 to 1.0 with 0.5 mM isopropyl
β-d-1-thiogalactopyranoside (IPTG) at 25 °C overnight (18 to 20 h) and purified
into LPPG micelles using immobilized metal ion affinity chromatography and
size-exclusion chromatography following the protocol described previously
(24). For isotopic labeling with 13C, 15N, and/or 2H, the standard media com-
ponents were substituted with 15NH4Cl,

13C-glucose, and/or D2O, respectively,
plus 0.5 g/L of the corresponding isotopically labeled Isogro (Sigma-Isotec). Cell
lysis was performed by sonication in buffer A (50 mM Tris pH 8.0, 100 mM KCl,
1 μg/mL pepstatin, 10 μM leupeptin, and 100 μM phenylmethylsulfonyl fluoride
[PMSF]) supplemented with 1 mM ethylenediaminetetraacetic acid (EDTA),
5 mM β-me, 250 mM sucrose, and 1 mg/mL lysozyme. The cell debris and in-
clusion bodies were removed using a low-speed spin (20 min at 7,000 x g) and
the membrane fraction collected with a high-speed spin (1 h at 150,000 x g).
Membranes were solubilized with 1.5% wt/vol Foscholine-12 (Anatrace) in
buffer A with 15mM tris(2-carboxyethyl)phosphine (TCEP) for 2 h with rotation
at room temperature. The insoluble fraction was removed by centrifugation at
30,000 x g for 30min. Solubilized protein in foscholine-12 was purified using Ni-
NTA His-bind beads (Protino) prewashed with buffer B (50 mM Tris pH 8.0,
100 mM KCl, and 15 mM TCEP) supplemented with 0.15% wt/vol 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 imidazole and 0.15% wt/vol Foscholine-12). The protein
was then exchanged into the lysolipid LPPG on column by washing the beads
with 15 bed volumes of buffer B supplemented with 0.1%wt/vol LPPG. Purified
protein in LPPG was eluted with 5 bed volumes of buffer B supplemented with
400 mM imidazole and 0.2% wt/vol LPPG and dialyzed against TEV cleavage
buffer (20 mM Tris pH 8.0, 50 mM KCl, 5 mM β-me) containing 0.0001% wt/vol
LPPG. The His-tag was cleaved using TEV protease at 1:1 protein:TEV mole ratio
overnight at room temperature, with cleavage verified by SDS-PAGE. Cleaved
tag and uncleaved protein were removed using Ni-NTA His-bind resin, and the
flow-through was concentrated to 0.5 mL and loaded onto a Superdex 200
column pre-equilibrated in NMR buffer (100 mM 3-morpholinopropane-1-sul-
fonic acid [MOPS] pH 7.0, 50 mM KCl, and 4 mM TCEP) with 0.2% wt/vol LPPG.
Peak fractions were pooled and concentrated to 300 μL for NMR.

For experiments at different pH, samples were prepared in the same way
except that the final Superdex 200 column buffer was 50 mM MOPS, 50 mM
Bicine pH 7.0, 50 mMKCl, and 4 mM TCEP with 0.2%wt/vol LPPG instead. The
final NMR sample pH was adjusted at the temperature of the NMR experi-
ment (8 or 28 °C) using a micro pH electrode calibrated at that temperature.

NMR Experiments and Data Analysis. NMR samples contained 0.2 to 0.5 mM
protein in LPPG micelles with 10% D2O and 0.05% NaN3. The

1H-15N TROSY-
HSQC, TROSY HNCO, TROSY HN(ca)CO, TROSY HNCA, TROSY HN(co)CA,
TROSY HNCACB, and 15N-edited NOESY-TROSY spectra were recorded on a
750 MHz Bruker spectrometer with cryoprobe at the National Magnetic
Resonance Facility at Madison (NMRFAM). Spectra were processed using
nmrPipe (59) and analyzed with CcpNmr Analysis (60). Backbone walk ex-
periments for assignment were supplemented with residue-specific labeling
using 1–13C′-Val and Phe (61).

The secondary structure of WT-VSD and TS-VSD are predicted using
TALOS+ (25) and PECAN (26), which yield similar predictions (Fig. 1D and SI
Appendix, Fig. S2C). The secondary chemical shifts were calculated using
NMRFAM-SPARKY (62). CSPs were determined using HNCO spectra of WT-
VSD and TS-VSD according to the following equation:

CSP =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(ΔδH)2 + (0.34Δδc)2 + (0.15ΔδN)2

√
.

MD Simulations. The voltage-sensing domain in the crystal structure of the
Shaker Potassium Channel Kv1.2 (Protein Data Bank, 3LUT) serves as the
starting structure of the WT-VSD1.2 in the activated state. For the TS-VSD1.2,
V154 and F155 are mutated to serines.

The systems are assembled using the CHARMM-GUI (63, 64) membrane
builder. For each system, the starting structure is first embedded in a pre-
equilibrated 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine lipid bilayer with a
side length of 80 Å. Rectangular TIP3P water boxes with a dimension of 15 Å
are then added to the top and the bottom of the lipid bilayer with periodic
boundary condition, respectively. A total of 150 mM KCl ions are randomly
placed in water to neutralize the system and mimic the physiological
condition.

Simulations are performed with the OpenMM (65) package with graphics
processing unit (GPU) acceleration using the CHARMM36m force field (66).
Particle-mesh Ewald with an Ewald error tolerance of 0.0005 is used to cal-
culate electrostatic interactions. Van der Waals interactions are treated with
a nonbonded cutoff of 12 Å and a switch distance of 10 Å.

Each system is first minimized for 5,000 steps with the Limited-Memory
Broyden–Fletcher–Goldfarb–Shanno algorithm. Then, a six-step equilibra-
tion in the constant particle number, volume, and temperature (NVT) en-
semble is carried out with decreasing restraint forces on the backbone carbons,
side chain heavy atoms, and the lipid bilayer (with both positional and dihe-
dral restraints). Production simulations are carried out in the constant particle
number, pressure, and temperature (NPT) ensemble for 1,000 ns at 298 K. The
Langevin Integrator is used with a 1 fs time step and a collision frequency of 1
ps−1. MonteCarloMembraneBarostat is applied at 1 bar with an update fre-
quency of every 100 steps. The x- and y-axes are treated isotropically, while the
z-axis is updated independently. In equilibration and production runs, all
water molecules are rigid, and all bonds involving hydrogen atoms are con-
strained using HBonds constraints in OpenMM. Overall translations and rota-
tions are removed, and all frames are aligned against the crystal structure
before any ensemble analysis.

Metadynamics Simulations. The multiple-walkers well-tempered (MWWT)
metadynamics method with a temperature bias factor of 10 is utilized to
extensively sample the conformations near the mutation site. The collective
variable is chosen as the fraction of native contact (44) (Q) between the
backbone O of the i-th residue (i = 154 and 155) and the backbone HN of the
(i + 4)th residue in one set of simulations, and the backbone HN of the (i + 3)
th residue in another set of simulations. Accordingly, Q = 1 represents an
ideal α-helix and an ideal 310-helix, respectively, in the two sets of MWWT
simulations; Q = 0 corresponds to a random coil state.

Q r( ) = 1
S
∑

i,j∈S
1

1 + exp β rij − λr0ij( )[ ],

where rij is the distance between atoms i and j, r0ij is the corresponding value
in the reference conformation, S is the number of atom pairs; β is chosen to
be 2 Å−1, and λ is set to be 1.8. All MWWT metadynamics simulations are
performed using OpenMM 7.3.1 interfaced with PLUMED 2.5.3. A new Gauss-
ian biasing potential is added every 1 ps with an initial height of 1 kJ/mol and a
width of 0.05. A total of eight walkers are used for the WT-VSD1.2 and the TS-
VSD1.2, respectively. Each walker is simulated for 90 ns in parallel while sharing
hill history with other seven walkers every 1 ps, leading to 720 ns sampling for
each system; to illustrate convergence, potentials of mean force computed with
different amount of data are compared in SI Appendix, Fig. S10.

Data Availability. The backbone assignments of WT-VSD were previously
deposited in the Biological Magnetic Resonance Data Bank (BMRB) (http://
www.bmrb.wisc.edu/) as BMRB: 27866. The backbone assignments of TS-VSD
have been deposited in the BioMagResBank (http://www.bmrb.wisc.edu/) as
BMRB: 28036. All study data are included in the article and/or SI Appendix.
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