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Abstract TRPV1 channels support the detection of noxious and nociceptive input. Currently
available functional and structural data suggest that TRPV1 channels have two gates within their
permeation pathway: one formed by a ‘bundle-crossing’ at the intracellular entrance and a second
constriction at the selectivity filter. To describe conformational changes associated with channel
gating, the fluorescent non-canonical amino acid coumarin-tyrosine was genetically encoded at
Y671, a residue proximal to the selectivity filter. Total internal reflection fluorescence microscopy
was performed to image the conformational dynamics of the channels in live cells. Photon counts
and optical fluctuations from coumarin encoded within TRPV1 tetramers correlates with channel
activation by capsaicin, providing an optical marker of conformational dynamics at the selectivity
filter. In agreement with the fluorescence data, molecular dynamics simulations display alternating
solvent exposure of Y671 in the closed and open states. Overall, the data point to a dynamic
selectivity filter that may serve as a gate for permeation.

DOI: https://doi.org/10.7554/eLife.28626.001

Introduction

Cation channels from the TRPV family are functional tetramers with a central pore domain that is
shaped by TM5 and TMé transmembrane segments from each of the four subunits (Ramsey et al.,
2006) (Figure 1a). As in Shaker-related tetrameric ion channels, the pore domain houses the ion
selectivity filter and an intracellular ‘bundle crossing’ formed by the a-helical S6 segments. Func-
tional and structural data suggest that the selectivity filter and inner bundle crossing have the poten-
tial to control the flux of ions according to the electrochemical gradient (Cao et al., 2013,
Gao et al., 2016; Salazar et al., 2009). The lower constriction is highly conserved (Palovcak et al.,
2015) and associated to the canonical gate (Cao et al., 2013; Steinberg et al., 2014), but less is
known about the putative role of the upper constriction at the ionic selectivity filter, possibly due to
the functionally sensitive nature of this region to side-chain mutagenesis. Nevertheless, high-resolu-
tion structures of TRPV1 suggest that the upper constriction undergoes structural changes in the
presence of DkTx (Gao et al., 2016), a spider toxin that increases the open probability of the chan-
nel (Siemens et al., 2006). Moreover, the inhibition of the unitary conductance of TRPV1 channels
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elLife digest Cells use proteins on their surface as sensors to help them to assess and explore
their environments and adapt to external conditions. The transient receptor potential (TRP) ion
channels form one such family of proteins. Sodium, potassium and calcium ions can move through
TRP channels to enter and exit cells, and by doing so trigger changes in the cell that help it respond
to an external stimulus. The channels have physical “gates” that can open and close to control the
flow of the ions. When the TRP channel detects a stimulus — which could take the form of specific
chemicals, or a change in temperature, pressure or voltage — it changes shape, causing the gate to
open.

Researchers have a number of unanswered questions about how TRP channels work. Where in
the channels are gates located? How do the channels control the flow of ions, and how do they
communicate with each other? And which regions of the protein sense environmental cues? As a
result, new technologies are being developed to make it easier to study the types of
rearrangements that TRP channels experience when they activate.

Steinberg, Kasimova et al. have used total internal reflection microscopy — a method that images
fluorescent molecules — to measure the conformational change of a single TRP channel in a living
cell. This channel, called TRPV1, senses external heat and plays an important role in pain perception.
Its gate can also be opened by the pungent compound of chili pepper, capsaicin.

The results of the experiments suggest that a selectivity filter region in TRPV1 channels changes
its shape when the channel opens in response to capsaicin. Then, this selectivity filter appears to do
double duty — it controls which types of ions pass through the channels as well as controlling their
flow rate.

Because of its role in pain perception, having a better understanding of how TRPV1 works will be
valuable for researchers who are trying to develop new pain relief treatments. The so-called ‘seeing
is believing’ method used by Steinberg, Kasimova et al. could also be used to study other
membrane proteins, both to guide drug development and to improve our understanding of how
cells interact with their environment.

DOI: https://doi.org/10.7554/eLife.28626.002

by protons suggests that the selectivity filter region is flexible and is capable of adopting multiple,
functionally distinct conformational states (Liu et al., 2009; Wen et al., 2016). However, it is not
known if such conformational dynamics at the selectivity filter might be coupled to channel activation
by agonists, such as capsaicin, and if filter gating is sufficient or acts in concert with the lower bundle
crossing to control the ionic conductance.

Organic dyes with environmentally sensitive fluorescence have been used for nearly 20 years to
describe membrane protein conformational changes and ion channel motions (Mannuzzu et al.,
1996). The voltage-clamp fluorometry (VCF) approach relies on the covalent attachment of such flu-
orophores, usually via introduced cysteine residues, and allows for the simultaneous recording of
fluorescence signals and voltage-clamped ionic currents from expressed ion channels, often in the
Xenopus oocyte (Cha and Bezanilla, 1997). This technique has proven to be useful for the real-time
description of subtle, and in some cases electrophysiologically silent, conformational changes in volt-
age- and ligand-gated ion channels (Cha et al., 1999, Islas and Zagotta, 2006; Pless and Lynch,
2009). However, excessive background labeling of intracellular sites, at endogenous cysteine resi-
dues for instance, and the prerequisite for solvent accessibility of the labeling site serve to limit the
utility of the technique substantially for the study of intracellular or solvent-restricted residues. A
possible solution to these limitations is the use of genetically encoded fluorophores in the form of
non-canonical amino acids (f-ncAA) (Drabkin et al., 1996). Such strategies employ an orthogonal
suppressor tRNA and an evolved tRNA synthetase (RS), which can be used to encode the ncAA at
any site in the reading frame of the target gene (Drabkin et al., 1996; Sakamoto et al., 2002). This
approach has been used for site-specific incorporation of fluorescent ncAAs on soluble proteins in
prokaryotic systems (Summerer et al., 2006, Wang et al., 2006), membrane proteins expressed in
Xenopus oocytes (Kalstrup and Blunck, 2013;), and proteins expressed in mammalian cells
(Chatterjee et al., 2013; Luo et al., 2014; Shen et al., 2011, Steinberg et al., 2016;
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Figure 1. Functional expression of coumarin-containing TRPV1 channels at the membrane of HEK-293T cells.

(@) Top-down and lateral view of the pore region of rTRPV1 tetramers. Dashed lines denote the positions of
putative gates, a canonical gate at 1679 and a secondary constriction within the pore at Y671 (green shade). The
different subunits are shown in different colors. (b) Epifluorescence images obtained from transiently transfected
HEK-293T cells. Cells were co-transfected with wild-type rTRPV1-YPF and with rTRPV1-Y671°°“™. The scale bar
corresponds to 10 um. Images correspond to the average of 50 frames. (c) Representative traces obtained from
transiently transfected HEK-293T cells subjected to voltage steps from —180 mV to +180 mV, in 20 mV increments,

Figure 1 continued on next page
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Figure 1 continued

for the three different conditions indicated. No TRPV1 currents were seen from expressed Y671TAG channels co-
expressed with the coumarin Rs and tRNA but lacking the supplemented amino acid in the culture media. (d)
Conductance-voltage relation for the wild-type rTRPV1 (black) and the two different coumarin-containing channels
(TRPV1-coumarin alone in red; 1xXTRPV1coumarin +7xTRPV1wt in blue). Curves were fitted to a Boltzmann
distribution of the form | = I,,.,/(1 + exp([zF(V-Vg 5)/RT]), where z is the voltage dependency, Vg5 is the half-
activation voltage, and |max is the maximum current. Each curve represents the average of at least six different
experiments performed at 20°C. Error bars correspond to standard errors of the mean (SEM). The structure of
coumarin and tyrosine are depicted in wireframe. (e) Ten thousand frames were averaged and a threshold was set
on the averaged image in order to define regions of interest (arrow indicates ROI). The scale bar corresponds to 5
um. (f) The photon count was extracted from the original set of frames. Capsaicin incubation promotes a higher
photon count distribution.

DOI: https://doi.org/10.7554/eLife.28626.003

The following figure supplements are available for figure 1:

Figure supplement 1. Two composites of epifluorescence images obtained from transiently transfected HEK-293T
cells.

DOI: https://doi.org/10.7554/eLife.28626.004

Figure supplement 2. Capsaicin induces an increase in the photon count.

DOI: https://doi.org/10.7554/eLife.28626.005

Zagotta et al., 2016). The f-ncAA coumarin has potential for the study of expressed protein confor-
mational dynamics because of its small size and its exquisite sensitivity to environmental polarity
(Liu et al., 2015; Wagner, 2009; Wang et al., 2006). This sensitivity can be exploited to report on
variations (i.e. dielectric changes) in the surroundings of the incorporated f-ncAA and, in turn, it can
be interpreted as a signature of a protein conformational change. Notable examples include the use
of coumarin and the amber codon suppression technique to report on peptide binding to viral pro-
teins (Ugwumba et al., 2011), on the photoregulation of firefly luciferase and on the subcellular
localization of proteins in living mammalian cells (Luo et al., 2014), as well as onstructural rearrange-
ments in isolated NaK channels (Liu et al., 2015).

Here, the spectral dynamics of an encoded hydroxy-coumarin were determined in individual live
cells with total internal reflection (TIRF) microscopy and rapid imaging of single emitters to study the
conformational changes occurring within the pore of the capsaicin receptor TRPV1 during activation.

Results

Expression of Tyr-coumarin at genetically encoded positions

Previous cysteine accessibility experiments showed that Y671C residues define the boundary for
both silver (Ag*) state-dependent accessibility and disulphide bond formation in the closed state
(Salazar et al., 2009). Thus, we reasoned that a genetically encoded coumarin residue at position
Y671 (Y671°°"™) would be functionally tolerated and if so, could potentially be well positioned to
report on local structural rearrangements occurring within the pore during gating (Figure 1a). As
expected for cells containing an encoded fluorescent probe, HEK-293T cells heterologously express-
ing both TRPV1-YFP and amber codon-containing TRPV1 mutants (TRPV1YFP/TRPV1TA%) exhibit cou-
marin-YFP colocalization (Figure 1b; Figure 1—figure supplement 1) consistent with the presence
of coumarin and YFP co-fluorescence. Whole-cell patch-clamp electrophysiological recordings per-
formed at room temperature (22°C) demonstrate the functional expression of the coumarin-contain-
ing TRPV1 channels (TRPV1™%) when expressed alone or at 1:7 molar ratio (TRPV1TAG:TRPV1-YFP)
(Figure 1c). The later condition was chosen to simplify the imaging of single emitters (i.e. one cou-
marin molecule per channel tetramer or cluster of tetramers). Both macroscopic channel kinetics and
the conductance-voltage (G-V) relationship were similar between wild type (WT) and coumarin-con-
taining channels (Figure 1c). The G-V relationship from wild type and coumarin channels were well
fit by a Boltzmann function with a half-maximal activation voltage (Vo 5) near +100 mV (Figure 1d).
Thus, the data suggest that position Y671 in TRPV1 is amenable to nonsense suppression and
encoding of f-ncAA coumarin.
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Optical recordings of capsaicin-induced changes in solvation

In order to demonstrate the ability of the genetically encoded hydroxy-coumarin side chain to act as
a reporter for protein activity in live cells, HEK Y671-coumarin TRPV1 expressing cells were imaged
within the evanescent field in total internal reflection fluorescence (TIRF) microscopy, with a single-
photon counting avalanche diode (SPAD) camera (64 x 32 pixels array with in-pixel counters)
(Bronzi et al., 2014; Michalet et al., 2013). Specifically, photon counts of the emission signal were
examined to determine the effect of capsaicin, the canonical agonist of the TRPV1 channel
(Figure 1e and f, Figure 1—figure supplement 2). The photon count distribution showed clear dif-
ferences between pixels representing background and pixels from fluorescent spots, which presum-
ably arise from fluorescent channel subunits (Figure 1f). Further, when the cell is exposed to a
maximal concentration of capsaicin (3 uM), the photon counting rate further shifted to higher values
(Figure 1f). The modes observed for these populations showed significant differences (n = 4;
p<0.05). One interpretation of the capsaicin-induced increase in photon emission counts is that it
stems from local changes in the immediate environment of the dye. To simplify the analysis and
interpretation of the optical data, we set out to measure the fluctuations of the fluorescence signal
emitted from a single diffraction-limited emitter directly. Given the large pixel size and the low fill-
factor of the SPAD array used (Bronzi et al., 2014; Michalet et al., 2013), the precise localization of
a diffraction-limited signal is not possible under the condition of overexpression of membrane pro-
teins in living cells. Therefore, steady state fluctuations of fluorescence were recoded by an electron-
multiplying charge coupled device (EM-CCD) camera to resolve changes in the optical properties of
the dye (Blunck et al., 2008).

As in the electrophysiological experiments, cDNAs encoding for both wild-type channels (TRPV1)
and amber-codon-containing mutants were mixed in 7:1 ratio to promote the formation of uneven
channel tetramers. This strategy results in a small yet discrete number of diffraction-limited couma-
rin-emitting spots as observed by TIRF microscopy (Figure 2a). The coumarin signal colocalizes well
with the YFP signal corresponding to wild-type YFP-tagged channel subunits (Figure 2a).

Close examination of these fluorescent spots by photobleaching showed a stepwise behavior
allowing for ex-post identification of spots containing a single emitter (Figure 2b). A clear change in
fluorescence was evidenced by the ensemble average of several diffraction-limited spots once the
cell is exposed to capsaicin (3 uM; Figure 2c). The ensemble recording showed not only an increase
of fluorescence after agonist treatment but also increases in the standard deviation of the signal’s
mean value (Figure 2c).

Activation kinetics obtained from the optical signal

Given the Y671 position within the TRPV1 selectivity filter, we reasoned that the environmental sensi-
tivity of coumarin may well provide kinetic information on channel gating. Stationary noise analysis
was performed on the basis of the autocorrelation (Ciy) of the fluorescence signal (Figure 3a). The
autocovariance function can be used to calculate the correlation between values of a noisy signal
taken at increasing time intervals, At. In this regard, Cisy will be higher for small values of At (i.e.
for data points close to each other) and this function rapidly decays as At become larger. In the pres-
ent example, this analysis allows for the identification of a characteristic time constant (1) of the
exponential decay, which describes the autocorrelation of the fluorescent signal originating from sin-
gle emitters. The obtained 1 has an inverse relationship to the rates defining the equilibrium of the
reaction between open and closed states (Anderson et al., 1973; Zingsheim and Neher, 1974).
The calculated autocorrelation function discriminates well between the three conditions tested (i.e
background, no capsaicin, and capsaicin present in the media). The background signal is obtained
from cells that have the coumarin amino acid but lack the expressed TRPV1™S ¢cDNA. This condition
generated noise with a single, fast time constant (t = 8.5 ms) that was easily separated from
the double exponential decay time constants observed in the signal originating from the encoded
coumarin conditions. In the absence of capsaicin, the coumarin signal autocorrelation had two time
constants with corresponding values of 12 + 6 ms and 78 + 22 ms. Incubations with saturating capsa-
icin concentrations (3 uM) changed these time constants to 13 £+ 4 ms and 148 + 38 ms (n = 7;
Figure 3a), consistent with the possibility that the encoded coumarin is reporting on an agonist-
induced increase in T. Such a result can be interpreted as an stabilization of the bright state after
ligand binding (i.e. longer bursts of activity) either alone or in combination with the destabilization of
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Figure 2. |dentification of channels expressing a single coumarin emitter. (a) Representative TIRF images of the 7:1 transfected cells. Images
correspond to the average of 100 frames. Colocalization of coumarin diffraction-limited puncta with YFP signal is marked by colored squares. Scale bar
corresponds to 2 um. (b) Representative traces of photobleaching coumarin-positive spots. Top images correspond to the ROls depicted in (a). Color-
coded traces depict the time course of the fluorescence signal used later for the identification of individual spots that bleach on a single step.

(c) Ensemble average of the signal recorded from multiple spots from the cell’'s membrane shown in the inset. The image corresponds to the average
of 80 frames taken on the coumarin channel (ex405nm/em450nm).

DOI: https://doi.org/10.7554/eLife.28626.006

the dark or non-emitting state, a possibility consistent with the previously determined distribution of
closed and open states in TRPV1 channels when activated by capsaicin (Hui et al., 2003).

In order to begin to distinguish between these possibilities, we examined unitary transitions in
the optical data (Figure 3b; see Materials and methods). To do so, we inferred that the signal min-
ima (i.e. Lo) would correspond to the magnitude of background signal and would corroborate that
fluorescence transitions drop from a given maxima (L) to the observed minima (L) as expected
(Figure 3b, inset). We analyzed the signal in the presence of capsaicin using a threshold-crossing cri-
terion, where the threshold was chosen as 2.5 times the standard deviation of the mean amplitude
of background fluctuations (see Materials and methods). This strategy produced an idealized record-
ing, similar to the analysis of single ion channel current idealization trace (Figure 3b). An analysis of
this record shows that the agonist does not affect the amplitude of the fluorescence fluctuations,
but rather it promotes a shortening of the mean dwell-time of the bright state, which we defined as
L1, going from 398 + 133 ms to 156 + 52 ms (n = 5; Figure 3c and d). On the other hand, capsaicin
increases the probability of being in the bright state (Figure 3). Taken together, these two observa-
tions support the notion that capsaicin increases the burst length of transitions to the bright state.
This is in agreement with the autocorrelation data, which show that capsaicin increases the time con-
stant, and consistent with an increased burst length of bright events. The data from single emitters
also supports previous data showing that the main gating effect of capsaicin is increasing the burst-
length of openings by shortening the closed state, instead of prolonging the duration of the open
state (Hui et al., 2003).

Overall, the fluorescence data is consistent with the possibility that coumarin at position Y671
reports on the transition between open and closed states of the channel. Further, given the physico-
chemical properties of coumarin (i.e. that it is quenched in an aqueous environment), the data
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Figure 3. Optical studies of ion channel gating. (a) Stationary noise of single spots, with each curve corresponding to the averaged fitted curves for the
indicated conditions (n = 7, paired). The autocorrelation function was obtained for background (gray), capsaicin free (blue), and 3 uM capsaicin
(orange). (b) Analysis of fluorescence fluctuations. Superimposed traces of capsaicin (blue) and background (red). The threshold for level one is
highlighted (2.5 standard deviations [SD], dotted line). The gray box indicates the zoomed-in portion of the recording presented in the inset

below, with the dotted lines indicating background average.. An idealization is shown in black. (c) Semi-log plot of the amplitude versus dwell-time
shows a shortening of mean time Lo. (d) Plot summarizing datasets of amplitude versus dwell time at 0 and 3 UM capsaicin (n = 5, paired). Error bars
correspond to SEM. (e) Dose-response curve showing changes in the probability of level 1 (P_+), calculated from non-corrected fluorescence
fluctuations, for the two positions tested for the indicated channel types expressing coumarin. (f) Normalized dose-response curves for background
subtracted fluorescence fluctuations (orange) and whole-cell electrophysiological response (purple). The electrophysiological response was tested at
—70 mV in the presence of the indicated concentrations of capsaicin. Error bars correspond to SEM.

DOI: https://doi.org/10.7554/eLife.28626.007

The following figure supplements are available for figure 3:

Figure supplement 1.

DOI: https://doi.org/10.7554/elife.28626.008

Figure supplement 2. Distribution of the whole data set obtained from the fluctuation analysis of the fluorescence signal.

DOI: https://doi.org/10.7554/eLife.28626.009
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suggest that position Y671 is more water-exposed and thus has decreased in fluorescent output, in
the closed state compared to the open state (Wagner, 2009). By comparison, the available TRPV1
structural data place W426 in an apparently invariant solvent-exposed region (Figure 3—figure sup-
plement 1a), thus, the open-closed transition would not be expected to induce evident changes in
local solvation (Gao et al., 2016). In order to investigate the specificity of the spectral effects mea-
sured at Y671 with coumarin, a second site, W426, was examined in parallel. Electrophysiological
analysis confirmed that W426°°“™ is a functional channel (Figure 3—figure supplement 1b and c),
and the photon-count analysis suggests that the fluorescence signal from this position is insensitive
to capsaicin administration (Figure 3—figure supplement 1d and e). Further, the fluctuations of
coumarin fluorescence at 426°°“™ are unresponsive to capsaicin treatment, as determined by the cal-
culated bright state probability, P ; (Figure 3e; Figure 3—figure supplement 1f and g). Conversely,
the P4 of position 671°°“™ reported capsaicin dose-dependent fluorescent changes which are well
fitted by the capsaicin dose-response curve obtained from capsaicin-activated currents at —70 mV
(Figure 3e; Figure 3—figure supplement 2). Lastly, when the fluorescence data from Y671°°“™ was
normalized and compared with the electrophysiological data taken from whole-cell macroscopic
recordings, we observed a close match between the calculated Ecsg for optical and electrophysio-
logical data, 0.33 uM versus 0.43 uM, respectively (Figure 3f). Taken together, the data and bio-
physical analysis suggest a continuum of coordinated motions within the pore, with the Y671°“™
optical data reporting on a transition to the open conducting conformation in the selectivity filter.

Rearrangements of tyrosine 671 during closed-open transition

To relate the changes in coumarin fluorescence to possible structural transitions experienced by the
channel during gating, we analyzed the molecular dynamics (MD) trajectories of wild-type and
671°°“™ TRPV1 channels in the closed and open states (about 750 ns each). First, we compared the
conformations that Y671 adopts in the closed and open states of TRPV1 (Figure 4a and b).

In the closed state, the representative conformation shows that three out of four phenyl moieties
are approximately perpendicular to the membrane and do not contact each other (Figure 4a). In
this conformation, phenyl moieties create transient hydrogen bonds with the main-chain of F640 of
the selectivity filter. In the open state, the planar groups of the four tyrosine residues instead adopt
a parallel orientation to the membrane, forming a ring around the central pore (Figure 4b). These
opposing orientations in the closed and open conformations predicts an increase in the hydration of
the central pore, with the four Y671 moieties being more hydrated in the closed state (Figure 4c).
Surprisingly, the open state shows an intermittent occupancy by water molecules of the region sur-
rounded by the four Y671 side chains. Despite being somewhat counterintuitive, this observation is
not in contradiction with the conductive nature of the open state: even when devoid of
water molecules, the environment provided by the ring of hydroxyl groups from Y671 is highly polar
and does not impede ion permeation. In spite of these water density fluctuations, the pore is, on
average, continuously hydrated only in the open state (Figure 5a). Na*"permeation events in our
simulations (in the absence of any applied external field) were observed in the open state, but not in
the closed state.

An additional insight provided by the simulations is that the hydration of Y671 is different in the
two conformations: in the open channel, one face of the phenyl ring is exposed and the adjacent
ring is partially buried by F640 and M644, whereas in the closed state, both faces of the Y671 side
chain are exposed to water. To describe hydration of Y671 quantitatively, we calculated the corre-
sponding solvent accessible surface area (SASA) in the open and closed conformations. The evolu-
tion of the Y671 SASA reveals that the two MD trajectories start to diverge quite early: in particular,
in both conformations, the Y671 SASA drops down from ~35% to ~20% at the beginning of the
equilibration; then, after ~30 ns, in the closed and open states, respectively, the SASA either
increases up to ~30% or continues to decrease until it reaches an equilibrium value of ~15%
(Figure 4d). Further, it can be observed that although the open state displays the side chains of
Y671 residues engaged in mutual hydrogen bonding interactions, they establish vdW interactions
with nearby residues F640 and Mé44, whose side chains are in between the selectivity filter back-
bone groups of two adjacent subunits (Figure 4e). In the closed state, F640 and Mé44 residues still
interact with Y671 as in the open state; however, the different orientation of the side chain phenyl
groups allows for a rigid displacement of the pore helix toward the extracellular side of the pore,
narrowing the diameter of the selectivity filter (Figure 4a and e and Figure 5a and b).
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Figure 4. Molecular dynamics simulations to calculate hydration of Y671. Molecular dynamics (MD) simulations of
TRPV1 channels in the open (a) and closed (b) states. The upper and lower panels correspond to the side and top
views of the S6 helices bundle (white), respectively. The pore helices (ph) are shown in blue. Y671 residues are
represented as yellow sticks. In the open state, four Y671 residues create a ring oriented parallel to the membrane

Figure 4 continued on next page
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Figure 4 continued

plane (perpendicular to the pore principal axis); whereas in the closed state, three of these residues do not
interact with each other and are oriented perpendicular to the membrane plane (parallel to the pore principal
axis). (c) Hydration of the channel central pore. Panel ¢ shows the time evolution of the density profile (of water
oxygens) along the pore. Specifically, at each time frame, the water oxygen atoms number density (i.e. the number
of particles per unit of length) is calculated as a function of z (the axis of the pore). This quantity is shown using a
color scale. Note that the units are A~" (the number density for a linear system has the dimensions of the inverse
of a length). The left and right panels correspond to the closed and open states, respectively. The y-axis of the
plot denotes the z-axis of the system (parallel to the channel central pore). The origin of the axis is set at the
center of the pore domain transmembrane part. The Y671 residues are located at ~2.5 A. Note that in the open
state, the water density is often interrupted starting from ~280 ns, whereas in the closed state, this density is
continuous. (d) Solvent-accessible surface area (SASA) of Y671. Black and red curves correspond, respectively, to
SASA over time for the open (black) and closed (red) states as indicated. In the closed state, the Y671 SASA is
approximately twice as large as that in the open state starting from ~300 ns. (e) The panels show zoomed view of
the Y671 in the closed (left) and open (right) states. In the open state, Y671 establishes a hydrogen bond with
the Y671 of the adjacent subunit; whereas in the closed state, this residue interacts with the backbone of F640
located at the pore helix. The backbone of the selectivity filter (SF) is shown using a stick representation.

DOI: https://doi.org/10.7554/eLife.28626.010

To explore the plausibility of this hypothetical gating mechanism, we performed additional simu-
lations in whichfour coumarin moieties were modeled in the place of the side chains of Y671. The
rationale for these additional calculations was to ascertain whether the bulkier coumarin moiety
(as compared to tyrosine phenyl group) can accommodate configurations similar to those accomo-
dated by the wild type. In particular, would the ‘ring configuration’ in the open state allow ion per-
meation in the case of coumarin? Is coumarin in the ‘vertical configuration’ able to establish H-bonds
with and thus promote the displacement of the pore helix in the closed state? Although the length
of the simulations performed on the coumarin mutant would need to be extended in order to estab-
lish a more quantitative comparison with the experimental data, these cursory calculations suggest
that the proposed gating mechanism is not incompatible with the molecular size of the coumarin
moiety (Figure 5c; Figure 5—figure supplement 1).

Discussion

lon channel gating occurs in the range of hundreds of us and it is one of the fastest protein-depen-
dent processes occurring within cells (Hille, 2001). This rapid time-frame imposes intrinsic technical
barriers in the detection of a limited number of photons coming from few emitting molecules and a
consequent low signal-to-noise ratio under these conditions (Ha, 2014). Given the design of our
imaging setups and our experimental conditions (i.e. transient overexpression), we are bound to
either the low (64 x 32 pixel) spatial resolution of the ns-time-scale sampling of the SPAD imager
(which does not allow us to discriminate single emitters) or to a low signal-to-noise ratio restricting
us to image at a maximum of 500 Hz (ms-time scale) for the individual diffraction-limited spots
observed by an EM-CCD camera. As reported previously (Blunck et al., 2008), we observed that the
latter approach is useful for conformational transitions in the order of 2-5 ms, thus barring optical
access to the fast intra-burst channel activity that occurs in tens of us. Therefore, the unitary transi-
tion analysis presented here was limited to the description of each burst as a single opening at the
expense of missing activity during short openings. None the less, such an analysis, although lacking
detail on unitary transitions, is a valid approach for estimating the duration of the mean open and
closed state for a ligand-gated channel such as TRPV1, which has an open transition lasting for sev-
eral hundreds of ms (Hui et al., 2003). The ideal experimental system would allow for sparse distri-
bution (every ~1 micrometer) of the emitter-expressing receptors at the plasma membrane, so that
the photon-count profile of individual molecules can be obtained with the SPAD imager with nano-
second resolution. However, in the absence of such technical advances, standard biophysical
approaches are in place to provide insights on unitary gating events from an expressed population
of channels. Interestingly, the similar rate constants obtained by noise analysis of the optical signal
and from the subsequent modeling of the unitary transitions, suggest a strong internal consistency
of data. Another limitation to consider in the analysis is the intrinsic blinking of the dye. In the
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Figure 5. Structural changes resulting from rearrangements in the selectivity filter region. (a) Representation of the channel structures in the closed
(left) and open (right) states. For clarity, only Sé (white) and pore helix (red) are shown for three subunits. The side chains of Y671 (at the upper gate)
and 1679, 1675 (bottom gate) are highlighted using a stick representation and the permeant Na* ions are shown as purple spheres. Blue shades show
the average density of water molecules calculated along the MD trajectory. Note how the water density forms a continuum throughout the pore only

Figure 5 continued on next page
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Figure 5 continued

when in the open state. (b) Proposed mechanism for the opening and closing of the upper gate: the rearrangement of the four planar groups of
residue 671 from the ‘vertical’ to the 'horizontal ring’ configuration is accompanied by a change in the tilt (with respect to the membrane plane) of the
N-terminus section of S6 and of the pore-helix. In particular, the motion of the pore-helix regulates the effective pore radius at the level of the
selectivity filter. The outward motion of both the pore helix and the aromatic at position 671 cause a reduction in water and ion accessibility. (c)
Molecular structure sampled along the MD trajectory of the coumarin mutant in the closed and open states. For clarity, only S6 and the pore helix are
shown with two of the four subunits rendered as gray shading. The coumarin moieties are highlighted using a space-filling representation. Left: closed
state. The hydroxyl group of coumarin is able to establish the same H-bonding interactions with the carbonyl group of the pore-helix observed in the
wild type. Right: open state. A permeant Na* ion (yellow sphere) is shown together with its first solvation shell (sticks). Note how the hydroxyl groups
from coumarin contribute to the shell of neighbors of the ion.

DOI: https://doi.org/10.7554/elife.28626.011

The following figure supplement is available for figure 5:

Figure supplement 1. Additional views of the coumarin mutant structures.
DOI: https://doi.org/10.7554/eLife.28626.012

present case, this represents roughly 12% of the P ; transitions and therefore obfuscates efforts to
obtain absolute values for the open probability. Our solution to bypass this issue was to linearly sub-
tract this ‘background open probability’ post-hoc and to normalize the data to its maximal theoreti-
cal response. Still, even with this coarse approximation, the optical data is in surprising agreement
with whole-cell electrophysiological recording of channel gating. Further, this approach allowed for
the direct measurement of the steady-state activity of membrane receptors undergoing fast molecu-
lar rearrangements. Specifically, from our fluorescence recordings, we reasoned that Y671°°“™ expe-
riences a change of environment as part of the process of pore rearrangement associated to
channel’s opening. This possibility is supported by the dynamic range for the optical measurements
presented here, and closely overlaps with the dynamic range of burst activity observed in single-
channel recordings of TRPV1 in response to capsaicin (i.e. 0.1 to 1 uM) (Hui et al., 2003).

The molecular dynamics simulations showed that Y671 could undergo three significant conforma-
tional changes during the channel’s transition from the conducting to the non-conducting conforma-
tion: (i) a side chain re-orientation with respect to the pore and pore helix, (i) increased water
exposure, and (iii) a reshaping of the H-bond interaction network. The spectral properties of couma-
rin are highly sensitive to changes in solvation and/or to changes in the coordination of the hydroxyl
group of the dye (Wagner, 2009). Therefore, any of the modifications detected on MD simulations
performed for the wild-type channel can potentially explain the observed changes in fluorescence.
As a consequence, a detailed structural interpretation at the level of side-chain dynamics for the
fluorescence fluctuations remains out of reach. Moreover, the data presented here do not prove a
causal relationship between the motion of the aromatic side chain and the state of the pore helix.

Materials and methods

Cell culture

HEK293T cells (ATCC Cat# CRL-3216, RRID:CVCL_0063) were cultured in DMEM (Gibco Inc.) sup-
plied with 10% FBS (Gibco Inc.). Plasmocin (Sigma) was used following the provider’s instructions to
maintain the cell culture free of mycoplasma contamination. Cells were tested for mycoplasma by
standard PCR. Cells were prepared at (60-70)% confluence and transfected with lipofectamine 2000,
(Life technologies). The target gene was transfected 2-3 hr after the initial transfection of the pair
tRNAtag/CoumRS. The ncAA was added to the cell culture to produce a final concentration
of between 0.5 and 1 pM at the time of the second transfection procedure. Under these transfection
conditions, the efficiency of incorporation of non-natural amino acid was as low as 12%, with read-
through calculated to be about 4% (Steinberg et al., 2016). Imaging: to simplify the analysis of the
optical data, we transfected a mixture of TRPV1Y""/TRPV1™S in a 7:1 ratio in an attempt to drive
the system to incorporate as few coumarin molecules per tetramer as possible. The ratio of expres-
sion was not controlled as we concentrated efforts on single emitters identified ex-post. 24 hr after
transfection of the target gene, cells were disaggregated and plated on poly-L-lysine treated glass
covers. The f-ncAA-containing media was removed at least 12 hr prior to the experiment, allowing

Steinberg et al. eLife 2017;6:€28626. DOI: https://doi.org/10.7554/eLife.28626 12 of 18


https://scicrunch.org/resolver/CVCL_0063
https://doi.org/10.7554/eLife.28626.011
https://doi.org/10.7554/eLife.28626

LI FE Biophysics and Structural Biology | Computational and Systems Biology

cells to clear the soluble ncAA. Generally, the cells were recorded 36-48 hr after the second trans-
fection. Electrophysiology: cells were plated 2-3 hr before patching, and incubated with normal
media lacking the supplemented coumarin.

Synthesis of TyrCoum
L-(7-hydroxycoumarin-4-yl) ethylglycine was obtained as described before (Wang et al., 2006).

Solutions
Ringer solution for imaging experiments contained: 140 mM NaCl, 8 mM KCI, 8 mM HEPES, and 1
mM MgCl; at pH 7.4. External electrophysiology solutions contained 145 mM NaCl, 2 mM CaCl,, 5

mM KCI, 10 mM HEPES and 10 mM glucose, pH 7.4; internal electrophysiology solutions contained
135 mM CsF, 5 mM KCI, 2 mM MgCl,, 1 mM CaCl,, 4 mM EGTA and 20 mM HEPES, pH 7.4.

Molecular modeling

To analyze Y671 hydration at the atomic level, we used the molecular dynamics trajectories obtained
in our previous work (Kasimova et al., 2017). These trajectories were generated starting from the
cryo-EM structure of the TRPV1 capsaicin-bound state (Cao et al., 2013). In one simulation, we ini-
tialized the system by inserting several water molecules (from 4 to 6) inside the channel peripheral
cavities (located between the S4-S5 linker and the S6 C-terminus); in the second simulation, we left
these cavities empty. During the equilibration (about 750 ns), the molecular structures converged,
respectively, to the closed and open states. To estimate water density along the central pore, we
implemented the following strategy. First, using HOLE software (Smart et al., 1996), we calculated
the pore radius profile for each instantaneous configuration along the trajectory with a stride of 1 ns.
Then, for the same set of frames, we calculated the three-dimensional histograms of water occu-
pancy using the Volmap tool of VMD (RRID:SCR_001820) (Humphrey et al., 1996). Finally, we inte-
grated the water occupancy in the XY plane (perpendicular to the channel central pore) using the
pore radius profile as a boundary of the integration domain. The solvent accessible surface area
(SASA) of Y671 in the closed and open states was estimated using the following procedure. From
the MD trajectories, we extracted a set of sub-trajectories, each containing 10 frames taken with a
stride of 0.2 ns. For each sub-trajectory, we computed the three-dimensional histogram of atomic
occupancy (for all the atoms except water) using the Volmap tool of VMD (Humphrey et al., 1996).
We then used this map to define a molecular surface. To this end, we first discretized the map by
assigning a value of 1 or 0, depending on whether or not the local occupancy is larger than a preset
threshold. We considered all the bins with a value of 1 and located 1.5 A away from a bin with a
value of 0. Finally, the Y671 SASA was calculated as the overlap between the solvent-accessible sur-
face and the Y671 residue. Note that the SASA was normalized to the Y671 maximal surface area.
Molecular dynamics simulations were performed in the open and closed states of the TRPV1 couma-
rin mutant. The force-field parameters for coumarin were obtained from the CHARMM general force
field (Vanommeslaeghe and MacKerell, 2012, 2012b). Simulations were performed using
NAMD2.10 (RRID:SCR_014894) (Phillips et al., 2005) at constant temperature and pressure (one
atm) using the Langevin piston approach. For the vdW interactions, we used a cutoff of 11 A with a
switching function between 8 A and 11 A. The long-range component of electrostatic interactions
was calculated using the Particle Mesh Ewald approach using a cutoff for the short-range component
of 11 A. The equations of motion were integrated using a multiple time-step algorithm, with a time
step of 2 fs and long-range interactions calculated every other step. Trajectories were collected for
100 ns.

Optical recordings

Cells were imaged using an inverted Olympus IX71 microscope main body and through-the-objec-
tive TIRF mode. Both 405 nm and 473 nm solid-state lasers (Coherent, Santa Clara, CA) were used
to excite coumarin and YFP, respectively. Laser beams were focused to the backplane of a high-
numerical aperture objective (Olympus 60X, N.A. 1.49, oil) by a combination of focusing lens. Fluo-
rescence emission was collected by an Andor iXonf™M + 860 EM-CCD camera (Andor/Oxford
Instruments, Belfast, UK), after passing through an emission filter for each acquisition wavelength
band of interest (coumarin: 450/70 nm; YFP:540/40 nm; Semrock, US). The light coming to the
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sample was controlled by a 12 mm mechanical shutter (Vincent associates, Rochester, NY), all meas-
urements were performed under continuous light. All imaging experiments were done at room tem-
perature (20-22°C). For localization and co-localization, images were recorded at 10-100 ms
intervals (100-10 Hz). For autocorrelation and unitary fluctuation analysis, images were acquired at 2
ms intervals (500 Hz) under constant illumination at 405 nm (75% laser power equivalent to 8 mW s?
mm?). Laser and focus control was performed using micromanager. Acquisition and digitalization
was done with Andor Solis software (Andor/Oxford Instruments, Ireland). Photon counts were
made using a single-photon avalanche diode (SPAD) photon-counting camera (64 x 32 pixels array),
which is space correlated with the EM-CCD camera, thus allowing for the location of limiting diffrac-
tion puncta. A continuous light stimulation of 1 ps duration was used to excite coumarin emitters
and photons were collected during that period. Laser TTL triggering and piezoelectric focus control
(PIFOC-721, PI, Germany) was performed using Micro-Manager software (Vale Lab, UCSD, US).
Acquisition and digitalization was done through a custom code written in C++ (SPADIab at POLIMI,
http://www.everyphotoncounts.com/). The code used to readout the SPAD array is provided as
source code in Dryad repository (https://doi.org/10.5061/dryad.Tkc2c).

Image analysis

For localization and co-localization, the set of frames was averaged to increase the signal-to-noise
ratio (SNR=p/c), which is usually less than two for the single frame at 75% laser illumination. Noise
analysis of the steady-state signal by autocorrelation was performed as employed in the past to
investigate the kinetic properties of ion channel unitary events from recordings with low signal-to-
noise ratios (Anderson et al., 1973, Zingsheim and Neher, 1974). For autocorrelation, a post-
acquisition Gaussian digital filter was used at one fourth of the acquisition frequency. The back-
ground signal was averaged and the standard deviation (SD) calculated. Unitary fluctuation
analysis: when analyzing the fluctuations of fluorescence, we aim to avoid false-positive
signals and therefore defined 2.5 SD (1 £2.5 6 = 0.987) of the background signal (or the equivalent
base level) as a threshold to discriminate the two regimes (Peterson and Harris, 2010), basal level
(Lo) and higher signal level (L;). We reasoned that fluorescence fluctuations, intrinsic to the probe,
might interfere with our calculations; Soluble coumarin deposited on a glass coverslip showed12% of
positive transitions, a value we linearly subtracted from all the individual points taken from the
recorded mutants (Y671°°“™ or W426°°"“™), so that a new corrected dataset having the apparent P,
was obtained after subtraction. The fluorescence of the single emitter bleaches in less than 1 min of
continuous illumination at 75% laser power. Normalization of optical data was performed by dividing
signal amplitude by the maximal signal obtained (F/F ax). Autocorrelation, idealization, and the anal-
ysis of unitary transitions was performed with pClamp 8.0 software (RRID:SCR_011323).

HEK-293T electrophysiology

Whole-cell currents were obtained from transiently transfected HEK-293T cells. Gigaseals were
formed by using 2-4 MQ borosilicate pipettes (Warner Instruments, Hamden, CT). Junction poten-
tials (6-8 mV) were corrected for CsF/NaCl solutions. Seal resistance was 2-3 GQ in all cases. Series
resistance and cell capacitance were analogically compensated for directly on the amplifier. The
mean maximum voltage drop was about 4 mV. Whole-cell voltage clamp was performed, and macro-
scopic currents from voltage steps were acquired at 20 kHz and filtered at 10 kHz. Ramp protocols
were acquired at 10 kHz and filtered at 5 kHz. Currents are presented in terms of densities. Data
were acquired using an Axopatch 200B and a digidata 1320 (Molecular Devices Inc., Sunnyvale, CA).
The acquisition and basic analysis of the data were performed with pClamp 8.0 software.

Statistics

Single photon counting. Individual cells on one day of transfection contribute with several puncta,
which are considered as replicates. Therefore the histogram presented in Figure 1g corresponds to
n = 1 but comes from the average of several individual histograms (in this case, five on each curve).
The final statistical procedure was done by comparing the mode of the different populations, n = 4
for each condition. A p-value of 0.05 was considered significant when comparing the modes of the
photon count (Mann-Whitney test). Idealization and unitary transitions. The idealization was per-
formed first by checking that the base level was similar to the background noise, then setting a
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defined threshold on two standard deviations of background noise average. The comparison
between the dwell times was performed in paired experiments (0 versus 3 uM, n = 11). The full data
set for the dose-response curve was analyzed using one-way ANOVA. In general, when averaged,
data are shown with the correspondent SEM. The statistical analysis was computed in Microcal Ori-
ginPro ver9 (OriginLab) (RRID:SCR_002815). Figures were prepared using Microcal OriginPro ver9.
VMD (structural data), and ImageJ (RRID:SCR_003070). Source data is available through the Dryad
repository (https://doi.org/10.5061/dryad.Tkc2c)

Acknowledgements

X Steinberg is a MECESUP and CONICYT fellow. This work was supported by FONDECYT grants
1110906 and 1151430 (SB) and by Anillo Cientifico ACT-1401 (SB). MiNICAD is a Millennium Nucleus
supported by Iniciativa Cientifica Milenio, Ministry of Economy, Development and Tourism:
PCCI12023, DRI-CONICYT/CONACYT (SB and LDI). CAA is a supported by the National Institute of
Health (NIH) (GM106569, GM122420), is an American Heart Association Established Investigator
(5EIA22180002), and is a member of the Membrane Protein Structural Dynamics Consortium (NIH
GMO087519). LDl is supported by DGAPA-PAPIIT-UNAM grant IN209515. SB is part of CISNe-UACh
and the UACh Program for Cell Biology. VC acknowledges support from the NIH (GM093290) and
the National Science Foundation (ACI-1614804).

Additional information

Funding

Funder Grant reference number  Author

National Science Foundation  ACI-1614804 Vincenzo Carnevale
National Institutes of Health RO1GM093290 Vincenzo Carnevale
National Institutes of Health S$100D020095 Vincenzo Carnevale
Consejo Nacional de Cienciay PCCI12023 Leon Islas
Tecnologia Sebastian E Brauchi
National Institutes of Health ROTGM106569 Christopher A Ahern
National Institute of General ~ GM087519 Christopher A Ahern
Medical Sciences

American Heart Association 5EIA22180002 Christopher A Ahern
Fondo Nacional de Desarrollo 1110906 Sebastian E Brauchi
Cientifico y Tecnoldgico

Comision Nacional de Investi-  ACT-1401 Sebastian E Brauchi

gacion Cientifica y Tecnolégica

Fondo Nacional de Desarrollo 1151430 Sebastian E Brauchi
Cientifico y Tecnolégico

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Ximena Steinberg, Conceptualization, Formal analysis, Investigation; Marina A Kasimova, Jason D
Galpin, Investigation, Methodology; Deny Cabezas-Bratesco, Ernesto Ladron-de-Guevara, Formal
analysis, Investigation; Federica Villa, Resources, Software, Methodology; Vincenzo Carnevale, Con-
ceptualization, Resources, Formal analysis, Supervision, Funding acquisition, Investigation, Method-
ology, Writing—original draft, Project administration, Writing—review and editing; Leon Islas,
Conceptualization, Formal analysis, Supervision, Funding acquisition, Investigation, Methodology,
Writing—original draft, Writing—review and editing; Christopher A Ahern, Conceptualization,
Resources, Supervision, Funding acquisition, Methodology, Writing—original draft, Project adminis-
tration, Writing—review and editing; Sebastian E Brauchi, Conceptualization, Formal analysis,

Steinberg et al. eLife 2017;6:€28626. DOI: https://doi.org/10.7554/eLife.28626 15 of 18


https://scicrunch.org/resolver/SCR_002815
https://scicrunch.org/resolver/SCR_003070
https://doi.org/10.5061/dryad.1kc2c
https://doi.org/10.7554/eLife.28626

e LI FE Research article

Biophysics and Structural Biology | Computational and Systems Biology

Supervision, Funding acquisition, Investigation, Methodology, Writing—original draft, Project admin-
istration, Writing—review and editing

Author ORCIDs

Federica Villa, ([ http://orcid.org/0000-0002-9840-0269
Vincenzo Carnevale, () http://orcid.org/0000-0002-1918-8280
Christopher A Ahern, (@ http://orcid.org/0000-0002-7975-2744
Sebastian E Brauchi, ) http://orcid.org/0000-0002-8494-9912

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.28626.016
Author response https://doi.org/10.7554/elife.28626.017

Additional files

Supplementary files
« Transparent reporting form
DOI: https://doi.org/10.7554/eLife.28626.013

Major datasets
The following dataset was generated:

Database, license,
and accessibility

Author(s) Year Dataset title Dataset URL information
Steinberg X, Kasi- 2017 Data from: Conformational http://dx.doi.org/10. Available at Dryad
mova M, Cabezas- dynamics in TRPV1 channels 5061/dryad.Tkc2c Digital Repository
Bratesco D, Galpin reported by an encoded coumarin under a CCO Public
J, Guevara ELd, amino acid Domain Dedication

Villa F, CarnevaleV,
Islas L, Ahern C,
Brauchi S

References

Anderson CR, Stevens CF. 1973. Voltage clamp analysis of acetylcholine produced end-plate current fluctuations
at frog neuromuscular junction. The Journal of Physiology 235:655-691. DOI: https://doi.org/10.1113/jphysiol.
1973.sp010410, PMID: 4543940

Blunck R, McGuire H, Hyde HC, Bezanilla F. 2008. Fluorescence detection of the movement of single KcsA
subunits reveals cooperativity. PNAS 105:20263-20268. DOI: https://doi.org/10.1073/pnas.0807056106,
PMID: 19074286

Bronzi D, Villa F, Tisa S, Tosi A, Zappa F, Durini D, Weyers S, Brockherde W. 2014. 100 000 Frames/s 64 x 32
Single-Photon Detector Array for 2-D Imaging and 3-D Ranging. IEEE Journal of Selected Topics in Quantum
Electronics 20:354-363. DOI: https://doi.org/10.1109/JSTQE.2014.2341562

Cao E, Liao M, Cheng Y, Julius D. 2013. TRPV1 structures in distinct conformations reveal activation mechanisms.
Nature 504:113-118. DOI: https://doi.org/10.1038/nature 12823, PMID: 24305161

Cha A, Bezanilla F. 1997. Characterizing voltage-dependent conformational changes in the Shaker K+ channel
with fluorescence. Neuron 19:1127-1140. DOI: https://doi.org/10.1016/S0896-6273(00)80403-1, PMID: 93
90525

Cha A, Snyder GE, Selvin PR, Bezanilla F. 1999. Atomic scale movement of the voltage-sensing region in a
potassium channel measured via spectroscopy. Nature 402:809-813. DOI: https://doi.org/10.1038/45552,
PMID: 10617201

Chatterjee A, Guo J, Lee HS, Schultz PG. 2013. A genetically encoded fluorescent probe in mammalian cells.
Journal of the American Chemical Society 135:12540-12543. DOI: https://doi.org/10.1021/ja4059553,

PMID: 23924161

Drabkin HJ, Park HJ, RajBhandary UL. 1996. Amber suppression in mammalian cells dependent upon expression
of an Escherichia coli aminoacyl-tRNA synthetase gene. Molecular and Cellular Biology 16:907-913.

DOI: https://doi.org/10.1128/MCB.16.3.907, PMID: 8622693

Gao Y, Cao E, Julius D, Cheng Y. 2016. TRPV1 structures in nanodiscs reveal mechanisms of ligand and lipid
action. Nature 534:347-351. DOI: https://doi.org/10.1038/nature 17964, PMID: 27281200

Ha T. 2014. Single-molecule methods leap ahead. Nature Methods 11:1015-1018. DOI: https://doi.org/10.1038/
nmeth.3107, PMID: 25264779

Hille B. 2001. “Intro-Ch1,” in lon Channels of Excitable Membranes, Ed. B. Hille:1-814.

Steinberg et al. eLife 2017;6:€28626. DOI: https://doi.org/10.7554/eLife.28626 16 of 18


http://orcid.org/0000-0002-9840-0269
http://orcid.org/0000-0002-1918-8280
http://orcid.org/0000-0002-7975-2744
http://orcid.org/0000-0002-8494-9912
https://doi.org/10.7554/eLife.28626.016
https://doi.org/10.7554/eLife.28626.017
https://doi.org/10.7554/eLife.28626.013
http://dx.doi.org/10.5061/dryad.1kc2c
http://dx.doi.org/10.5061/dryad.1kc2c
https://doi.org/10.1113/jphysiol.1973.sp010410
https://doi.org/10.1113/jphysiol.1973.sp010410
http://www.ncbi.nlm.nih.gov/pubmed/4543940
https://doi.org/10.1073/pnas.0807056106
http://www.ncbi.nlm.nih.gov/pubmed/19074286
https://doi.org/10.1109/JSTQE.2014.2341562
https://doi.org/10.1038/nature12823
http://www.ncbi.nlm.nih.gov/pubmed/24305161
https://doi.org/10.1016/S0896-6273(00)80403-1
http://www.ncbi.nlm.nih.gov/pubmed/9390525
http://www.ncbi.nlm.nih.gov/pubmed/9390525
https://doi.org/10.1038/45552
http://www.ncbi.nlm.nih.gov/pubmed/10617201
https://doi.org/10.1021/ja4059553
http://www.ncbi.nlm.nih.gov/pubmed/23924161
https://doi.org/10.1128/MCB.16.3.907
http://www.ncbi.nlm.nih.gov/pubmed/8622693
https://doi.org/10.1038/nature17964
http://www.ncbi.nlm.nih.gov/pubmed/27281200
https://doi.org/10.1038/nmeth.3107
https://doi.org/10.1038/nmeth.3107
http://www.ncbi.nlm.nih.gov/pubmed/25264779
https://doi.org/10.7554/eLife.28626

e LI FE Research article

Biophysics and Structural Biology | Computational and Systems Biology

Hui K, Liu B, Qin F. 2003. Capsaicin activation of the pain receptor, VR1: multiple open states from both partial
and full binding. Biophysical Journal 84:2957-2968. DOI: https://doi.org/10.1016/S0006-3495(03)70022-8,
PMID: 12719227

Humphrey W, Dalke A, Schulten K. 1996. VMD: visual molecular dynamics. Journal of Molecular Graphics 14:33-
38. DOI: https://doi.org/10.1016/0263-7855(96)00018-5, PMID: 8744570

Islas LD, Zagotta WN. 2006. Short-range molecular rearrangements in ion channels detected by tryptophan
quenching of bimane fluorescence. The Journal of General Physiology 128:337-346. DOI: https://doi.org/10.
1085/jgp.200609556, PMID: 16940556

Kalstrup T, Blunck R. 2013. Dynamics of internal pore opening in K(V) channels probed by a fluorescent unnatural
amino acid. PNAS 110:8272-8277. DOI: https://doi.org/10.1073/pnas. 1220398110, PMID: 23630265

Kasimova M, Yazici A, Granata D, Klein ML, Rohacs T, Carnevale V. 2017. TRPV1 activation relies on hydration/
dehydration of nonpolar cavities. bioRxiv. DOI: https://doi.org/10.1101/114546

Liu B, Yao J, Wang Y, Li H, Qin F. 2009. Proton inhibition of unitary currents of vanilloid receptors. The Journal of
General Physiology 134:243-258. DOI: https://doi.org/10.1085/jgp.200910255, PMID: 19720962

Liu S, Lv P, Li D, Guo X, Zhang B, Yu M, Li D, Xiong Y, Zhang L, Tian C. 2015. K(+) preference at the NaK channel
entrance revealed by fluorescence lifetime and anisotropy analysis of site-specifically incorporated (7-
hydroxycoumarin-4-yl)ethylglycine. Chem. Commun. 51:15971-15974. DOI: https://doi.org/10.1039/
C5CCO06124E, PMID: 26382573

Luo J, Uprety R, Naro Y, Chou C, Nguyen DP, Chin JW, Deiters A. 2014. Genetically encoded optochemical
probes for simultaneous fluorescence reporting and light activation of protein function with two-photon
excitation. Journal of the American Chemical Society 136:15551-15558. DOI: https://doi.org/10.1021/
ja5055862, PMID: 25341086

Mannuzzu LM, Moronne MM, Isacoff EY. 1996. Direct physical measure of conformational rearrangement
underlying potassium channel gating. Science 271:213-216. DOI: https://doi.org/10.1126/science.271.5246.
213, PMID: 8539623

Michalet X, Colyer RA, Scalia G, Ingargiola A, Lin R, Millaud JE, Weiss S, Siegmund OH, Tremsin AS, Vallerga JV,
Cheng A, Levi M, Aharoni D, Arisaka K, Villa F, Guerrieri F, Panzeri F, Rech |, Gulinatti A, Zappa F, et al. 2013.
Development of new photon-counting detectors for single-molecule fluorescence microscopy. Philosophical
Transactions of the Royal Society B: Biological Sciences 368:20120035. DOI: https://doi.org/10.1098/rstb.2012.
0035, PMID: 23267185

Palovcak E, Delemotte L, Klein ML, Carnevale V. 2015. Comparative sequence analysis suggests a conserved
gating mechanism for TRP channels. The Journal of General Physiology 146:37-50. DOI: https://doi.org/10.
1085/jgp.201411329, PMID: 26078053

Pantoja R, Rodriguez EA, Dibas MI, Dougherty DA, Lester HA. 2009. Single-molecule imaging of a fluorescent
unnatural amino acid incorporated into nicotinic receptors. Biophysical Journal 96:226-237. DOI: https://doi.
org/10.1016/j.bpj.2008.09.034, PMID: 19134478

Peterson EM, Harris JM. 2010. Quantitative detection of single molecules in fluorescence microscopy images.
Analytical Chemistry 82:189-196. DOI: https://doi.org/10.1021/ac901710t, PMID: 19957961

Phillips JC, Braun R, Wang W, Gumbart J, Tajkhorshid E, Villa E, Chipot C, Skeel RD, Kalé L, Schulten K. 2005.
Scalable molecular dynamics with NAMD. Journal of Computational Chemistry 26:1781-1802. DOI: https://doi.
org/10.1002/jcc.20289, PMID: 16222654

Pless SA, Lynch JW. 2009. Ligand-specific conformational changes in the alpha1 glycine receptor ligand-binding
domain. Journal of Biological Chemistry 284:15847-15856. DOI: https://doi.org/10.1074/jbc.M809343200,
PMID: 19286654

Ramsey IS, Delling M, Clapham DE. 2006. An introduction to TRP channels. Annual Review of Physiology 68:
619-647. DOI: https://doi.org/10.1146/annurev.physiol.68.040204.100431, PMID: 16460286

Sakamoto K, Hayashi A, Sakamoto A, Kiga D, Nakayama H, Soma A, Kobayashi T, Kitabatake M, Takio K, Saito
K, Shirouzu M, Hirao I, Yokoyama S. 2002. Site-specific incorporation of an unnatural amino acid into proteins in
mammalian cells. Nucleic Acids Research 30:4692-4699. DOI: https://doi.org/10.1093/nar/gkf589, PMID: 1240
9460

Salazar H, Jara-Oseguera A, Hernédndez-Garcia E, Llorente |, Arias-Olguin I, Soriano-Garcia M, Islas LD,
Rosenbaum T. 2009. Structural determinants of gating in the TRPV1 channel. Nature Structural & Molecular
Biology 16:704-710. DOI: https://doi.org/10.1038/nsmb.1633, PMID: 19561608

Shen B, Xiang Z, Miller B, Louie G, Wang W, Noel JP, Gage FH, Wang L. 2011. Genetically encoding unnatural
amino acids in neural stem cells and optically reporting voltage-sensitive domain changes in differentiated
neurons. Stem Cells 29:1231-1240. DOI: https://doi.org/10.1002/stem.679, PMID: 21681861

Siemens J, Zhou S, Piskorowski R, Nikai T, Lumpkin EA, Basbaum Al, King D, Julius D. 2006. Spider toxins
activate the capsaicin receptor to produce inflammatory pain. Nature 444:208-212. DOI: https://doi.org/10.
1038/nature05285, PMID: 17093448

Smart OS, Neduvelil JG, Wang X, Wallace BA, Sansom MS. 1996. HOLE: a program for the analysis of the pore
dimensions of ion channel structural models. Journal of Molecular Graphics 14:354-360. DOI: https://doi.org/
10.1016/S0263-7855(97)00009-X, PMID: 9195488

Steinberg X, Lespay-Rebolledo C, Brauchi S. 2014. A structural view of ligand-dependent activation in
thermoTRP channels. Frontiers in Physiology 5:171. DOI: https://doi.org/10.3389/fphys.2014.00171, PMID: 24
847275

Steinberg et al. eLife 2017;6:€28626. DOI: https://doi.org/10.7554/eLife.28626 17 of 18


https://doi.org/10.1016/S0006-3495(03)70022-8
http://www.ncbi.nlm.nih.gov/pubmed/12719227
https://doi.org/10.1016/0263-7855(96)00018-5
http://www.ncbi.nlm.nih.gov/pubmed/8744570
https://doi.org/10.1085/jgp.200609556
https://doi.org/10.1085/jgp.200609556
http://www.ncbi.nlm.nih.gov/pubmed/16940556
https://doi.org/10.1073/pnas.1220398110
http://www.ncbi.nlm.nih.gov/pubmed/23630265
https://doi.org/10.1101/114546
https://doi.org/10.1085/jgp.200910255
http://www.ncbi.nlm.nih.gov/pubmed/19720962
https://doi.org/10.1039/C5CC06124E
https://doi.org/10.1039/C5CC06124E
http://www.ncbi.nlm.nih.gov/pubmed/26382573
https://doi.org/10.1021/ja5055862
https://doi.org/10.1021/ja5055862
http://www.ncbi.nlm.nih.gov/pubmed/25341086
https://doi.org/10.1126/science.271.5246.213
https://doi.org/10.1126/science.271.5246.213
http://www.ncbi.nlm.nih.gov/pubmed/8539623
https://doi.org/10.1098/rstb.2012.0035
https://doi.org/10.1098/rstb.2012.0035
http://www.ncbi.nlm.nih.gov/pubmed/23267185
https://doi.org/10.1085/jgp.201411329
https://doi.org/10.1085/jgp.201411329
http://www.ncbi.nlm.nih.gov/pubmed/26078053
https://doi.org/10.1016/j.bpj.2008.09.034
https://doi.org/10.1016/j.bpj.2008.09.034
http://www.ncbi.nlm.nih.gov/pubmed/19134478
https://doi.org/10.1021/ac901710t
http://www.ncbi.nlm.nih.gov/pubmed/19957961
https://doi.org/10.1002/jcc.20289
https://doi.org/10.1002/jcc.20289
http://www.ncbi.nlm.nih.gov/pubmed/16222654
https://doi.org/10.1074/jbc.M809343200
http://www.ncbi.nlm.nih.gov/pubmed/19286654
https://doi.org/10.1146/annurev.physiol.68.040204.100431
http://www.ncbi.nlm.nih.gov/pubmed/16460286
https://doi.org/10.1093/nar/gkf589
http://www.ncbi.nlm.nih.gov/pubmed/12409460
http://www.ncbi.nlm.nih.gov/pubmed/12409460
https://doi.org/10.1038/nsmb.1633
http://www.ncbi.nlm.nih.gov/pubmed/19561608
https://doi.org/10.1002/stem.679
http://www.ncbi.nlm.nih.gov/pubmed/21681861
https://doi.org/10.1038/nature05285
https://doi.org/10.1038/nature05285
http://www.ncbi.nlm.nih.gov/pubmed/17093448
https://doi.org/10.1016/S0263-7855(97)00009-X
https://doi.org/10.1016/S0263-7855(97)00009-X
http://www.ncbi.nlm.nih.gov/pubmed/9195488
https://doi.org/10.3389/fphys.2014.00171
http://www.ncbi.nlm.nih.gov/pubmed/24847275
http://www.ncbi.nlm.nih.gov/pubmed/24847275
https://doi.org/10.7554/eLife.28626

e LI FE Research article Biophysics and Structural Biology | Computational and Systems Biology

Steinberg X, Galpin J, Nasir G, Sepulveda-Ugarte J, Sepulveda R, Gonzalez-Nilo F, Islas LD, Ahern CA, Brauchi
SE. 2016. A rationally designed aminoacyl-trna synthetase for genetically encoded fluorescent amino acids.
bioRxiv . DOI: https://doi.org/10.1101/065227

Summerer D, Chen S, Wu N, Deiters A, Chin JW, Schultz PG. 2006. A genetically encoded fluorescent amino
acid. PNAS 103:9785-9789. DOI: https://doi.org/10.1073/pnas.0603965103, PMID: 16785423

Ugwumba IN, Ozawa K, de la Cruz L, Xu ZQ, Herlt AJ, Hadler KS, Coppin C, Brown SE, Schenk G, Oakeshott JG,
Otting G. 2011. Using a genetically encoded fluorescent amino acid as a site-specific probe to detect binding
of low-molecular-weight compounds. ASSAY and Drug Development Technologies 9:50-57. DOI: https://doi.
org/10.1089/adt.2010.0306, PMID: 21050031

Vanommeslaeghe K, MacKerell AD. 2012. Automation of the CHARMM general force field (cgenff) i: bond
perception and atom typing. Journal of Chemical Information and Modeling 52:3144-3154. DOI: https://dol.
org/10.1021/ci300363c, PMID: 23146088

Vanommeslaeghe K, Raman EP, MacKerell AD. 2012. Automation of the CHARMM General Force Field
(CGenFF) II: assignment of bonded parameters and partial atomic charges. Journal of Chemical Information
and Modeling 52:3155-3168. DOI: https://doi.org/10.1021/ci3003649, PMID: 23145473

Wagner BD. 2009. The use of coumarins as environmentally-sensitive fluorescent probes of heterogeneous
inclusion systems. Molecules 14:210-237. DOI: https://doi.org/10.3390/molecules14010210, PMID: 19127249

Wang J, Xie J, Schultz PG. 2006. A genetically encoded fluorescent amino acid. Journal of Chem. Soc 128:8738-
8739. DOI: https://doi.org/10.1021/ja062666k, PMID: 16819861

Wen H, Qin F, Zheng W. 2016. Toward elucidating the heat activation mechanism of the TRPV1 channel gating
by molecular dynamics simulation. Proteins Struct. Funct. Bioinforma 84:1938-1949. DOI: https://doi.org/10.
1002/prot.25177, PMID: 27699868

Zagotta WN, Gordon MT, Senning EN, Munari MA, Gordon SE. 2016. Measuring distances between TRPV1 and
the plasma membrane using a noncanonical amino acid and transition metal ion FRET. The Journal of General
Physiology 147:201-216. DOI: https://doi.org/10.1085/jgp.201511531, PMID: 26755770

Zingsheim HP, Neher E. 1974. The equivalence of fluctuation analysis and chemical relaxation measurements: a
kinetic study of ion pore formation in thin lipid membranes. Biophys. Chem 2:197-207. DOI: https://doi.org/10.
1016/0301-4622(74)80045-1, PMID: 4139982

Steinberg et al. eLife 2017;6:€28626. DOI: https://doi.org/10.7554/eLife.28626 18 of 18


https://doi.org/10.1101/065227
https://doi.org/10.1073/pnas.0603965103
http://www.ncbi.nlm.nih.gov/pubmed/16785423
https://doi.org/10.1089/adt.2010.0306
https://doi.org/10.1089/adt.2010.0306
http://www.ncbi.nlm.nih.gov/pubmed/21050031
https://doi.org/10.1021/ci300363c
https://doi.org/10.1021/ci300363c
http://www.ncbi.nlm.nih.gov/pubmed/23146088
https://doi.org/10.1021/ci3003649
http://www.ncbi.nlm.nih.gov/pubmed/23145473
https://doi.org/10.3390/molecules14010210
http://www.ncbi.nlm.nih.gov/pubmed/19127249
https://doi.org/10.1021/ja062666k
http://www.ncbi.nlm.nih.gov/pubmed/16819861
https://doi.org/10.1002/prot.25177
https://doi.org/10.1002/prot.25177
http://www.ncbi.nlm.nih.gov/pubmed/27699868
https://doi.org/10.1085/jgp.201511531
http://www.ncbi.nlm.nih.gov/pubmed/26755770
https://doi.org/10.1016/0301-4622(74)80045-1
https://doi.org/10.1016/0301-4622(74)80045-1
http://www.ncbi.nlm.nih.gov/pubmed/4139982
https://doi.org/10.7554/eLife.28626

