THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 5, pp. 2963-2970, January 27, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Short Isoforms of the Cold Receptor TRPMS8 Inhibit Channel
Gating by Mimicking Heat Action Rather than Chemical

Inhibitors™

Received for publication, June 16,2011, and in revised form, November 24,2011 Published, JBC Papers in Press, November 28,2011, DOI 10.1074/jbcM111.272823

José A. Fernandez'', Roman Skryma®, Gabriel Bidaux®, Karl L. Magleby”, C. Norman Scholfield**,
J. Graham McGeown*, Natalia Prevarskaya®, and Alexander V. Zholos ™~

From the *Center for Vision and Vascular Science, Queen’s University Belfast, BT12 6BA Belfast, United Kingdom, the §Laboraz‘ory of
Cell Physiology, INSERM U800, Lille University of Science and Technology, 59655 Villeneuve d’Ascq, France, the "Department of
Physiology and Biophysics, University of Miami Miller School of Medicine, Miami, Florida 33101, and the **Faculty of
Pharmaceutical Sciences, Naresuan University, Phitsanulok 65000, Thailand

be facilitated by quantitative single-channel analysis.

single-channel kinetic features.

\_

(Background: Mechanistic understanding of complex regulation of sensory transient receptor potential (TRP) channels can
Results: Inhibition of the cold receptor TRPMS by short isoforms, heat, and chemical blockers shows different sets of common

Conclusion: Short channel isoforms mimic heat action rather than chemical inhibitors.
Significance: This is the first indication that different classes of TRPMS inhibition may exist.
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Transient receptor potential (TRP) channels couple various
environmental factors to changes in membrane potential, cal-
cium influx, and cell signaling. They also integrate multiple
stimuli through their typically polymodal activation. Thus,
although the TRPMS8 channel has been extensively investigated
as the major neuronal cold sensor, it is also regulated by various
chemicals, as well as by several short channel isoforms. Mecha-
nistic understanding of such complex regulation is facilitated by
quantitative single-channel analysis. We have recently pro-
posed a single-channel mechanism of TRPMS8 regulation by
voltage and temperature. Using this gating mechanism, we
now investigate TRPMS inhibition in cell-attached patches
using HEK293 cells expressing TRPMS8 alone or coexpressed
with its short sM8-6 isoform. This is compared with inhibi-
tion by the chemicals N-(4-tert-butylphenyl)-4-(3-chloro-
pyridin-2-yl)piperazine-1-carboxamide (BCTC) and clo-
trimazole or by elevated temperature. We found that within the
seven-state single-channel gating mechanism, inhibition of
TRPMS8 by short sM8-6 isoforms closely resembles inhibition by
increased temperature. In contrast, inhibition by BCTC and that
by clotrimazole share a different set of common features.

Temperature-sensitive transient receptor potential (TRP)?
channels are activated by various chemical compounds that
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mimic the sensation of heat or cold. For example, TRPMS is
activated by the “cooling” compound menthol (1-3). It has also
been recently reported that the effects of different modulators
on TRPMS8 gating are bidirectional (4). The regulatory effects of
several antagonists on TRPM8 whole-cell currents have already
been studied (4-9). Two compounds, N-(4-tert-butylphenyl)-
4-(3-chloropyridin-2-yl)piperazine-1-carboxamide (BCTC)
and clotrimazole, have been identified as potent TRPMS8 inhib-
itors. In this study, the effects of these chemical antagonists are
compared with physiological channel inhibition by tempera-
ture and with that seen in the presence of one of the shorter
splice variants, sM8-6, of the full-length channel (10).

Alternative mRNA splicing is an important regulatory pro-
cess that contributes to biological complexity and diversity by
altering the primary structure of proteins expressed from a sin-
gle gene (11). Function may be altered through production of
nonfunctional isoforms or alterations in domains necessary for
channel opening or subcellular localization. Most TRP chan-
nels can be expressed in two or more shorter splice variants that
may exhibit different expression profiles in different tissues
compared with full-length forms (12). Several examples of
altered regulation, function, and ion selectivity have been
described, as well as loss of channel function (12). For example,
we recently found that the full-length TRPC4« channel and its
shorter TRPC4f isoform differ in their regulation by phos-
phatidylinositol 4,5-bisphosphate (13). A dominant-negative
loss-of-function effect is another common feature attributed to
short TRP splice variants (12). The underlying mechanism is
not clear, however, as it may involve reduced channel expres-
sion, diminished channel function, or a combination of these
two. Quantitative descriptions of the effects of such isoforms in
terms of a single-channel gating mechanism would help resolve
these questions.

TRPMS splice variants with an altered N terminus have been
cloned from lung epithelia and cancerous prostate (11). Recent
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evidence suggests that some of these isoforms may serve as
dominant-negative regulators of full-length TRPMS8 (11). In
support of this suggestion, our accompanying article (10)
describes the short sM8-18 and sM8-6 isoforms of TRPMS.
These are similar to a previously described N terminus-derived
short TRPC2 isoform lacking all transmembrane domains and
therefore the pore, which is capable of interacting with the full-
length channel to inhibit Ca>* entry via TRPC2 (14). The pur-
pose of this study was to determine the single-channel gating
mechanisms underlying the inhibition of TRPMS8 channels by
coexpression of the short isoform sM8-6 (10) and to compare
this to inhibition by elevated temperature and chemical modu-
lators. This should provide insight into the mechanism of
action underlying sM8-6 inhibition. We first show that our
recent single-channel model of TRPM8 regulation by voltage
and temperature (15) provides a suitable framework to inter-
pret single-channel activity in the presence of the different
inhibitors: sM8-6, BCTC, and clotrimazole. A comparison of
the parameters describing channel gating then allowed us to
identify similarities and differences in underlying gating mech-
anisms. Inhibition of TRPM8 by sM8-6 was most similar to
inhibition by increasing temperature. In contrast, inhibition by
BCTC and clotrimazole had many features in common but dif-
fered from that by sM8-6 and increased temperature, suggest-
ing differences in the underlying mechanism. The mechanistic
similarities between the actions of increasing temperature and
sM8-6 isoforms provide a possible explanation for the pervasive
physiological presence of TRPMS8 channels in tissues where
there is little temperature variation, as short isoforms may
exploit similar molecular mechanisms as temperature to alter
channel activity. Short TRPMS isoforms appear to act on the
channel by mimicking the effects of increased temperature,
presumably by changing the conformation of one or more tem-
perature-sensitive regions in the full-length channel.

EXPERIMENTAL PROCEDURES

Cell Culture—TRPMS8 expression was induced by tetracy-
cline in HEK293 cells maintained in DMEM (Invitrogen) sup-
plemented with 10% FBS (Invitrogen) and 1% kanamycin (16).
sM8-6 proteins encoded by the sM8f splice variant were
expressed as described (10).

Electrophysiology and Solutions—Membrane currents were
recorded either at room temperature (20-23 °C) or at 30 °C in
the cell-attached configuration using an Axopatch 200B ampli-
fier (Molecular Devices, Union City, CA). Data are from record-
ings at room temperature unless indicated otherwise. Currents
through single TRPMS8 channels were recorded and analyzed as
described (15). The bath solution initially contained 150 mm
NaCl, 1 mm MgCl,, 5 mm glucose, and 10 mm HEPES, pH 7.3
(adjusted with NaOH). Because TRPMS is weakly voltage-de-
pendent, being activated by membrane depolarization, to
quickly record a sufficiently large number of single-channel
events, cell-attached patches were held at 100 or 120 mV posi-
tive to the resting potential, which was brought close to 0 mV by
equimolar substitution of KCI for NaCl in the bath solution.
Rate constants for sM8-6 isoforms recorded at +120 mV were
corrected to +100 mV using partial charge estimates from a
previous study (15) for comparisons of shifts in rate constants
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with the other inhibitors at +100 mV. The same findings were
obtained for corrected and uncorrected sM8-6 data. The
pipettes were filled with the same solution used initially for the
bath. Pharmacological inhibition was achieved by adding
BCTC (stock solution of 10 mm in Me,SO; BIOMOL Interna-
tional) or clotrimazole (stock solution of 10 mm in ethanol;
Sigma-Aldrich) to the bath solution.

Fitting Models to Experimental Data—The single-channel
analysis methods used to measure interval durations with the
50% threshold crossing method, to estimate rate constants, and
to evaluate kinetic models have been extensively described (17—
27). A seven-state kinetic model (see Fig. 4) was fitted to the
two-dimensional dwell-time distributions using maximum
likelihood methods (15, 26, 27) to determine the most likely rate
constants for transitions among states, as well as the equilib-
rium occupancies of the states. Whereas each modulator gave
large, relatively characteristic visual shifts in the dwell-time dis-
tributions for data from different single channels, the estimates
of the rate constants for the seven-state model could show con-
siderable variability among different single-channel patches, as
is often the case for single-channel data (15). Consequently,
even though the distributions and gating were well described by
the model and rate constants for any given single-channel data,
the standard errors for the means of combined data were large,
so few of the changes in the estimated rate constants were
significant.

Therefore, to explore similarities and differences in the
mechanisms of the various modulators, we examined whether
the various modulators acted in the same or a different manner
on each of the rate constants using the equivalent of a binomial
sign test. The rational for the test is that modulators that act
through similar mechanisms might be expected to have similar
effects on the various rate constants. To assess the findings, we
calculated the probability of the observed direction of changes
in rate constants for two compared modulators occurring by
chance alone as follows. For each of the 12 rate constants, two
random numbers between 0 and 1 were drawn. If the two ran-
dom numbers for a given rate constant were both =0.5 or both
<0.5, then the rate constants were considered changed in the
same direction by both modulators. For a given trial, the num-
ber of rate constants changed in the same direction by both
modulators for the 12 rate constants was tabulated and then
binned into an array with addresses from 12 to 0. This process
was repeated 107 times. Dividing each of the bins by 107 then
gave the probability of observing 12, 11, 10, 9, and down to 0 of
the rate constants changed in the same direction for the two
compared modulators by chance alone. The probabilities from
simulation were the same as those obtained from the binomial
distribution with » = 12 and p = 0.5 to obtain 0.000244,
0.00293, 0.0161, 0.0537, 0.121, 0.193, 0.226, 0.193, 0.0121,
0.0537, 0.0161, 0.00293, and 0.000244. Cumulative probabili-
ties were then tabulated such that the probabilities of observing
12,11 or more, 10 or more, 9 or more, 8 or more, 7 or more, and
6 or more of the 12 rate constants changed in the same direction
by chance alone were 0.000244, 0.00317, 0.0193, 0.0730, 0.194,
0.387, and 0.613. It is these cumulative probabilities that are
used in the study. They can be calculated using Equation 1,
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FIGURE 1. Effects of sM8-6 isoforms on activity of full-length (WT) TRPMS. A, representative single-channel traces recorded in the cell-attached configu-
ration at room temperature in HEK293 cells expressing WT TRPM8 (upper panel) or both WT TRPM8 and sM8-6 proteins (lower panel). Note the short current
segments shown on a 10-fold expanded time scale for both examples. Upward currents indicate channel opening. B, inverse correlation between adjacent
(Adj.) open and closed interval durations for TRPM8 expressed with sM8-6 isoforms. Data points represent 4523 pairs of closed and adjacent open intervals
(with previous and next shown by different symbols) measured from the patch illustrated in A. Compare with Fig. 4A in Ref. 15 for similar correlations present
in WT TRPM8. C, open (upper panel) and closed (lower panel) one-dimensional dwell-time distributions as histograms (25 bins per decade) plotted for WT TRPM8
at 20 °C (black lines; from Ref. 15), coexpressed with sM8-6 isoforms (blue lines), and at 30 °C (red lines; from Ref. 15). These histograms have been normalized to
the same number of events to facilitate comparisons. A moving bin average of three bins has been applied to the histograms to smooth stochastic variation.
5q., square. D, two-dimensional dwell-time distributions for representative currents from WT TRPM8 currents at room temperature (RT) (upper panel; from Ref.
15), TRPM8 with sM8-6 isoforms at room temperature (middle panel), and TRPM8 at 30 °C (lower panel; from Ref. 15).

N

Py = 2(’:’) X P X (1= PN

i=X

(Eq. 1)

where Py is the cumulative probability (which is the sum of the
binomial distribution probabilities) for getting X or more of N
rate constants changed in the same direction by chance alone
(p = 0.5). The binomial of N and i is shown in Equation 2,

where N! =1 X 2... XN. The cumulative probabilities can also
be calculated using GraphPad Software QuickCalcs by selecting
sign test and then binomial and sign test.

Statistics—Average data are expressed as means *= S.E.,
where n equals the number of patches or cells. Where appro-
priate, Mann-Whitney and nonparametric repeated measures
analysis of variance tests were conducted using InStat 3.05
(GraphPad Software).

(Eq.2)

RESULTS

Coexpression with sM8-6 Isoforms Decreases Open Probabil-
ity of WT TRPMS8 Channels Mainly by Shifting Closed Intervals
toward Longer Durations—Fig. 1A shows representative single-
channel currents recorded at room temperature from a WT
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TRPMS8 channel (upper panel) and from a TRPMS8 channel
coexpressed with sM8-6 isoforms (lower panel). A pronounced
decrease in channel open probability (P,) was induced by the
sM8-6 isoforms (10), which increased channel closed times
from 1.67 = 0.27 ms (n = 6) to 22.7 £ 58 ms (n = 5; p =
0.0043). There was a parallel but much smaller decrease in
mean open times, from 1.83 *+ 0.13 ms (n = 6) t0 0.85 = 0.11 ms
(n = 5; p = 0.0043). Thus, sM8-6 isoforms inhibit TRPM8
activity mainly by decreasing the frequency of channel open-
ings rather than the duration. A similar decrease in closed times
with smaller changes in open times is also seen with increased
temperature and at negative membrane potentials (15). An
inverse correlation between adjacent open and closed interval
durations described previously for WT TRPMS8 channels (15)
was retained in the presence of sM8-6 isoforms (Fig. 1B), sug-
gesting that the two or more independent connections between
open and closed states in WT TRPMS channels are retained in
the presence of sSM8-6 isoforms.

The shifts in the closed interval durations observed in the
single-channel records were also revealed in the one- and two-
dimensional dwell-time distributions. Coexpression with
sM8-6 isoforms produced a shift from briefer toward longer
closed intervals, with less of a shift from longer to briefer open
intervals. This can be seen both for the one-dimensional open
and closed dwell-time distributions (Fig. 1C, black lines for W'T
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FIGURE 2. Effects of BCTC on single-channel WT TRPM8 currents. A, representative traces of single-channel activity in 0 (control), 1, and 10 um BCTC as
indicated recorded from the same patch at room temperature. B, open and closed one-dimensional dwell-time histograms for the same conditions. The
histograms have been fitted (continuous lines) by the sum of two open and five closed exponential components (dashed lines). sq., square. C, representative

two-dimensional dwell-time distributions.

TRPMS8 alone and blue lines for coexpression of sM8-6 iso-
forms) and the two-dimensional dwell-time distributions of
adjacent open and closed interval durations (Fig. 1D, upper and
middle panels). In both cases, the effects of sM8-6 at room
temperature were similar to those of increased temperature
(30°C) on WT TRPMS alone (Fig. 1, C, red lines, and D, lower
panel).

The shifts in the one-dimensional distributions were quanti-
fied by fitting with sums of exponential components. The his-
tograms of dwell times with coexpressed sM8-6 were typically
described by two significant open and five significant closed
components (supplemental Fig. S1, dashed lines, representing
analysis of data in Fig. 14, lower panel), similar to full-length
TRPMS expressed alone (15). The areas and time constants of
the exponential components for TRPMS8 gating in the absence
and presence of coexpression with sM8-6 are provided in sup-
plemental Table S1. sM8-6 significantly reduced the time con-
stants of both open components, increased the area of the brief
open component, and decreased the area of the long open com-
ponent, indicating an overall shift from longer to briefer open-
ings. In addition, the area of the briefest closed component
(EC1) decreased, the time constant of the next to longest closed
component (EC4) increased, and the time constant of the lon-
gest closed component (EC5) greatly decreased. The area of the
two longest closed components (EC4 and EC5) increased by 11-
and 286-fold, respectively, moving 37% of the area into the lon-
ger closed components compared with only 2.5% for WT
TRPMS. The changes described above suggest that the sM8-6
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isoforms modulate the activity of WT TRPMS8 channels by
shifting areas and time constants of the underlying exponential
components describing the dwell-time distributions without
affecting the major kinetic structure of channel gating.

BCTC and Clotrimazole Inhibit TRPMS8 Activity Mainly by
Increasing Closed Interval Durations—Fig. 2A shows TRPMS8
single-channel currents through a representative patch re-
corded at room temperature before and after application of
BCTC. A dose-dependent decrease in channel activity is readily
apparent with increasing BCTC concentration. P, decreased
from 0.13 = 0.03 to 0.04: = 0.01 with 1 um BCTC and to 0.03 =
0.03 with 10 um BCTC (n = 10; p = 0.0036). As with sM8-6
isoforms, these P, reductions resulted mainly from increases in
mean closed times, ie the mean closed time significantly
increased from 7.5 = 1.6 ms in the control to 28 = 10 ms with 1
uM BCTC and to 118 * 77 ms with 10 um BCTC (n = 10; p =
0.0036). Although also significant, the decrease in mean open
times was much smaller in comparison (0.69 = 0.04, 0.50 =
0.03,and 0.42 = 0.03 ms for the control and 1 and 10 um BCTC,
respectively; p < 0.001). Greater changes in closed compared
with open intervals are readily apparent in the one- and two-
dimensional dwell-time distributions (Fig. 2, B and C, respec-
tively), where BCTC dramatically shifted closed intervals from
briefer to longer, with smaller shifts in open intervals from lon-
ger to briefer. Significant shifts at the level of the individual
exponential components were limited to a decrease in the area
of the faster closed component (EC1) and to increases in some
of the time constants and areas of the two slowest closed com-
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FIGURE 3. Effects of clotrimazole on single-channel TRPM8 currents. A, representative traces of single-channel activity in 0 (control), 1, and 10 um
clotrimazole recorded from the same patch at room temperature. B, open and closed one-dimensional dwell-time histograms. The histograms have
been fitted (continuous lines) by the sum of two open and five closed exponential components (dashed lines). sq., square. C, two-dimensional dwell-time

distributions.

ponents (EC4 and EC5) with increasing BCTC concentration
(supplemental Table S2).

The same types of experiments using the antifungal com-
pound clotrimazole led to shifts in mean interval durations and
distributions similar to those observed for BCTC. Increasing
clotrimazole concentrations decreased TRPMS8 P, (Fig. 34)
from a control value of 0.12 = 0.02 to 0.09 * 0.04 with 1 um
clotrimazole and to 0.02 = 0.01 with 10 uMm clotrimazole (n = 6;
p = 0.0055). These changes in P, resulted from an increase in
the mean closed time from 7.7 = 2.8 to 13 = 4 ms with 1 um
clotrimazole and to 50 * 8 ms with 10 uM clotrimazole (n = 6
p = 0.0055) and from a decrease in the mean open time from
0.74 = 0.02 to 0.58 = 0.03 ms with 10 uM clotrimazole (1 = 6;
p = 0.029). No change was observed in mean open time
between the control (0.74 = 0.02 ms) and 1 uMm clotrimazole
(0.74 £ 0.10 ms). As was the case with BCTC and sM8-6 iso-
forms, the increase in the mean closed time was considerably
greater (~7-fold between the control and 10 um clotrimazole)
than the modest decrease in the mean open time (<2-fold
between the control and 10 um clotrimazole). These shifts in
closed times to longer durations with clotrimazole are read-
ily apparent in the one- and two-dimensional dwell-time dis-
tributions (Fig. 3, B and C), with a significant decrease in the
area of the fastest closed component (EC1) (supplemental
Table S3) and significant increases in the time constants
and/or areas of the two slowest components (EC4 and EC5)
(supplemental Table S3).
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Action of BCTC, Clotrimazole, and sM8-6 Isoforms on
TRPM8 Channels Can Be Described by Seven-state Kinetic
Model—To relate the single-channel recordings to a kinetic
gating mechanism for TRPM8 channels, the two-dimensional
dwell-time distributions obtained from the single-channel
recordings in the absence and presence of the different modu-
lators were individually fitted to a seven-state kinetic scheme
(Fig. 4), previously shown to be consistent with WT TRPMS8
gating (15), using maximum likelihood methods (see “Experi-
mental Procedures”). The most likely rate constants for the
transitions among the various states for the controls and differ-
ent modulators are provided in supplemental Tables S4—S6. To
examine if the seven-state kinetic model and estimated rate
constants could account for the single-channel gating seen with
the various modulators, the one- and two-dimensional distri-
butions predicted by the kinetic model were compared with the
experimental distributions. The predicted distributions for
sM8-6 isoforms (supplemental Fig. S2), BCTC (supplemental
Fig. S3), and clotrimazole (supplemental Fig. S4) can be com-
pared with the experimental distributions in Figs. 1-3 and
supplemental Fig. S1. For all three modulators, the predicted
distributions gave reasonable descriptions of the experimen-
tal distributions. Thus, the general gating mechanism de-
scribed by the seven-state model describes the gating of
TRPMBS in the presence of sM8-6 isoforms, BCTC, and clo-
trimazole. It has been shown previously that the same seven-
state model can also account for WT TRPMS8 gating at 20 °C
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Control (RT)

sM8-6 (RT)

BCTC (RT)

CTZ (RT)

FIGURE 4. Schematic representations of changes in rate constants and
equilibrium occupancies for seven-state TRPM8 gating scheme with
indicated modulators. The gray circles and open circles are closed and open
states, respectively. The areas of the circles are proportional to the equilib-
rium occupancies of the states. The control (first model) is the mean response
of the separate controls for all of the experimental conditions (all obtained at
room temperature), which is sufficient for visual comparisons between con-
trol and modulators. Red arrows indicate that a rate constant was slowed by a
modulator compared with the control for that modulator, and green arrows
indicate that a rate constant was accelerated. The rate constants for the gat-
ing under control and modulator conditions are presented in supplemental
Tables S4-Sé6.

and when the channel is inhibited by elevating the tempera-
ture to 30 °C (15).

sM8-6 Isoforms Mimic Temperature-dependent Regulation of
WT TRPMS8 Channels—The observation that the seven-state
model is consistent with the gating for the different modulators
provides a framework within which to explore mechanisms
responsible for modulation of TRPM8 channels by different
agents, including temperature (15). The changes in the rate
constants induced by the various modulators are schematically
shown in Fig. 4. Red arrows indicate that the rate constant was
slowed by the modulator, and green arrows indicate that it was
accelerated. The relative equilibrium occupancies of the vari-
ous states are indicated by the relative areas of the states.
Whereas all of the modulators inhibited channel activity by
increasing the equilibrium occupancy of the closed states at the
expense of the open states, the shifts in equilibrium occupancy
and the direction of change in the various rate constants could
be different for different modulators, suggesting possible differ-
ences in the underlying mechanism. To explore whether there
might be different mechanisms of inhibition exploited by dif-
ferent types of modulators, we first visually compared the shifts
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in the dwell-time distributions to look for similarities and dif-
ferences in their action. The shift in the distributions by sM8-6
isoforms mimics, to a first approximation, the shift induced by
raising the temperature from 20 to 30 °C, suggesting similarities
in the underlying mechanism for sM8-6 and temperature inhi-
bition (Fig. 1, C and D). In contrast, inhibition by BCTC or
clotrimazole gave shifts in the distributions that were generally
similar, but they differed considerably from the shifts induced
by either sM8-6 isoforms or increased temperature (compare
Figs. 1-3 and supplemental Fig. S1). These observations suggest
that modulation by the two chemical inhibitors may have steps
in common but differs from inhibition by sM8-6 isoforms or
elevated temperature.

To test further for different classes of inhibition (H-type for
heating-like inhibition and B-type for BCTC-like inhibition),
the direction of the changes in each rate constant by the various
modulators was examined (Fig. 4). If modulators share com-
mon mechanisms, then each modulator might be expected to
move any specified rate constant in the same direction, either
faster or slower (see “Experimental Procedures”). Inhibition by
sM8-6 isoforms compared with a 10 °C increase in temperature
moved 12 of the 12 rate constants describing the seven-state
model in the same direction (Fig. 4 and supplemental Table S7).
The probability of 12/12 rate constants moving in the same
direction by chance alone is p = 0.00024 (see “Experimental
Procedures,” Equation 1, and supplemental Table S7). When
the changes in rate constants with temperature were obtained
from a previous study (corrected to +100 mV) (Tables 4 and 6
in Ref. 15), then 10 of the 12 rate constants moved in the same
direction for sM8-6 inhibition compared with a 10 °C increase
in temperature. The probability of 10 or more rate constants
changing in the same direction by chance alone is p = 0.0194.
These observations that sM8-6 and increased temperature
moved more rate constants in the same direction than would be
expected by chance alone are consistent with similarities in the
underlying mechanisms of inhibition by these two modulators.
Hence, sM8-6 inhibition falls into the class of H-type inhibition.
Clotrimazole moved 10 of the 12 rate constants in the same
direction as inhibition by BCTC (p = 0.0194 for 10 or more of
the 12 rate constants) (Fig. 4 and supplemental Table S7), con-
sistent with similarities in the underlying mechanism for these
two chemical modulators. Hence, clotrimazole inhibition falls
into the B-type class.

In contrast, when inhibition by sM8-6 or increased temper-
ature was compared with inhibition by either clotrimazole or
BCTC, only 6 (p = 0.61 for 6 or more) and 8 (p = 0.19 for 8 or
more) of the 12 rate constants, respectively, moved in the same
direction, consistent with chance alone (Fig. 4 and supplemen-
tal Table S7). This suggests that differences exist in the gating
mechanism responsible for H-type and B-type inhibition.
Hence, both the visual shifts in the dwell-time distributions and
the direction of change in the rate constants suggest that sM8-6
reduces channel activity in a manner that more closely resem-
bles inhibition by increasing temperature than inhibition by the
chemical inhibitors BCTC and clotrimazole. Different inhibi-
tors in the same class may induce similar directional changes in
the rate constants by shifting the gating into a mode common
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for that class, with a different mode of gating for each class of
inhibitor.

Comparing shifts in rate constants induced by changing the
membrane potential from +100 to 0 mV (15) to those induced
by the examined inhibitors indicated that 5 of the 12 rate con-
stants were shifted in the same direction by hyperpolarization
as by BCTC, 3 of 12 for clotrimazole, 7 of 12 for sM8-6, and 7 of
12 for heating. Hence, inhibition by the examined modulators
involves some major differences in mechanism compared with
decreasing channel activity by hyperpolarization, as might be
expected.

DISCUSSION

In this study, we used single-channel analysis to explore the
kinetic mechanisms underlying the modulation of TRPMS8
channels by short TRPMS isoforms (sM8-6) and several chem-
ical compounds. For this detailed analysis, expression of the
sM8p splice variant was used because it encodes only one dom-
inant sM8-6 protein, whereas expression of sM8a results in two
proteins (10). The single-channel kinetics during modulation
were found to be consistent with the previously published sev-
en-state kinetic scheme (15). Comparison of the effects of dif-
ferent modulators and temperature elevation provided insights
into the underlying mechanism. The kinetic mechanisms
underlying inhibition by sM8-6 isoforms and elevated temper-
ature (heating) have many features in common (H-type inhibi-
tors), as do those responsible for inhibition by BCTC and clo-
trimazole (B-type inhibitors), but there are major kinetic
differences between H-type and B-type inhibitors (Fig. 4 and
supplemental Table S7).

Voets et al. (28) showed previously that mutations in S4
reduce the gating charge of TRPMS8 and also alter the thermo-
sensitivity, suggesting that voltage sensors may be associated
with S4 and that there is coupling between voltage and temper-
ature activation. The demonstration by Brauchi et al. (29) that
switching the entire C-terminal domains between the heat
receptor TRPV1 and the cold receptor TRPMS8 reverses the
thermosensitivity of these channels indicates that the key ther-
mosensitive structures are contained in the cytoplasmic region
of the channels. Because of the difference in location of voltage
sensors and thermosensors, it might be expected that temper-
ature and voltage coupling would be separable, and this has
been shown to be the case for several thermo-TRP channels,
including TRPV1, TRPV3, and TRPMS8 (30-33), e.g. voltage-
dependent but temperature-insensitive mutant TRPMS8 chan-
nels have been described (30). Therefore, it might also be
expected that some of the directional changes in rate constants
for inhibition by hyperpolarization and heating would be differ-
ent, as described under “Results.” Interestingly, although some-
what weaker, the coupling between temperature stimuli and
channel gating is still maintained in TRPV1/TRPMS8 chimeric
channels (29). Despite this molecular complexity, it is clear,
however, that depolarization and cold synergize in TRPMS8
activation (seen as Vi, temperature dependence and £, voltage
dependence), and consistent with this, the single-channel gat-
ing mechanism in terms of states and connections among states
of TRPMS activation by depolarization and cold is practically
identical (15). Hence, the picture emerging is that there are
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different classes of polymodal modulators for TRPMS, with
similarities in the mechanism for modulators in the same class
and differences in the mechanism for modulators in different
classes. We thus propose two general types of TRPMS inhibi-
tion in addition to hyperpolarization, H-type (heating-like) and
B-type (BCTC-like), for ease of reference and kinetic action. In
the context discussed above, the possibility of reduced coupling
or even dissociation between voltage and temperature regula-
tion in mutant thermo-TRP channels (29 —33) serves an impor-
tant caution that similar kinetic action does not establish that
the underlying physical actions are identical, only that they
have similar kinetic effects on the gating.

Ferndndez et al. (15) have shown previously that shifting
voltage in the negative direction or increasing temperature
inhibits TRPMS8 channels mainly by increasing the durations of
the closed intervals, similar to the effects of sSM8-6 isoforms and
the chemical inhibitors BCTC and clotrimazole. Thus, inhibi-
tion of TRPMS channels by all means examined so far results
mainly from an increase in the mean closed time, with fewer
brief closings and increased numbers and durations of longer
closings, with less effect on the open time distributions (Figs.
1-3). Major changes in closed dwell times compared with the
open ones have also been detected for capsaicin-induced
TRPV1 currents (34, 35), indicating some possible gating sim-
ilarities between these two thermosensing channels. Similarly,
TRPC4 activation by agonists and G proteins shifts gating
toward pairs of the shortest closures and longest openings
when P, is largest (36).

If the inhibitors sM8-6, BCTC, and clotrimazole acted by
blocking the pore, then they might be expected to reduce sin-
gle-channel conductance if they are “fast” blockers or to add a
closed component whose area increases proportionally to
blocker concentration and with a fixed time constant equal to
the blocker occupancy duration if they are “slow” blockers.
Based on the data presented here and in the preceding article
(10), there are no changes in single-channel conductance and
no additional closed components related to possible blocked
states, but changes in the relative occupancy of the different
kinetic states are evident (Figs. 1-4). Hence, an allosteric mode
of action, which stabilizes closed states, seems likely for TRPM8
regulation by the examined inhibitors.

We (10) have shown that the dominant-negative effect
exerted by short TRPMS isoforms on TRPMS proteins relates
to their interaction with the C terminus of WT TRPMS8 ion
channels. A similar conclusion using different methods was
also drawn by Brauchi et al. (29) with regard to the effect of
cold/warm temperatures on TRPMS8 gating such that the
TRPMS8 temperature-sensing machinery is contained in the C
terminus. Thus, these previous observations and our new
observations of similar kinetic mechanisms underlying temper-
ature and sM8-6 inhibition suggest that sM8-6 inhibition may
be through the temperature-sensitive regulatory machinery,
possibly in the C terminus. This piggyback mechanism of action
of sM8-6 isoforms may explain the pervasive physiological
presence of TRPMS8 channels and sM8-6 isoforms in tissues
where there is little temperature variation, i.e. the temperature
machinery is exploited for inhibition by sM8-6 isoforms.
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