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The Role of Allosteric Coupling on Thermal Activation of Thermo-TRP
Channels

Andrés Jara-Oseguera and Leon D. Islas*
Departamento de Fisiologia, Facultad de Medicina, Universidad Nacional Autonoma de México, Mexico City, Mexico

ABSTRACT Thermo-transient receptor potential channels display outstanding temperature sensitivity and can be directly
gated by low or high temperature, giving rise to cold- and heat-activated currents. These constitute the molecular basis for
the detection of changes in ambient temperature by sensory neurons in animals. The mechanism that underlies the temperature
sensitivity in thermo-transient receptor potential channels remains unknown, but has been associated with large changes in
standard-state enthalpy (4H°) and entropy (4S°) upon channel gating. The magnitude, sign, and temperature dependence
of 4H° and 4S5°, the last given by an associated change in heat capacity (4C,), can determine a channel’s temperature sensi-
tivity and whether it is activated by cooling, heating, or both, if 4C, makes an important contribution. We show that in the pres-
ence of allosteric gating, other parameters, besides 4H° and 4S°, including the gating equilibrium constant, the strength- and
temperature dependence of the coupling between gating and the temperature-sensitive transitions, as well as the 4H°/4S° ratio
associated with them, can also determine a channel’'s temperature-dependent activity, and even give rise to channels that

respond to both cooling and heating in a 4C,-independent manner.

INTRODUCTION

Thermo-transient receptor potential (TRP) channels are
nonselective cation channels, structurally related to
voltage-gated potassium channels and involved in the detec-
tion of ambient temperature changes. These channels are
unique in their ability to directly modify their gating as a
function of temperature (1), being activated at different tem-
perature ranges from noxious cold to noxious heat, and do-
ing so with very large Q;o values (~30), which is a
phenomenological measure of heat sensitivity.

Most information on temperature sensitivity is available
from studies involving the capsaicin- and heat-activated
TRPV1 and the menthol- and cold-activated TRPMS8 chan-
nels (2-7). Temperature-dependent activation is associated
with large changes in standard-state enthalpy (AH®) and en-
tropy (AS®) between states in the activation pathway (2).
TRPMBS is thus assigned negative AH® and AS° values that
drive channel opening upon cooling, and TRPV1 positive
AH® and AS° values that increase open probability upon
heating (3). These thermodynamic differences have been
generally postulated to reflect different molecular processes
involving the action of different temperature sensors, which
might be localized at a defined structural domain within the
channel (6,8). In fact, a number of differing structural re-
gions of the channel have been proposed to act as tempera-
ture sensors (8—10). More recently (11), it has been noted
that a change in heat capacity (4C,) between states in the
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activation pathway, which could be caused by a change in
hydration of ~20 residues per subunit, would be sufficient
to account for the activation of thermo-TRPs by temperature.
Moreover, a large heat capacity change, associated with any
gating transition, implies that a given channel should be acti-
vated by both increasing and decreasing temperatures.

Even though a definitive demonstration is lacking, several
lines of evidence suggest that the stimulus sensors in these
channels, including the temperature sensor, act as function-
ally independent modules allosterically coupled to the pore
domain to influence gating. This evidence includes single-
channel recordings showing that some transitions between
open and closed states have negligible temperature sensi-
tivity, indicating that intrinsic gating is not highly tempera-
ture-dependent. Consistently, the voltage, ligand, and
temperature dependence of several thermo-TRP channels
can be accurately described by allosteric mechanisms of
varying complexity (4-7).

Here, we explore the predictions of simple allosteric
models and postulate that the highly temperature-sensitive
transition(s) may be thermodynamically similar among
thermo-TRP channels, but differences in allosteric coupling
between modules and in the intrinsic gating equilibrium of
the pore could account for the variability in temperature re-
sponses observed in these channels. Moreover, we find that
including in the models a coupling-energy term that is tem-
perature-dependent leads to regimes in which the same
channel can be activated by increasing and decreasing tem-
perature, without the need for a change in heat capacity.

METHODS

Cell culture, transfection, and electrophysiological recording methods have
been described previously in Rosenbaum et al. (12). Temperature was
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monitored with a thermistor (Warner Instruments, Hamden, CT) placed
near the tip of the pipette.

Nonstationary noise analysis was performed as previously described in
Rosenbaum et al. (12). Briefly, a train of 30-70 pulses of 200-ms duration
to a given depolarizing voltage (60-180 mV) from a holding potential of
—90 mV was delivered to TRPV1-expressing inside-out patches and the
currents recorded at 20 kHz and low-pass-filtered at 5 kHz. The variance
(¢%) was calculated according to Heinemann and Conti (13). Mean current
(I) versus o” plots were used to obtain the single-channel current i and the
number of active channels in the patch, N. Open probability was calculated
from P, = I/Ni.

Membrane patches with openings from a few channels were used to
verify the magnitude of the single-channel current obtained from noise
analysis. At voltages below 60 mV the time course of channel activation
cannot be accurately resolved, so the open probability could not be obtained
from nonstationary noise analysis, and was calculated as follows: a series of
100-ms voltage pulses from —100 mV to 180 mV in increments of 20 mV
were delivered to membrane patches after applying the train of pulses for
noise analysis. Leak currents were estimated by blocking channels with a
saturating (~80-uM) concentration of tetrahexyl ammonium (Sigma-
Aldrich, St. Louis, MO). The leak-subtracted currents were then divided
by N, estimated from noise analysis in the same patch, and by the extrapo-
lated single-channel current assuming a linear I-V behavior.

The model’s parameter space was sampled with programs written in
IgorPro (WaveMetrics, Portland, OR) by using the analytical expressions
for the open probability for each model, which are presented in the text.
Data analysis was also carried out in IgorPro.

RESULTS

Fundamental thermodynamics relate the temperature depen-
dence of the standard-state Gibbs free energy (G°) in a pop-
ulation of states (and the resulting equilibrium constant K,
see Eq. 1a) to the difference in standard-state enthalpy and
entropy between the states (AH® and AS°, see Eq. 1b):

AGO(T)
K=e m, (1a)
AG°(T) = AH° — TAS®. (1b)

Enthalpy and entropy may or may not have a temperature
dependence of their own, depending on whether there is a
significant change in heat capacity (AC,) between states:

AH°(T) = AH®(Ty) + AC,(T — Ty), (2a)

AS°(T) = AS°(T,) 4+ AC,In <T1> (2b)
0

Hence, thermo-TRP channel activation is associated with
large changes in H® and possibly C, between states along
the activation pathway, accompanied by large changes in en-
tropy, which are required to lower the free energy difference
between states at physiological temperatures (2). Indeed,
this compensation of AH® and AS® has been experimentally
confirmed for several thermo-TRPs (3,7,14-18). On the
other hand, contemporary experimental data do not support
a large change in AC, associated with channel activity
(1,3,4,19).
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In the simplest models of thermo-TRP gating (e.g., the
two-state  model), temperature-dependent activity is
controlled by few relevant parameters: AH®, AS°, and Z,
the last being the small (~0.6-0.9 ¢() apparent gating charge
responsible for the modest voltage dependence observed in
TRP channels (3,19). This implies that differences between
thermo-TRP channels have to arise from the different values
these parameters take. So, in channels that are activated by
cooling (e.g., TRPMS), or by heating (e.g., TRPV1), there
has to be a complete reversal in sign in both AH® and AS°®
to account for their respective temperature sensitivities
(1,3).

A shortcoming of these models is that experiments sug-
gest that channel opening might neither be directly respon-
sible for the temperature sensitivity of the channel, nor
possess significant voltage sensitivity (2,4—7). As a better
approximation, modular allosteric models have been pro-
posed to describe the temperature- and voltage-dependent
activity of TRPV1 (5,7), TRPA1 (20), and TRPMS8 (4-6)
channels. The simplest of these models (Fig. 1) considers
the transitions between open and closed states to be stim-
ulus-independent and given by the equilibrium constant L.
Temperature-dependent transitions (Cy — C;, C, — Cj,
Oy — Oy, and O, — O3) or voltage-dependent transitions
(Cyp = C,, C; = C3,0¢ — 0Oy, and O; — 0O3) are alloste-
rically coupled to the gating equilibrium of the channel.
This coupling is described by multiplicative terms (which

C,

C,

]

O,

FIGURE 1 Allosteric model for temperature- and voltage-activation
of thermo-TRP channels. (Solid symbols) Channel activity with deactivated
voltage sensors; (shaded symbols) voltage-sensor activation and channel
transitions with activated voltage sensors. L is the intrinsic gating
equilibrium constant. The activation/deactivation equilibrium constants
for the temperature- (J) and voltage-sensors (K) are given by
J(T) = exp[—(AH® — TAS°)/RT] and K(V) = K(0)exp[—zFV /RT],
respectively. C, D, and E are allosteric coupling constants between channel
gating and the temperature- or voltage sensors or between the two sensors,
respectively.
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are also equilibrium constants) given by C for temperature
and D for voltage (Eq. 3, a and b). Generally, it is assumed
that they are practically temperature-independent, having a
AH° = 0:

C = et (3a)
ash

D = e¢7, (3b)
A.Yz

L = ¢ex. (3c)

Although allosteric models of thermo-TRPs provide a
better description of experimental measurements of channel
function, significant molecular mechanistic insight is still
lacking. For example, it has not been possible to obtain
a direct measurement of the temperature-driven conforma-
tional rearrangements. Hence, the interpretation of data
in terms of these allosteric models has followed the same
lines as the more restricted ones, considering the same set
of parameters, AH°, AS®, and Z, as the sole determinants
of the differences between channels. An example is the
requirement for a change in the signs of both AH® and
AS° to represent either TRPV1 or TRPMS temperature
sensitivity (4,5,7).

Arguably, the most dramatic difference among thermo-
TRP channels is whether cooling or heating activates
them. Even orthologs of a given TRP channel can show
this disparity (21-23). Interestingly, a similar phenomenon
also occurs among voltage-gated channels: whereas
voltage-dependent potassium channels are activated by de-
polarization, the structurally similar hyperpolarization-acti-
vated potassium channels are closed upon depolarization.
However, the difference between the two channels lies not
in their stimulus-sensing domains, but in the mechanisms
by which they are coupled to the channel pore domain
(24). We decided to explore some of the implications for
temperature sensitivity of an allosteric coupling model and
to determine whether mechanisms other than temperature-
sensor function, such as the nature of the allosteric coupling,
could control temperature-dependent channel function and
determine whether a channel is activated by heating, cool-
ing, or both.

Fig. 2 A shows the open probability (P,) versus voltage
curves at three temperatures for TRPV 1, measured from in-
side-out patches. The continuous curves are fits of Eq. 4, as
derived for the model in Fig. 1 (see parameters in the legend
to Fig. 2 A). Both changes in enthalpy and entropy have a
positive sign and the allosteric coupling constant between
the gate and the temperature sensor is larger than unity
(C = 6.04), leading to heat activation:

L(1 + CJ + DK + CDEJK)

Po(T,V)= .
(T.V) 1+J+K+EJK+L(1+CJ+DK+CDEJK)

“
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To determine whether differences in the values of param-
eters other than the signs of AH° and AS® could switch P,-
temperature dependence to that of a cooling-activated
channel, we fitted TRPMS channel activation data from
Brauchi et al. (4) with the eight-state model, keeping the
AH° from the fit to our TRPV1 data (Fig. 2 A) fixed. The re-
sulting activation curves now describe the cold-activation of
TRPMS (Fig. 2 B). Notably, the allosteric coupling constant
C between temperature sensor activation and channel gating
had to be reduced 275-fold, and the gating constant L
increased around sevenfold (see parameters in the legend
of Fig. 2 B). As expected from the fact that TRPMS& and
TRPV1 are considerably different channels, not only L
and C had to change to describe TRPMS8 data with
TRPV1 parameters. For example, the equilibrium constant
of the voltage sensor at 0 mV, given by K(0), was shifted
fivefold toward the activated state. Yet, the major parameter
changes occurred in L and C, more so in C (see the legend to
Fig. 2 B). This implies that a thermodynamically similar
conformational change, with positive AH® and AS® values,
which in TRPV1 favors channel opening, could promote
channel closing in a cooling-activated channel. In other
words, the temperature sensors of these channels might be
activated by heating but be inversely coupled to channel
opening.

To analyze with more detail the role of the coupling con-
stant C in determining temperature sensitivity, we further
explored the model with the voltage sensor in the deacti-
vated position (Fig. 1, black characters only), which is a
simplified condition. In this case, P,(7) is given by Eq. 5:

L1+ Q))
1+ JHL(+CI)

Py(T) ©)

Fig. 2 C shows an open probability landscape as a func-
tion of temperature for several values of C and two values
of L. The switch from a cold- to a heat-activated channel
occurs precisely when the value of C changes from smaller
to larger than unity, reflecting either a favorable or un-
favorable energetic contribution of temperature-sensor acti-
vation to channel gating. We also note that for very small
(<0.001) or very large (>100) values of C, the effects
of changes in L (that could be caused by point mutations,
for example) would have a more noticeable effect on
either the maximal or the minimal open probabilities,
respectively.

The steeper heat-activated P,-T curves in Fig. 2 C are left-
shifted in the temperature scale with respect to less steep
ones, as can be seen in the curves with highlighted black
markers. This is contrary to experimental observations.
For example, the heat-activated TRPV2 channel has a
greater temperature sensitivity and a right-shifted P,-T
curve as compared to TRPV1 (10). This has been interpreted
to mean that the enthalpy change associated with TRPV2
activation has to be larger (approximately twofold) than



Allosteric Coupling in Thermo-TRP Channels

A 1.0 B 109 4 10°C
0.8 °
(o]
0.6 ®
(e} o
o o
0.4
0.2
0.0 -
T T T T T 1
-50 0 50 100 150 200
Membrane potential, (mV)
D
C =500
L=4

0.01

for TRPV1. This may very well be so, but not necessarily.
First, the steepness of the P,-T curve (and hence the
apparent AH®) can be modulated by the value of C (Fig. 2
C). Second, the temperature range over which open proba-
bility has larger temperature-dependent changes is most
sensitive to the relative magnitude of the enthalpy and en-
tropy values. So, a slight decrease (2.73 kcal/mol) in AH®,
or a slight increase in AS® (0.03 kcal mol ™' K™ "), together
with a smaller C, could turn the TRPV2 P,-T curve into that
of TRPV1 by shifting the temperature for half-activation
(Ty5) by —10°C. Consistently, to convert a heat-activated
channel with an endothermic temperature sensor and Tj s
of ~40°C into a cold-activated channel with Ty s in the
range of known cold-activated channels (20°C and 30°C)
(4,5,15), we have to not only modify L and C, but
also the AH®/AS° ratio has to be slightly (~0.96-fold)
decreased (Fig. 2 D). This same subtle parameter
change was also necessary to fit TRPMS data with TRPV1’s
parameters (Fig. 2, A and B), as seen in the 0.021 kcal mol !
K~ increase in AS® for TRPMS8 as compared to that of
TRPVI.

The simulations in Fig. 2 C show that the minimal P,
values for heat activation are too high or the maximal P,
for cold activation is too low. This is partly due to the fact
that the heating- and cooling-activated halves of each sur-
face share the same intrinsic gating constant L. For example,
for a large value of L, the cooling-activated half of the P,
surface exhibits a large maximal open probability, but the

-100-50 0 50 100 150
Membrane potential, (mV)

C =0.0027
L =0.01

\H/AS® = 290 K AH®/AS® = 321 K

10 20 30 40 50 60
T, (°C)
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FIGURE 2 Experimental TRPV] and TRPMS
data can be described by assuming inverse
coupling in an allosteric model. (A) TRPV1 open
probability versus voltage curves at the indicated
temperatures. (Black curves) Fits from the eight-
state model with the parameters: AH® =
91.13 keal mol ™', AS® = 0.295 kcal mol ' K™,
L=126x 107 K(0) = 3.17 x 1072 Z = 0.9,
C =6.04,D =260, E=092; and T = 298 K
(25°C), 305 K (32°C), or 316 K (43°C). Group
data are shown as mean * SE (n = 5-18). (B)
TRPMS open probability versus voltage curves at
various temperatures obtained from published
data (4). (Black curves) Fits from the eight-state
model with the parameters: AH® = 91 kcal mol !,
AS® = 0317 keal mol ' K™', L = 18 x 107,
K() = 0.15, Z = 0.6, C = 0.022, E = 1.6, and
D = 478. (C) P,-T landscape calculated from the
portion of Fig. 1 (highlighted in black), for different
values of C (twofold multiplicative increments),
L =3 or0.2, AH®° = 90 kcal mol™', and AS° =
0.294 kcal mol ™' K~'. P,-T curves (highlighted
with black circles) correspond to C = 2 and C =
1.68 x 10*. (D) P,-T curves calculated from the
four-state subscheme (Fig. 1, solid characters)
with AH°® = 90 kcal mol ™" and AS°® values of 0.31
(blue) or 0.28 (red) kcal mol ' K.

minimal open probability for the heating-activated half of
the same surface is equally large. These observations indi-
cate that the intrinsic gating equilibrium constant has to
be different for cooling- and heating-activated channels if
their temperature sensitivity depends on an inverted coupl-
ing. However, other factors affecting gating could compen-
sate for similar values of L in cooling- and heating-activated
channels. This may be the case for voltage activation, for
example. For TRPV1, the coupling energy between voltage-
and temperature sensors is significant, as suggested by the
pronounced changes in the channel’s temperature sensitivity
when measured at hyperpolarized versus depolarized
potentials (7). Consistently, the minimal open probability
for heat activation or the maximal P, for cold activation at
a given value of C can be modulated by voltage without
changes in L, by using the eight-state model that incorpo-
rates voltage sensitivity (Fig. 3). The magnitude of this
modulation depends largely on the values of K(0) and D,
the allosteric coupling factor between the voltage sensor
and the gate.

In addition, voltage also changes the slope of the P,-T
curves according to the value assigned to E in the simulation
(Fig. 3), which reflects coupling between temperature- and
voltage-sensors. Furthermore, the data in Fig. 2 A could
be equally well fitted with an E value > 10 (as compared
to £ = 0.92 from the fits in the figure), as long as the
enthalpy change is lowered from 91 to ~20 kcal mol ™!
(and the entropy is also proportionally reduced). This

Biophysical Journal 104(10) 2160-2169
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indicates that the energetic crosstalk between stimulus-
sensing domains could also be a determining factor for
thermo-TRP channel function and for the observed
differences among these channels. In fact, changes in the
magnitude of E can also lead to a switch from cold activa-
tion to heat activation independently of C (data not shown),
underscoring the prominent role that allosteric coupling
can have.

Notably, the surface calculated with the TRPMS parame-
ters (Fig. 3, blue surface) is left-shifted in the temperature
axis as compared to the surface calculated using the
TRPV1 parameters (red surface). As pictured in Fig. 2 D
for the four-state model, this is a consequence of the 1.07-
fold increase in 45° for TRPMS relative to TRPV1, leading
to different thresholds for temperature activation.

Allosteric models for thermo-TRP channel function
consider a single temperature-dependent transition thought
to represent temperature-sensor function. All other transi-
tions are supposed to be temperature-independent (Egs. 3,
a—c). However, all allosteric coupling constants should
have an enthalpic contribution AHcp, usually assumed
to be negligible. The enthalpy associated with this con-
stant includes all interactions that form or break as a
result of temperature-sensor function. It is entirely
possible that AH. in thermo-TRP channels makes a
greater contribution than in other channels. Thus, we
decided to explore the consequences that this may have
on channel function.

By only looking at temperature activation (Fig. 1, black
symbols), assuming a temperature-dependent coupling
term C given by

0 _TASO
7A”C TASC

C(T) = e * (6)

and varying the value for AH°, we generated P,-T surfaces
that exhibit heat- and cold-activation with the same set
of parameters and for each value of AH¢ (Fig. 4 A). This
behavior resembles what is predicted by a two-state
model that includes a significant change in heat capacity be-
tween the open and closed states, a mechanism that was
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FIGURE 3 Switching from heating to cooling-
mediated channel activation through inverse allo-
steric coupling. (A) Open probability landscapes
at —60 mV obtained by calculating P, at different
temperatures and values for the allosteric coupling
constant C using the eight-state model with two
sets of parameters (blue and red surfaces). The in-
crements in the varied parameters were additive for
T (AT = 2°C) and multiplicative for C (factor of
1.3). (Red surface) Parameters obtained from fits

35 To § of the eight-state model to TRPV1 data; also indi-
Teoy © 5 29 cated in the legend in Fig. 1 A. (Blue surface) Pa-

rameters obtained from fits of the eight-state model
to published TRPMS data; also indicated in Fig. 2
B. (B) Same as in panel A with data calculated
at +120 mV.

recently proposed to explain the apparent differences in
temperature sensitivity between cooling- and heating-acti-
vated channels (11).

From a molecular point of view, a large change in heat
capacity or a large value of the AH® of C, is associated
with different physicochemical processes. However, in
terms of the equations that describe a given model, they
might result to be equivalent. To determine the degree by
which a change in heat capacity or a temperature-dependent
allosteric coupling factor differ in terms of the model’s
equations, we analyzed each model’s behavior when tem-
peratures are increased or decreased to extreme values. By
assuming a voltage-independent two-state model with equi-
librium constant K (Eq. 1a), temperature-dependent changes
in enthalpy and entropy (Eq. 2, a and b), and
AH®(Ty), AS°(Ty)>0, the open probability is given by

1

AHO(TO)—AC,;TO) - (ASO(T%)—ACP) - (%1,1 (1

1+€( RT Ty

Po(T) = ) )

For high temperatures (T >> Tj), the open probability is
near 1. When T << T, there are two possibilities: if
AH°(To)>AC,Ty, the first and last exponentials go to +
o, so that the open probability at low temperatures
goes to 0, and the channel is only a heat-activated channel.
On the other hand, if AH®(T,)<AC,T), the first exponential
goes to 0 and the third to + . In this case, by considering
the rates of change for the 1/7 and In(7) terms, which are
1/T* and 1/T, respectively, it can be concluded that the first
exponential dominates, so that the open probability goes to 1
at low temperatures, which would result in increased open
probability upon heating and cooling.

Now for the four-state model with temperature-dependent
allosteric coupling factor C, the open probability is obtained
by substituting Eq. 3, b and ¢, and Eq. 6 into Eq. 5:

AS© (AH°+AH" AS“+ASZ+AS%)
P(T € e\ R R
0( ) - Ao As0 ASO AHOLAHD, ASOHASP+ASRY ©
1 —+ e’(ﬁfT) + eTL + e (T’#)

®)
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A 4-state model
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FIGURE 4 A temperature-dependent allosteric coupling constant C is
sufficient to enable heating- and cooling-mediated channel activation
with the same set of parameters. (A) P,-T landscape calculated from the
four-state subscheme (Fig. 1, solid characters) and additive increments in
AH°c and AS°c, keeping a AH°c/AS°c ratio of 320 K, AH° =
80 kcal molfl, AS° = 0.280 kcal mol™! Kil, and L = 20. C is calculated
for each value of AH ¢, AS°¢, and T from Eq. 6. (B) P,-T landscape calcu-
lated from the eight-state model for different values for the temperature-
dependent constant C, obtained by additively incrementing 7, AH¢, and
AS°¢, with constant AH°/AS°- = 340 K. The parameters that were kept
unchanged are: AH® = 80 kcal mol ', AS® = 0.270 kcal mol ' K™, L =
1 x 1073, K(0)=0.05,Z=0.8, E=10,D=1 x 10°, and V = 150 mV. The
increase in AH°/AS°c with respect to panel A causes a right-shift in the
heat-activated portion of the curve (see Fig. 6). The AH/AS® ratio shifts
the cold-activation threshold.

The resulting expressions for very large and very low tem-
peratures are

Asz (AS" +AS‘L’ +As<é )
T AT
PO(T) |T—> o — Ao a5 (ASO+ASZAASZ*) 5 (93)
l+erm +ex +é 7 —
ASZ
erR
Po(M)lr—g = —=5- ©b)
l+ex

If e*51/R > 1, i.e., L is large, then the open probability at low
temperatures goes to 1. On the other hand, if
ASLIR - o(ASHASIHASE/R) >3 1 4 AS"/R | which is to be ex-
pected if the first condition is fulfilled and all changes in en-
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tropy are positive, then the open probability also goes to 1 at
higher temperatures.

Thus, the low- and high-temperature limits in this model
are determined by a set of constant parameters, whereas in
the case of a change in heat capacity, the behavior at the
temperature extremes is determined by the temperature-
dependent terms of the model that result from the change
in heat capacity. This analysis indicates that there are
different mechanisms, both from a molecular and a mathe-
matical perspective, by which a channel could be activated
by both heating and cooling, and that not all of them involve
a change in heat capacity.

The previous finding is based on results obtained with the
four-state model. To generate channel opening by cooling
and heating, unrealistic values for the model parameters
are required, such as a very large L (L = 20, Fig. 4 A). How-
ever, this may be a consequence of the simplicity of the four-
state model, because it does not consider other sources of
energy. This extra energy could derive from voltage or
from the binding of a ligand, which also drive channel open-
ing and, at sufficient stimulation levels, compensate for a
lower value for the intrinsic gating constant L. For
completeness, we used the full model in Fig. 1 with a
temperature-dependent allosteric coupling constant C, and
determined under what conditions this expanded model
displays the same behavior as that depicted in Fig. 4 A.

Fig. 4 B shows that P,-T curves that rise upon heating and
cooling can be generated with the eight-state model with
more realistic parameter values (L = 1 X 107?) than those
necessary for the four-state model (Fig. 2 A and Brauchi
et al. (4), Matta and Ahern (5), and Yao et al. (7)). This
shows that a putative channel that activates upon heating
and cooling as a cause of this mechanism can be described
by parameter values that are consistent with experimental
results. Notably, activation by both heating and cooling
can be achieved by even relatively small values of 4H°,
(e.g., 4H°, = 11.5 kcal mol '), which are typical of many
molecular processes involving proteins (Fig. 5). Moreover,
the temperature sensitivity of the heating-activated branch
of the surface is independent from the thermodynamic pa-
rameters of the temperature sensor (4H° and 4S°), and is
determined solely by 4H°..

DISCUSSION

It has generally been assumed that separate thermodynamic
phenomena mediated by differentially tuned sensors are
responsible for thermo-TRP channel activation by either
cooling or heating. We show here that activation of cold-
activated receptors could be achieved by a heat-activated
temperature sensor, characterized by positive AH° and
AS° values, given that the following conditions are met:

1. The coupling energy between temperature sensor func-
tion and pore gating (or between temperature- and
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FIGURE 5 Effects of AH°. on the change in open probability by both
increasing and decreasing temperatures for a given set of parameters.
Open probability landscapes calculated at different voltages and tempera-
tures for two sets of values for AH°- and AS°¢ using the eight-state model
(Fig. 1): AH°c = 45 kcal mol~" and AS°c = 0.130 kcal mol ™" K™ ! (blue
surface) or AH°c = 11.5 kcal mol ™! and AS°c = 0.029 kcal mol ' K™!
(black surface). Temperature was additively incremented by 4°C per step,
while voltage increments were of 10 mV. The other parameters used are:
AH® = 90.5 keal mol ', AS® = 0.313 keal mol ' K™, L = 16 x 107,
K(0) =0.16, Z = 0.56, E = 1.42, and D = 476. These parameters were ob-
tained by fitting Eq. 4 with a temperature-dependent allosteric constant C to
the TRPMS data reported in Brauchi et al. (4) and shown in Fig. 2 B.

voltage-sensor function) that is favorable in heat-acti-
vated channels has to be unfavorable in a cooling acti-
vated channel.

2. The free energy of the open states has to be reduced with
respect to its adjacent closed state(s), shifting the gating
equilibrium toward the open state.

3. The channel’s temperature-activation threshold (or alter-
natively the temperature for half-activation) can be fine-
tuned by slight modifications of the temperature sensor’s
AH°/AS® ratio.

In support of this inverted coupling hypothesis is the fact
that there are thermo-TRP channels of the same type, only
from different species, that can be activated either by cool-
ing or by heating. For example, the TRPA1 mouse ortholog
is activated by cooling (15), whereas the same channel from
snakes, frogs, lizards, and drosophila is activated by heating
(21,22,25). Interestingly, experimental evidence suggests
that the N-terminal ankyrin repeats of these channels are
responsible for their temperature sensitivity (9). Given the
considerable amino-acid sequence identity between the
heat- and cold-activated TRPA1 channels (57%), it is
possible that the observed differences result from changes
in the coupling mechanism, and not from differences in
the highly temperature-sensitive conformational rearrange-
ments that underlie thermal activation in these channels.
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Inverted coupling, if it occurs, might not be the general
mechanism that governs whether a TRP channel responds
to cooling or heating. For example, TRPMS8 and TRPV1
share only 11% amino-acid sequence identity. Although
they share gross structural properties, it is expected that
they display considerable differences with respect to struc-
tural details and interactions at the amino-acid level.
Hence, the mechanisms of temperature sensing between
these two channels might depend on different structural
properties, and could in effect be governed by opposing
thermodynamic parameters. However, some degree of sim-
ilarity with respect to temperature-sensing mechanisms be-
tween these two channels is to be expected, because each
channel’s temperature sensitivity can be transferred to the
other by swapping a C-terminal portion between the two
proteins (8). Given that current experimental evidence
argues that TRPV1’s temperature-sensing domain might
be located at the N-terminal portion of the channel (10),
the results with the swapped chimeras would suggest that
coupling can indeed determine temperature sensitivity.
This also suggests that TRPV1 and TRPMS8 channels do
have opposing allosteric coupling machineries, localized
at their swapped C termini, as has been previously pro-
posed in Yao et al. (10).

Interestingly, thermo-TRP channel activity shares some
properties with protein-folding/unfolding processes: activa-
tion by elevated temperature in at least the TRPV1, TRPV2
(26), and TRPV3 (27) channels is accompanied by signifi-
cant hysteresis, which is also a common observation in the
protein-folding field. This analogy does not imply that the
channel (or a part of it) adopts a random coil configuration
when it is activated by temperature, it only suggests that
some of the molecular events that accompany a protein un-
folding reaction, such as exposure of buried residues to the
solvent and the breakage of some intermolecular interac-
tions, might also accompany TRP channel activation by
temperature. Moreover, if it is unlikely that channel heat-
activation occurs through a (partial) unfolding reaction, it
seems even more unlikely that cold activation occurs
through a cold-unfolding reaction at temperatures above
the freezing point of water, which is a very rare phenomenon
among proteins in the first place (28,29).

Also related to the similarities with protein folding/un-
folding reactions is the question of the heat capacity.
Although protein thermal denaturation is usually associated
with large changes in heat capacity, a small conformational
change involving no more than 50 residues, as that hypoth-
esized by Clapham and Miller (11), does not have to be
accompanied by a large change in heat capacity: the expo-
sure of hydrophobic protein regions to water that results in
an increase in heat capacity could very well be balanced
by the exposure of polar protein regions to the solvent,
which reduces heat capacity (30). Notably, little is known
about the changes in heat capacity that occur during normal
protein function.
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An argument against a significant contribution of heat ca-
pacity to thermo-TRP temperature sensitivity is the lack of
evidently parabolic van ’t Hoff plots for channel activation
(1-7), which are normally observed as a direct consequence
of large changes in heat capacity between two conforma-
tional states. However, a van 't Hoff plot might appear to
be linear around a protein’s melting temperature 7,
(AG®°(T,,) = 0) and above, even if both changes in enthalpy
and entropy are significantly temperature-dependent (31).
Then, the apparent linearity in van 't Hoff plots for
thermo-TRP channels is not a good argument against an
important contribution from heat capacity. A stronger argu-
ment would be the lack of evidence for hot and cold activa-
tion of a TRP channel. However, the analysis presented here
shows that even if this were found to happen, other mecha-
nisms apart from large changes in heat capacity could
explain the behavior.

It has been pointed out that the difficulty in observing
cold and hot activation might stem from a large difference
between the thresholds for heat- and cold activation within
a given channel. Interestingly, a 30 cal mol ' K™ ' increase
in AS°cis sufficient to separate the activation by heating and
cooling to such a degree that one of them would lie in an
experimentally inaccessible temperature range (>65°C)
(Fig. 6). Our analysis suggests that an important difference
between the two mechanisms could possibly be detected at
sufficiently low temperatures for TRPV1, or sufficiently
high temperatures for TRPMS: whereas the heat-capacity
mechanism is symmetric in regards to the steepness of the
cold- and heat-activated branches of the P,-T curve, the tem-

AH’/AS ¢ = 350 K

T, (°C)

FIGURE 6 In the four-state model with temperature-dependent allosteric
coupling constant C, a 1.09-fold increase in the AH°/AS® ratio leads to
heating-mediated activation in an experimentally inaccessible temperature
range. P,-T landscape calculated from the four-state subscheme (Fig. 1,
solid characters) and additive increments in AH’ and AS°c, keeping a
AH°/AS® ratio of 350 K (as compared to AH°/AS°- = 320 K in
Fig. 4 A). The model’s parameters were: AH® = 80 kcal mol ', AS® =
0.280 keal mol ' K™, and L = 20.
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perature-dependent coupling mechanism is not, because
each branch is determined by different parameters (4H°,
and 4H°).

An interesting consequence of the ideas presented here is
that temperature gating in thermo-TRPs may be the result of
coupling of conformational changes without much intrinsic
temperature dependence, by a coupling process with tem-
perature sensitivity. Why would the coupling constant, C
in our case, have a significantly higher enthalpy than in
other channels? It is entirely possible that the molecular
events associated with coupling happen to involve large
enthalpy reactions, such as aromatic residue-charge interac-
tions, which might provide large temperature dependence to
the coupling process. A possible scenario is as follows. The
activation of the temperature sensor could have a direct un-
favorable energetic impact on gate opening; for example,
activation of the temperature sensor of a single subunit
could hamper channel activation. A secondary tempera-
ture-dependent transition could follow, possibly in a
different part of the channel responsible for the coupling, es-
tablishing interactions that favor channel opening. For
example, highly cooperative activation of the remaining
temperature sensors could lead to a favorable coupling en-
ergy for channel opening. This could explain the apparently
counterintuitive behavior of the P,-T curves that rise upon
heating and cooling through the action of the same temper-
ature sensor. Interestingly, the bundling up of several moder-
ately temperature-sensitive linearly related transitions has
been previously proposed as a mechanism for temperature
activation in TRPV1 (32,33).

An important final point to consider is the allosteric na-
ture of thermo-TRP channel gating. Even though a compre-
hensive demonstration of allosterism in TRPV1 and
TRPMS has not been achieved, the available evidence is
compelling. Single TRPV1 channel dwell-times are differ-
entially regulated by capsaicin, low pH, or temperature.
Additionally, temperature-independent transitions between
open and closed states indicate that channel opening is
not obligatorily coupled to a high temperature-sensitive
conformational transition (2). TRPV1 macroscopic currents
measured at saturating concentrations of capsaicin or the
more potent agonist resiniferatoxin show that channel
conductance at hyperpolarized potentials approaches a min-
imal voltage-independent value, even when measurements
were conducted at voltages as low as —300 mV for capsa-
icin (7) and —220 mV for resiniferatoxin (5). This behavior
appears to hold for voltages down to —150 mV for very
high temperatures (52°C) in the absence of ligands (7).
This has also been observed in TRPMS8 channels when acti-
vated by menthol at —220 mV (5). Allosterism is also
consistent with the demonstration that membrane depolari-
zation or elevated heat alone are insufficient to fully
activate TRPV 1, because full activation requires the simul-
taneous presence of other stimuli such as capsaicin (5,7).
The same observations have been made for TRPMS
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activation by voltage (4,5). Finally, measurements of the
activation delay in TRPMS after a depolarizing pulse,
which report on the voltage-dependent transitions that
occur before channel opening, suggest that these are tem-
perature-independent, in line with independent mechanisms
for voltage- and temperature-dependent channel activation
(6). Notably, several point mutations and other structural
perturbations in both TRPV1 and TRPMS channels disrupt
the response to temperature without affecting other mecha-
nisms of channel activation (17,32,34), suggesting that the
functional independence between temperature sensing and
ligand binding in these channels also involves structural
independence.

Although allosterism seems to be a valid assumption in
the case of both TRPV1 and TRPMS channels, the eight-
state. model employed here suffers from an important
shortcoming: if the eight-state model with temperature-
dependent coupling constant C applies to the heat activation
of the TRPV1 channel, it would predict that at sufficiently
high temperature, gating transitions should be mostly tem-
perature-dependent. This is contrary to single-TRPV1 chan-
nel measurements obtained at elevated temperatures (2). To
account for this discrepancy, additional states should be
incorporated into the model. For example, it could be
assumed that temperature-sensor activation does not influ-
ence the gating transitions directly, but has an effect on a
closed state that precedes the open state. As shown by the
complexity in the single-channel recordings of this channel,
the eight-state model presented here is certainly an oversim-
plification. However, it is simple enough to allow a detailed
analysis of the consequences for channel function derived
from the mechanism proposed here, which could be equally
applicable to more-complex models.
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