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Mammals maintain homeostatic control of their body temperature. Therefore, these organisms are expected to have
adaptations that confer the ability to detect and react to both self and ambient temperature. Temperature-activated ion
channels have been discovered to be the primary molecular determinants of thermosensation. The most representative
group of these determinants constitutes members of the transient receptor potential superfamily, TRP, which are
activated by either low or high temperatures covering the whole range of physiologically relevant temperatures. This
review makes a critical assessment of existing analytical methods of temperature-activated TRP channel mechanisms

using the cold-activated TRPM8 channel as a paradigm.

Introduction

Living organisms are forced to exist in an environment in
which temperature is constantly changing. Since virtually all
known chemical reactions display temperature dependency, bio-
logical processes are unavoidably affected by this thermodynamic
intensive parameter. Hence, it is advantageous for organisms to
possess adaptive mechanisms or structures that confer them a spe-
cial ability for sensing ambient and potentially dangerous tem-
peratures. If we move up the evolutionary ladder, the more
complex structures and mechanisms for sensing temperature are
found in mammals. The neuronal pathways that participate in
thermosensation of external stimuli in mammals have been well
described." Thermal stimuli excite sensory nerve endings of pri-
mary afferent neurons that project from trigeminal ganglia (TG)
in the head and from the dorsal root ganglion (DRG) of the spi-
nal cord to the rest of the body. Sensory nerve fibers convert ther-
mal stimuli into action potentials that carry information to
integrative centers in the spinal cord and brain. Identification
and characterization of the molecular determinants of thermal

sensitivity in neuronal endings has been an important undertak-
ing in physiology for the past decades.

Propagated action potentials are initiated by a membrane depo-
larization at the nerve ending. Although several mechanisms have
been proposed to explain the membrane depolarization evoked by
cold in different tissues,”  there is a large body of evidence suggest-
ing that cold and warming can promote Ca>" influx into DRG
neurons, which would imply that Ca** channels are involved in
thermosensation.”® In fact, in the last decades several non-selective
cation channels belonging to the transient receptor potential (TRP)
superfamily have been identified as the molecular determinants in
thermosensitive neurons.””'" In addition to thermosensitive TRP
channels, there are other families of proteins involved in thermosen-
sation, such as ANO1 and ANO2 (2 Ca’*-activated CI~ chan-
nels),"? the endoplasmic reticulum Ca®* sensor of store-operated
Ca®" entry STIM1'? as well as several K and Na™ channels,
whose thermosensitivity can modulate the excitability of neurons.”
In addition changes in the intracellular concentration of the TRP
channel modulator phosphatidylinositol 4,5-bisphosphate (PIP2)
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contribute to the temperature detection 77 vive. ™ In this review, we
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attempt to make a critical assessment of the analytical methods of
thermosensitive channel gating, focusing on one of the most exten-
sively characterized members from a biophysical point of view,
namely TRPMS.

TRP Channels

The term TRP channels comes from the discovery of a Dro-
sophila melanogaster mutant strain with an abnormal response to
light. This mutant displayed a transient electroretinogram instead
of a plateau-like receptor potential typically found in the wild
type.'” Because of this phenotype, the mutant was named #p (for
transient receptor potential).16 The Drosophila gene responsible
for the mp phenotype was cloned in 1989 and several alternative
putative functions for the #p gene product were suggested,
including that of a channel or receptor.'” At present, almost 30
trp-related mammalian genes have been cloned, being the major-
ity of them cation-non-selective channels."®

TRP channels are tetramers whose monomers have 6 trans-
membrane spanning segments with the pore region formed by
the fifth and the sixth transmembrane segment. Both the carboxyl
(C)- and amino (N)-terminal are intracellular.'® The TRP chan-
nel family can be divided into 7 subfamilies according to
sequence and function: TRPA (ankyrin), TRPC (canonical),
TRPM (melastatin), TRPN (NOMPC), TRPML (mucolipin),
TRPP (polycistin) and TRPV (vanilloid):**?! The TRPN sub-
family is not found in mammals. The TRP family displays a large
structural diversity, where the main differences between subfami-
lies reside in the nature of the cytosolic tails. Except for TRPM4
and TRPMS5, which are only permeant to monovalent cations,>?
TRP channels are typically Ca** permeable. TRP channels are
polymodal and display variable gating mechanisms (constitu-
tively active channels, voltage-, temperature- ligand- gated chan-
nels). They are expressed in a wide variety of mammal cells,
where they are involved in many physiological functions. Thus,
dysfunction of these channels can cause important acquired or
inherited human diseases.”

TRP Channels as Physiological Temperature Sensors

Temperature sensitivity of a channel may be characterized by
the temperature coefficient Q;9, which is a measure of how many
times the ion channel current increases upon a 10 degrees rise in
temperature. However, to be considered a physiological tempera-
ture sensor the following requirements must be met:"**

1. Steep temperature dependence: Usually expressed as a Q;p
larger than 5 (or less than 0.2 in cold-activated channels) in a
relevant temperature range.

2. Expression in relevant cell types, potentially facing significant
changes in temperature (as sensory nerve endings or
keratinocytes).

3. Underlying the temperature dependency of a physiological
process. In other words, there must be 7z vivo evidence that
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the temperature dependence of the channel determines the
effects of temperature on a physiological process or pathology.

More than 10 mammalian TRP channels meet requirement 1:
TRPA1L,”> TRPCS** TRPM2,” TRPM3,*® TRPM4,”
TRPMS5,”” TRPMS,'” TRPV1,” TRPV2,* TRPV3,” and
TRPV4.%>*? However only some TRP channels meet requirements
2 and 3: TRPV1, TRPM3 and TRPM5, which are heat-activated;
TRPC5 and TRPMS, which are cold-activated.”* TRPALI is a cold
sensor in mice”?*%° but it is a heat sensor in invertebrates and ances-
tral vertebrates” “*2. In humans and monkeys TRPA1 was found to
be insensitive to temperature® however, it is sensitive to cold temper-
atures when reconstituted into lipid bilayers.**

TRPMS8 meet the 3 requirements to be considered a physio-
logical temperature sensor. 1) TRPMS is strongly activated by
cold temperatures,'”*> 2) TRPMS is expressed in DRG neurons
and their projections to the skin.“® 3) TRPM8-deficient mice
show severe deficits in behavioral cold perception.”’~* In addi-
tion TRPMS8 is cold activated when reconstituted in lipid
bilayers, demonstrating that the channel has an intrinsic tempera-
ture sensor.”” However, temperature sensing is complemented 77
vivo with intracellular signaling such as changes of the levels of
the TRPM8 modulator phosphatidylinositol 4,5-bisphosphate,
pIp,. 145!

In this review we will first take a short journey through the
classical mathematical approach to studying thermosensitive
TRP channels followed by a description of the biophysics of
TRPMS. Detailed discussions on molecular mechanisms for tem-
perature activation and about the possible molecular nature of

the temperature sensor can be found elsewhere.’>3

Classical Approaches to the lon Channel
Thermosensation Mechanism

In most reports concerning thermosensitive TRP channels we
found that there are 2 parameters used to measure the channels
thermosensitivity, namely the thermal coefficient Q;y and the
thermal threshold 7. A critical appraisal of these 2 parameters is
given below.

Thermal coefficient (Q;()

The Q¢ temperature coefficient is used to denote the n-fold
increase in rate (o) of a process accompanying a 10°C increase in
temperature, and it is defined as:

ar 410
Qo= —— (1)
ar

Where ot and a1 are the rates of a process at temperatures
Tand T + 10°C, respectively.
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An expression for Q; for arbitrary temperatures 75 and 77 is:

10/(T - T)
O = <%> ()

o

Where o, and «; are the rates determined at temperatures 72
and 771, respectively, and the dimensionless exponent is the ratio
of 10 kelvin over the actual temperature difference. Note that 7,
must be larger than 77 and the difference between them can be
more or less than 10°C.

Equation (2) can be rewritten as:

10In(a /a1)
OQip=e N (3)
Multiplying by UREE lﬂil/ "2 both sides of the equation (3) we
have
10(1/T2 = 1/Ty) | In(ey Jay)
Q10=€W[1/571/T1:| (4)

Note that the quantity between square parentheses represents
the slope 7 of the plot of the logarithm of the kinetic rate versus
the reciprocal of the absolute temperature (Arrhenius plot)
expressed in kelvin:

_In(aa/ay)
"L -1 2

The quantity before the square parentheses in equation (4) is
—10/717, and the product of the absolute temperatures can be
approximated to the square of an average temperature 7:

T, T,T? (6)

So, equation (4) can be rewritten as:

10m

Qe 7)

Equation (7) leads to the calculation of Q;4 at a given temper-
ature, when the Arrhenius plot slope is known. Equation (7) also
tells us that Q1o depends on temperature even for a process char-
acterized by a constant-slope Arrhenius plot. Therefore, it is man-
datory to report Qo together with the temperature of the
determination. Conversely, a process characterized by a tempera-
ture-independent Q;o will have a non-linear Arrhenius plot

Thermal threshold

Another parameter often used to describe channel activation is
the thermal threshold (77), that is, the temperature at which the
channel begins to activate. From an experimental point of view
the thermal threshold is the temperature at which TRP current
reaches a magnitude equal to the background current.?® Later we

will use an example to illustrate the explanation of this parameter.
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The 2-State Model

The simplest classical thermodynamics approach considers
that ion channel activation is well described by a 2-state model,
encompassing an open (O) state and a closed (C) state with an
opening rate o and a closing rate {3:

B
C=0

According to the Eyring rate theory, o and 8 depend on the
height of the energy barrier separating the closed and open states,

which is temperature dependent according to:

— AH, +TAS],

a=Ae T (8)
And,
—ant +7ast
B=de—m— )

Where AH! and AH, ! represent the molar activation enthalpy
and AS} and ASE the molar activation entropy associated with
channel opening and closing, respectively. 7 is the absolute tem-
perature in kelvin. A4 is the pre exponential factor, which can be
assumed to be temperature-independent in the physiological
temperature interval.

Q¢ of rate constants

Using the Q,, definition given in equation (1), and assuming
constant activation enthalpy and entropy we can calculate the
Q¢ value for the activation rate constant:

—AHb
QlO(x = 97+ 10 = eTa(Tlloflr)
) ar

(10)

Since 10 K is small compared to 7, the following approxima-
tion can be used:

T(T+10) ~ T* (11)

Then, by introducing these approximations into equation (7)
we obtain:

10AHL
Qo ~ €1 (12)
In the same way, the Q; value for the closing rate is:
IOAHE
Oio,p = € &P (13)

From equation (8) it can be easily demonstrated that AH i /R
is the slope of an Arrhenius plot of In () vs 1/7; so equation
(12) and (7) are the same thing.
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Some important considerations about equilibrium
conditions

In the 2-state model, the equilibrium constant is defined as
the ratio O/C, the ratio of the probability of finding the open

and the closed state in equilibrium.

o

The equilibrium constant in terms of the change of thermody-
namic variables associated with the close to open transition is as
follows:

K:e—(AHO—TASD)/RT (15)

In this equation, AH’ and AS” are the standard molar
enthalpy and the standard molar entropy of the process. Temper-
ature dependence of Kis determined by AH°, which is the differ-
ence between molar activation enthalpies of the close to open
transition, AH minus the open to close transitionAHé.

AH® = AH] — AH] (16)

This difference between molar activation enthalpies deter-

mines the ratio of the close to open and the open to close Q¢ val-

ues. Combining equations (12) and (13), this Qi ratio is as
follows:

QlO,a
Onop

~ elO(AH§ - AH;)/RTZ

(17)

If the rate constant of the close to open transition grows faster
than the reverse with a rise in temperature, Qg would be larger
than Qyqp, and AH° would be positive. Therefore, the equilib-
rium would be displaced toward the open state upon a K increase
with a rise in temperature, according to equation (16). On the
other hand, the equilibrium would be displaced toward the
closed state when a Qo is larger than Qg s AH’ is negative
and K decreases with a rise in temperature.

A Qo for the equilibrium constant can be defined as K119
/ K. This Q; calculated from equation (15) assuming that AH°
and AS° are independent from temperature is shown in equa-
tion (18):

0 Kri1o ¢
W0K=—F— =
y KT

—AH0( 1 L) 10AH0
R \T+10 T) =~ ¢ rr?

(18)

By combining equations (16), (17) and (18) an important
relationship emerges:

QIOA,O(
O

Ok = (19)

The open probability (Pp) is defined as Po = O/(O + C), and

is given by the following equation in terms of the equilibrium

www.tandfonline.com

constant:

o 11
S 0+C 1+C/O 1+4+K7!

Po (20)

The open probability tends toward 1.0 for large values of K]
and Po tends toward 0 for small K values. In the limit of very low
probabilities Po tends toward Kj therefore Q4 x can be obtained
from a Q¢ calculated as the ratio of the open probabilities having
measured a 7+ 10 and 7 in the regime of low Po.

Qro.poti,, o = Qlok (21)

Some important experimental issues

Sensu stricto, Q19 should only be used to describe the effects of
temperature on the rate of a process. In the case of ion channels
this quantity is the rate of electric charge transport across the
channel, i.e. the ion current. Note that the current / passing
through ion channels is proportional to the product between the
open probability and the unitary channel conductance g;:

Irrp = NPogi(Vin — Vi) =PoG(Vin — Vi) (22)

Where V is the number of channels, and G is the total con-
ductance, V,, is the membrane electric potential and V; is the
inversion potential. As any physical process, the unitary channel
conductance is temperature dependent. However, the Q,, of g; is
low and about 1.5.°°° Then, the relation between the unitary
conductances at 2 different temperatures is:

8i2 L-n
= — Qlo,gi 10

gt,l

(23)

In addition, when determining the channel temperature
dependence of thermosensitive TRP channels in, for example, a
neuron, there are endogenous conductances and leak currents,
which are necessary to consider. We will name the sum of these
currents the “heat-activated background current” (/,,) with low
temperature dependence (Q;,5, = 2):

n-n
Ibg = Ibg,lQlO,bg 10 (24)
Let us assume that we have a membrane patch containing
heat-activated TRP channels (Q;, = 30) with a maximal conduc-
tance of 10 nS at 50°C and 7, = 0.5 nS. Under these experimen-
tal conditions we apply a temperature ramp from 0°C to 50°C
with the membrane voltage fixed at 100 mV. Then, the total cur-
rent can be written as:
Ir =1Irrp +Ipg (25)
The I vs. temperature curve is shown in Figure 1A. By plot-
ting the logarithm of 77 vs. the reciprocal of temperature

Temperature 191
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calculated from the slope of the data in B versus the temperature reciprocal

line: total Q;0 obtained from the product between Q;4, k and Q;q, 4; at 25°C).

Figure 1. Determination of Q;, and the thermal threshold in a typical heat-activated TRP channel. (A) Simulation of a patch clamp recording of a
membrane where a heat activated TRP channel is expressed. Parameters: Maximal conductance = 10 .S (at 50°C), Temperature ramp: from 0°C to 50°C.
Q1ox = 30, Q;, gi = 1.5 Qj0, bg = 2, conductance of background = 0.5 nS (at 50°C). (B) The same data as in A represented as the logarithm of the current
(without units) vs. the reciprocal of the temperature (red line: TRP current; gray line: background current; pink line: total current changing because the
temperature dependency of the unitary current if the open probability was the same as that at 50°C; black line: the total current). (C) The apparent Q,

between Q;, x and Qyq, 4 at 25°C). (D) Results of a simulation as in A except that the maximal conductance of the TRP channels is 100 S (at 50°C). (E)
The same data as in D represented as the logarithm of the current vs. the reciprocal of the temperature (red line: TRP current; gray line: background cur-
rent; pink line: total current changing because the temperature dependency of the unitary current if the open probability was the same as that at 50°C;
black line: the total current). (F) The apparent Q;, calculated from the slope of the data in E versus the temperature is represented by the black line (red

is represented by the black line (red line: total Q;, obtained from the product

(Fig. 1B), an apparent Q;, for each temperature can be calculated
from the curve slope using equation (7), as shown in Figure 1C.
It can be observed that by using this method we underestimate
the actual Q;y of the thermosensitive TRP channel. Figure 1C
shows that at low temperatures, where the TRP channels are
closed, the Q;y approaches that of the background current as
expected. At higher temperatures the Q;y vs. T curve reaches a
maximum of around 26 at 32 °C and then falls to the unitary
channel conductance Q;4. Thus, the TRP channel Q; is grossly
underestimated when this approach is used, because the actual
Qo of the TRP channel is the product of Q;ox and Qo
(Q;p = 45). The procedure fails because at the limit of very low
open probability, where the TRP Q can be calculated from the
slope of the Arrhenius plot, the recorded current is mainly back-
ground current. The apparent Qo at low temperatures corre-
sponds to the background current. At higher temperatures the
TRP current becomes detectable and the apparent Q rises, but
the TRP channels are far from the limit of very low open proba-
bility and equation (21) is no longer valid. At even higher tem-
peratures, when TRP channels are fully open, Po becomes
temperature independent and the apparent Qo approximates
that of the open channel conductance. The same caveats that
apply to the Qo obtained from temperature ramps are valid
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when calculating Qs from conductance vs. voltage curves at dif-
ferent voltages and at 2 different temperatures (Yang and
Zheng)Sh. In particular, large errors in the determination of the
Q10 may arise in the neighborhood of 0 mV.

At temperatures less than 30°C in the particular example
shown in Figure 1B, the Arrhenius plot can be described as the
sum of 2 tangent straight lines. The thermal threshold is defined
as the temperature at which the tangent lines intersect,”* namely
when the TRP current equals the background current. This value
is about 33°C in the example displayed in Figure 1B. However,
if TRP channel expression is higher as in Figure 1D, the thermal
threshold is found at a lower temperature (Fig. 1E) and the Q,,
is more accurately determined (Fig. 1F). As can be appreciated in
Figure 1F, the determination of Qo, although closer to the true
value, is again underestimated. From the previous analysis, it can
be stated that using Q; and the thermal threshold to describe
the TRP channel has to be with caution because both values are
strongly influenced by the experimental conditions, such as mag-
nitude of the background current and the number of TRP chan-
nels in the membrane.

More striking is the case of a cold-activated TRP channel
(Fig. 2). The currents in Figure 2A are simulated in the same
conditions as 1A, except that he sign of the enthalpy change is
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Figure 2. Determination of Q;, and the thermal threshold in a typical cold-activated TRP channel. (A) Simulation of a patch clamp recording of a
membrane where a cold activated TRP channel is expressed. Parameters: Maximal conductance = 10 p.S (at 0°C), Temperature ramp: from 0°C to 50°C.
Qiox = 1/30, Q1g, gi = 1.5 Q1g, by = 2, conductance of background = 0.5 nS (at 50°C). (B) The same data as in A represented as the logarithm of the cur-
rent vs. the reciprocal of the temperature (red line: TRP current; gray line: background current; pink line: total current changing because the temperature
dependency of the unitary current if the open probability was ever the same as that at 0°C; black line: the total current). (C) The reciprocal of apparent
Q; calculated from the slope of the data in B versus the temperature reciprocal is represented by the black line (red line: reciprocal of Q;, obtained
from the product between reciprocals of Q;q, x and Qyq, 4). (D) Results of a simulation as in A except that the maximal conductance of the TRP channels
is 100 WS (at 0°C). (E) The same data as in D represented as the logarithm of the current vs. the reciprocal of the temperature (red line: TRP current; gray
line: background current; pink line: total current changing because the temperature dependency of the unitary current if the open probability was the
same as that at 0°C; black line: the total current). (F) The reciprocal of apparent Q;, calculated from the slope of the data in E versus the temperature
reciprocal is represented by the black line (red line: reciprocal of Q;, obtained from the product of reciprocals of Q;4, x and Q;q, g)).

negative. Interestingly, the current curve vs. temperature curve
has a biphasic behavior, because while the opening probability
increases with lower temperatures, the unitary conductance dis-
plays the opposite behavior. At low temperatures (10°C) all chan-
nels are open, Po is temperature independent (close to 1.0) and
the slope of the current vs. 7 curve is determined by the tempera-
ture dependence of the unitary conductance. It should be recalled
that the Q;y values obtained from the Arrhenius plot (as in
Fig. 2B) represent values less than 1 for cold activated channels,
and for clarity we have plotted the reciprocals of the calculated
Qo values (Fig. 2C). The TRP current is not detectable at higher
temperatures when approaching the limit of low Po, because of
the background current. At high temperatures the apparent Q,,
is that of the background current. Similarly to the heat-activated
channel case, when cold-activated TRP channel expression
increases (Fig. 2D), the thermal threshold changes (cf., Fig. 2B
and 2E) and the Q;, approaches the expected value.

In sum, the experimental approach described here to obtain
Q10 and the thermal threshold gives unreliable results. The Q,,
values are underestimated and the thermal threshold is strongly
dependent on the experimental conditions. The key for a success-
ful determination of Q4 is to be able to distinguish the TRP

www.tandfonline.com
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current from the background current in the limit of very low Po.
This can be done by detecting single channel events using noise

analysis in membranes with many channels, as in Raddatz et al.>®

The voltage-dependent 2-state Kinetic Model

Most thermosensitive TRP channels are also voltage-depen-
dent and it is expected that depending on the characteristics of
the energy landscape both rate constants should be voltage-
dependent according to the following equations:

— At} + 7S] +anziy
a=Ae RT

(26)
And,

- AH;; + msg T (1= x)8:FV
R 27)
Where z is the gating charge, 8 is the fraction of the electric
field, F is the Faraday constant and V'is the membrane voltage.
Using a similar procedure as in the previous section
(equation 13) it is possible calculate the Q; value of the opening

193



rate by using the following equation:

IO(AHg{ — X8zFV)
RT2

O~ e (28)

and the Q; value for the closing rate is given by the relation:

IO(AH; —(1=x)82FV)
RT2

Oupre (29)

Similarly, it can be calculated that the Q;y value from the
equilibrium constant is equal to the Q; value from the limiting
slope of the Pp, and it is the ratio between the Q¢ of the rates:

10(AHO —z8FV)
RT?

Oho
O10.Pom 0 = Q10K =—— =€

0
Orop (30)

Then, Q;¢ can be determined from the van’t Hoff plot slope
as shown in Figure 3C. Note that for this model there is a family
of van’t Hoff curves because there is a different InK'vs. 1/7 curve
for each voltage.

The open probability can be written as follows:

1

— AH 4+ TAS — z5FV.
RT

Po= (31

1+e

Then, there is a family of P, vs. V curves, depending on
the temperature at which this curve is determined as shown
on Figure 3A. Semi-logarithmic plot shown on Figure 3B
illustrates that at extreme negative voltages a constant limiting
slope is reached according to equation 31 (Fig. 3A and 3B).

In this model, the open probability can be rewritten as
follows:

1

w

Po=
1+e( RT

(32)

Where V}, is the voltage at which the half maximal activa-
tion occurs. By combining equations (31) and (32) it is pos-
sible to show that V), changes linearly with temperature
according to:

AH® — TAS®
z6F

So, AH’ and TAS® can be calculated from the intercept and

the slope of a linear fit to experimentally derived V), values in

Vi= (33)

function of temperature, as shown in Figure 3D.
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Figure 3. The 2-state model. (A) Conductances vs. voltage curves of a cold-activated channel with voltage dependence. Parameters: AH® = —60 kJ/mol,
AS® = —200 J/Kmol, 28 = 0.5; temperatures: from 0 to 50°C in 5°C steps (blue-like curves represent colder temperatures and red-like curves representing
warmer temperatures). (B) Same data in A plotted in a semilogarithmic graphic. (C) The van't Hoff plot family from data in A at several voltages (—200,
—100, 0, 100, 200 and 300 mV, the darker line representing the most positive membrane voltage). (D) The half activation voltage versus temperature

curve for the data in A.
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Thermosensitive TRP channels and the change of molar
heat capacity

Clapham and Miller””® suggested that AH° and AS° are not
constant with temperature and that gating of thermosensitive
TRP channels involves large changes in molar heat capacity. The
relationship between change of molar heat capacity (AC,) and
the AH” and AS® associated with channel opening is given by the
modified Gibbs-Helmhotz equaltions:58

AH(T)=AH{ +AC,(T — Ty) = (AH) — AC,Ty) + AC,T
(34)
ASY(T)=ASy + AC,In(T/Ty) = (ASy — AC,InTy) + AC,InT
(35)

In these equations, AH and AHS] are the differences in stan-
dard molar enthalpy and entropy, respectively, between the open
and the closed states of the channel at temperature 7.

Interestingly, equation (34) predicts that there is a tempera-
ture at which AH® = 0:

AH]
Tag—0=To— —~

AC, (36

It is evident from equation (18) (see also Latorre et al.”>?) that
all what is needed in order to have a temperature-activated chan-
nel is a large AH®. At T'= Ty the channel is temperature insensi-
tive and above or below 7 the channel may be heat or cold
activated, according to the AC, and AHS sign (equation (30)).
However, there is no experimental evidence of cold and heat acti-
vation in thermosensitive TRP channels to support that the gat-
ing of thermosensitive TRP channels involves a large change in
molar heat capacity’®*®* Conversely, a quasi-linear relation has
been found between In(X) and /7 indicating that the AHC of
thermosensitive TRP channels is approximately constant at least
in the physiological range. This would imply that thermosensitive
TRP channels undergo a small change in molar heat capacity
associated with channel opening.

Evidences for more complex models

Thus far we have focused on the study of thermosensitive ion
channels as a 2-state system, but this type of approach failed to
adequately describe the behavior of TRPMS, which is a widely
studied cold-activated TRP channel.’®¢%:¢>¢6 Equation (32) for
the 2-state model predicts that Po = 1 if the membrane is suffi-
ciently depolarized (Fig. 3A). However, it was found that the
maximal open probability may be less than 1.0 and it is tempera-
ture-dependent in TRPM8.°**® This finding can be explained
with a sequential scheme including 2 closed states and one open
state, where the last transition between closed and open states
would depend on temperature, but would be voltage indepen-
dent. In addition, TRPMS8 V), fails to be a linear function of T as
predicted by equation (33), since it tends to saturate at low and
high temperatures.’®>’ Also, the existence of 2 exponential com-
ponents upon the decay of the deactivation time course is
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incompatible with the 2-state model, which predicts a monoex-

ponential decay for the

56,60

activation of the open-closed
transition.

Allosteric Models for Thermosensitive
TRP Channels

The term allosteric (a¢Ahoo = other, different; otepeos =
solid, object) was introduced by Monod and Jacob®” to propose
a rational mechanism for the observed cooperativity in
hemoglobin’s oxygen binding. In the field of thermosensitive ion
channels, allosteric models assume the existence of specific
domains of the channel acting as thermosensitive modules and
can transit between an activated and a resting state in response to
temperature changes. In these types of models this activation is
allosterically linked to the pore opening.®”*%®%8%% Allosteric
models were introduced for ion channels to explain voltage and
calcium activation of the large conductance calcium activated
potassium channel.®®”°

Allosteric models assume that the temperature sensors and the
channel pore gate are separate parts of the protein structure.
Brauchi et al.””" demonstrated that the temperature sensor of
TRPMS8 and TRPMV1 is located on the C-terminal domain.
They interchanged the temperature sensitivity of TRPMS8 and
TRPV1 by swapping the C-terminal of the cold activated
TRPMS8 with that of the heat activated TRPV1, generates an
interchange of temperature activation phenotype. PIP2, but not
temperature sensitivity, disappears when positively charged resi-
dues contained in the exchanged region are neutralized.** Fur-
thermore, they find that the deletion of 11 amino acids in this
region of TRPMS8 abolished the temperature sensitivity without
affect the voltage activation.”” These observations support the
concept that the PIP2 biding site, temperature sensor, the voltage
sensor and the channel pore gate are separate parts of the protein
structure.

The dual allosteric coupling model for TRPMS8

The model was used for TRPM8 and describes the channel
as having 3 modules, which undergo 3 separate 2-state equilibria
that interact allosterically with each other. These modules are the
voltage sensor, the temperature sensor and the conduction pore
(Fig. 4A). The conduction pore can have 2 alternative states:
open (O) or closed (C). The equilibrium constant L of the chan-
nel is shown in equation (37):

o

This equilibrium constant is assumed to be independent of
temperature and voltage, and determines the lower limit of the
open channel probability.

The temperature-dependent equilibrium X constant for the
resting (R7) and the active (A7) states of the temperature sensor is
voltage independent, as shown in equation (38). This is the
expression for the temperature sensor when the channel is closed
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Figure 4. The allosteric models for the TRPM8 channel. (A) Schematic representation of the 2-tiered allosteric model proposed by Brauchi et alf® (B)
Open channel probability vs. voltage curves of a cold-activated channel calculated using the model proposed by Brauchi et al. Parameters: AH® = —200
kJ/mol, AS® = —740 J/Kmol, z;=0.6,C=3047,D=1000, V;, ;=81 mV,L =144 x 1074 temperatures: from 0 to 50°C in 5°C steps (the blue curve repre-
sents the coldest temperature and the red curve represents the warmest temperature). (C) The same data in B plotted in semilogarithmic plot. (D) Sche-
matic representation of the 2-tiered allosteric model proposed by Raddatz et al.>® (E) Conductances versus voltage curves of a cold-activated channel
using the 2-tiered model proposed by Raddatz et al.>® Parameters: AH° = —79 kJ/mol, AS° = —292 J/Kmol, z; = 0.37, C = 52.3,D = 2.3, E = 60, V},, =
234 mV, L = 4.3 x 10”2, temperatures: from 0 to 50°C in 5°C steps (the blue curve represents the coldest temperature and the red curve represents the
warmest temperature). (F) The same data in (E) plotted in a semilogarithmic plot. (G) Schematic representation of the 3-tiered allosteric model proposed
by Raddatz et al.>® (H) Conductance vs. voltage curves of a cold activated channel using the 3-tiered model proposed in (G). Parameters AH® = —125 kJ/
mol, AS® = —435 J/Kmol, z, = 0.35,C=1.1,D = 7.7, E =30, F = 1.36, G= 3.8, V},, = 267 mV, M = 2.5 x 10~* L = 0.015, Temperatures: from 0 to 50°C in
5°C steps (the blue curve represents the coldest temperature and the red curve represents the warmest temperature). (I) The same data in (H) plotted in

and the voltage sensor is in the resting state:

_AHO A50
AHT+TAST

Ar
— =e RT

K= % (38)

The voltage-dependent equilibrium constant for the resting
(Ry) and the activated (Ay) states of the voltage sensor is shown
in equation (39). This is the expression for the voltage sensor
when the channel is closed and the temperature sensor is in the
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resting state. / is the equilibrium constant at 0 mV

Ay 8FV
= Ry =

J (39)

Activation of either the voltage or temperature sensor affects
the pore opening. For example, when the voltage sensor is active,
the equilibrium constant of the pore is multiplied by the alloste-
ric factor D. When the temperature sensor is active, the equilib-
rium constant is multiplied by the allosteric factor C. When both
sensors are active, the equilibrium constant for the close to open
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transition is the product of LCD. When both sensors are resting,
the equilibrium constant for channel gating is L.

The equation for the open probability at any temperature and
any membrane potential is:

1

= 1+ 1+J+K+JK
L(1+JD+ KC + JKCD)

P (40)

Brauchi et al.° modified the original Horrigan and Aldrich
model”® by substituting the Ca®* binding present in the alloste-
ric model for the BK channel with temperature sensor activation.
In this case there is only one voltage sensor, which contrasts with
what is assumed in the model put forth by Horrigan and
Aldrich,”® which considers 4 voltage sensors and 4 Ca’" sensors,
based on the homotetrameric structure of the BK channels. In
addition, the interactions between temperature and voltage sen-
sors were not included. The model produces a family of P, vs
voltage curves as shown in Figure 4B. When the same data was
plotted in a semilogarithmic plot, the curves were not straight
lines at very negative voltages, as can be appreciated in
Figure 4C, cf. Figure 3B which was plotted for the voltage-
dependent 2-state kinetic model. Moreover, the open channel
probability becomes voltage-independent at extreme negative
voltages. Parameters used to plot Figure 3B and C were taken
from Brauchi et al.®

This model assumes that activation of either sensor would
additively change the standard molar free energy difference of the
C-O transition and can reproduce the steady-state behavior of
TRPMS in a wide range of conditions. One of the highlights of
this model is that the allosteric linkage between activation of any
sensor and the pore opening predicts that temperature (or volt-
age) sensor activation is not strictly necessary for channel opening
and that these stimuli can act independently from each other.
When both sensors at rest the equilibrium constant for the close
to open transition is L = 4.4 x 10~%, which implies an open
channel probability, Po = 4.4 x 10™% When the voltage sensor
is fully activated and the temperature sensor is at rest the equilib-
rium constant is LD. With D = 1000, Po = 0.30. When the
temperature sensor is fully activated and the voltage sensor is at
rest the equilibrium constant is LC. With C = 3047, Po = 0.57.
When the temperature and sensors are fully activated the equilib-
rium constant is LCD and Po = 1.0. In this model with the val-
ues assigned to Z, Cand D neither temperature nor voltage alone
can fully activate the channel. The model assumes that there are
independent domains within the channel structure that behaves
as a temperature and voltage sensor in thermosensitive TRP
channels that would be able to convert thermal or electric energy
into mechanical work in order to open the channel.

Enthalpy and entropy changes associated with TRPM8 tem-
perature sensor activation were both negative, as expected from
the discussion of the 2-state model AH® = —200 kJ/mol, AS® =
—740 J/Kmol, and the allosteric coupling factor is 3047 How-
ever, the same effect of temperature on open channel probability
would be obtained with positive enthalpy and entropy changes, if
the allosteric coupling factor C was 1/3047, such that the channel
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closes when the temperature sensor gets activated. This point was
raised by Jara-Oseguera and Islas’* and Yao et al.®*

The thermodynamic analysis contains information richer than
the temperature factor Qo which can be calculated from AAH°
obtained for temperature sensor equilibrium constant, using
equation 18. The Q; calculated for the enthalpy change of
—200 kJ/mol is 15. The large enthalpy change of —200 kJ/mol
implies a large molecular rearrangement involving the creation of
many non-covalent bonds during channel opening. The large
enthalpy change is compensated by a large negative entropy
change of —740 J/Kmol, The ratio AH/AS® is the temperature
at which the temperature sensor is half-activated., provided the
voltage sensor is at rest. In this case this temperature is —3°C.
The magnitude and sign of the entropy change is consistent with
an open channel state which is more ordered than the closed
state.

Raddatz et al.>® compared the goodness of a global fit to the
“one sensor” model with a global fit to a 2-tiered 4-voltage and
4-temperature sensor model (Figure 4D-F plotted using the
parameters reported by Raddatz et al.>®). This model works bet-
ter in describing the equilibrium results than the Brauchi et al.
model®® specially on the open channel probability at very nega-
tive voltages (Fig. 4F). In addition, the sum of the square resid-
uals was 3.1 for the Brauchi et al. (2004) model®® and felt to 2.1
in the case of the Raddatz et al. (2014) model.’® However, there
are some kinetics results that cannot be explained by this alloste-
ric model, as we discuss in the next section.

The three-tiered allosteric model for TRPM8

The TRPMS time course of deactivation is not a first order
process, and a 2 exponential decay is necessary to describe its
time course. A double exponential time course for deactivation is
predicted in a Cy-C;-O kinetic scheme, in which the forward rate
in the C-O transition is different from zero.”> These transitions
are described by the equilibrium constant A and L as shown in
the model depicted in Figure 4G and in equations (41) and (42):

C

M=— 41
G, (41)
0

L=— 42
c (42)

The voltage sensor and the temperature sensor operate in the
same way as in the 2-tiered allosteric model. The equilibrium
constants for the resting (R7) and the active (A7) states of each
temperature sensor and each voltage sensor are identical to equa-
tions (38) and (39), respectively.

Similarly, the activation of one module affects the other. For
example, the activation of one voltage sensor multiplies M and L
equilibria by allosteric factors D and F, respectively. The activa-
tion of one temperature sensor multiplies A/ and L by allosteric
factors C and G, respectively. E is an allosteric factor that
describes the interaction between both sensors.
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The equation for the open probability at any temperature and
any membrane potential is:

1
1+L( 1+J+K+JKE )4
ML\ 1+ JDF + KCG + JDFKCGE
1 1+JD+KC+JDKCE \*
I (1 +JDF + KCG + JDFKCGE)

Py = (43)

This model produces a conductance vs voltage curves as are
display if Figure 4H-I plotted using the parameters reported by
Raddatz et al.’® The activation of both sensors additively affects
the standard molar free energy of the Cy-C; and C;-O transitions
and can reproduce the steady-state behavior of TRPMS8 in a wide
range of conditions. Even though the fit to the experimental
steady state does not improve compared with mode of
Figure 4D, this model is able to account for the complex channel
kinetics.

Conclusions

The classical approaches used to describe the thermosensitivity
of ion channels consist of 2 parameters: the thermal coefficient
Q0 and the thermal threshold. We have shown that both param-
eters must be used with extreme caution because obtained values
are strongly dependent on the precise experimental conditions.

Within the thermosensitive proteins in mammals, the TRP
channels represent a very extended and important family. We
have focused on a well-studied thermosensitive TRP member,
namely the cold-activated TRPMS8 channel, which has been
extensively studied in terms of mathematical modeling of tem-
perature and voltage coupling to the channel gating. Evidence
has been presented in support of the inadequacy of the classical
2-state or linear sequential models, in which voltage and temper-
ature sensors are strictly coupled to the pore domain, as they fail
to describe the complex behavior of the gating of this channel. In
contrast, allosteric models have more accurately described
TRPMS gating, possibly posing a general rule for all polymodal
TRP channel receptors.
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