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The Markov state model (MSM) is a popular theoretical tool
for describing the hierarchy of time scales involved in the
function of many proteins especially ion channel gating. An
MSM is a particular case of the general non-Markovian model,
where the rate of transition from one state to another does not
depend on the history of state occupancy within the system,
ie. it only includes reversible, non-dissipative processes.
However, an MSM requires knowledge of the precise
conformational state of the protein and is not predictive when
those details are not known. In the case of ion channels, this
simple description fails in real (non-equilibrium) situations, for
example when local temperature changes, or when energy
losses occur during channel gating. Here, we show it is possible
to use non-Markovian equations (i.e. offer a general description
that includes the MSM as a particular case) to develop a
relatively simple analytical model that describes the non-
equilibrium behaviour of the temperature-sensitive transient
receptor potential (TRP) ion channels, TRPV1 and TRPMS. This
model accurately predicts asymmetrical opening and closing
rates, infinite processes and the creation of new states, as well
as the effect of temperature changes throughout the process.
This approach therefore overcomes the limitations of the MSM
and allows us to go beyond a mere phenomenological
description of the dynamics of ion channel gating towards a
better understanding of the physics underlying these processes.

1. Introduction

Proteins are the nanoscale orchestrators of life, performing diverse
Electronic supplementary material is available

online at https://doi.org/10.6084/m9.figshare.c.
6793619.
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functions in our body. An example is their ability to regulate the
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Figure 1. (a). Temperature sensitivity of different members of the TRP channel family. Schematic of the set-ups of two- (b) and
three-state models (¢d) with time-dependent opening and closing rates. Each case represents a different situation predicted by a
Markovian model.

selective movement of ions such as Na™ and K* across biological membranes as part of the complex
processes that control all forms of cellular electrical activity, especially the function of the heart and
nervous system. A critical step in this process is the ability of specific protein pores or ion channels to
change shape between their conductive and non-conductive forms. This ‘gating’ process allows them
to regulate ion movement and couple it to a wide range of cellular signalling pathways [1].

Markov state models (MSMs) and their application to the conformational dynamics of biological
systems [2] provide a theoretical approach that can describe kinetically relevant states and the rates of
interconversion between them. Using this approach, many different types of protein conformational
changes can therefore be examined [3,4]. By stitching together a set of individual, short molecular
simulation trajectories, MSMs provide a summarized view of the ensemble of spontaneous
fluctuations exhibited by proteins at equilibrium [5,6], meaning that certain molecular information
can be lost. An MSM is a particular case of the more general non-Markovian model. The term
‘non-Markov’ process or model covers all stochastic (random) processes with the exception of the
small minority that can be described using the ‘Markov property’. In a MSM, the transition from one
state to another depends only on the relevant transition rate from one state to the next, and does
not include any history of state occupancy within the system, i.e. it only includes reversible,
non-dissipative processes. The Markovian restriction is therefore useful because it facilitates a
mathematical description of the process, but does not always fully describe the process being studied
[7]. A particularly important limitation is that a MSM cannot describe the effect of temperature on a
process [8]. In humans, the detection of both hot and cold temperatures by sensory neurons involves
specialized temperature-sensitive ion channels such as members of the transient receptor potential
(TRP) family of channels [9]. The temperature sensitivity of these different channels spans the entire
environmental range from noxious cold (less than 15°C) to injurious heat (greater than 42°C) [10,11]
(figure 1a) and allows the body to respond to a wide range of environments. One such example
is TRPV1, which, as well as being activated by acidic pH and several chemical ligands, is also activated
by supraphysiological temperatures (greater than 42°C). Interestingly, capsaicin, one of the active
ingredients in chili peppers, is a natural agonist of TRPV1 and one of the main reasons that foods
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containing chili taste ‘hot’. Another example is TRPMS, which has an opposite temperature activation B
profile to the TRPV1 being activated by decreased temperatures and by the natural agonist, menthol [9].

The structure of many different thermosensitive TRPs have now been solved in a variety of
conformational states [12,13], but the molecular mechanisms that underlie their temperature-dependent
regulation remain unresolved [12]. It has been proposed that gating-associated conformational changes
result in changes in the heat capacity of the channel protein [14] and studies that are more recent have
proposed a structural basis for the activation of TRPV1 by elevated temperature [15]. However, a
mechanism that explains their activation by both hot and cold temperatures so far remains elusive.
Undoubtedly, the rapid advances being made in CryoEM will provide important insights into the
underlying structural basis of TRP channel gating, but the development of such hypotheses also relies
upon the ability to compare such structural models of gating with accurate kinetic models derived from
measurements of channel activity at different temperatures.

To address the limitations of the Markovian description, we propose a general non-Markovian model
and demonstrate that this model can be solved analytically and used to model the behaviour of TRPV1
and TRPMS8 channels. This non-Markovian approach provides a theoretical framework for
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understanding the non-equilibrium thermodynamic activity of these channels, a new approach to
understanding the physics of ion channel gating.

2. Results

2.1. Thermodynamic and kinetic limitations of the Markovian description
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As with many types of proteins and ion channels, the kinetics of TRPV1 and TRPMS8 gating are often
described using MSMs [16,17]. These Markov models are a simplified phenomenological
representation of dynamic processes (e.g. channel gating) described quantitatively by a set of discrete
states as they transition over time from one state to another. MSMs are common in the context of
modelling ion channel activity as they switch between different conductive and non-conductive
conformations such as those shown in figure 1b. In such models, the complexity of real channel
dynamics is reduced to a set of different kinetic states that represent discrete conformational states
that a channel assumes at any given time. A number of rate constants are then used to define the
equilibrium transitions between these different states [18].

However, in a MSM, the transition from one state to another does not take into account any history of
state occupancy within the system, and so cannot predict realistic, non-equilibrium dynamics. MSMs also
fail to account for irreversible processes such as temperature changes or energy dissipated during channel
gating [7,19-21]. More profoundly, the simplicity of MSMs limits the information that can be extracted
and so they fail to be predictive unless the time-dependent conformational dynamics of the channel
are known in detail. The principal shortcomings of a Markovian description of channel dynamics can
therefore be summarized as follows:

(i) MSMs require detailed knowledge of the structural changes that underlie the different kinetic
relationships between states, and are traditionally expressed as arrows connecting these states (figure 2).
(i) As a result, MSMs do not make full use of experimental datasets because to use them, rather
than comparing the data with the predictions of the model, the data must be forced on to
the model [7,22]. Revealing the structure of a protein or a channel such as TRP does indeed
show something very tangible [23], but it lacks a description of an energy state, or an exact
number of states between one state and another. Although this limitation is possible by
MSM, the number of states is limited and requires a longer calculation. In the case where
there are fewer independent observations than parameters, MSMs are also not unique, meaning
that many different models can fit the data [24,25]. For example, as shown in figure 2b, when
there is more than one closed state in a system, six rate coefficients are required to define the
model, but only four independent parameters are determinable from the data [7]. The same
scenario also occurs in the two-state system (figure 2a). The problem is usually solved by
introducing symmetry within the system, i.e. certain rates are assumed to be identical and
parallel, or by obtaining orthogonal information via additional experimental approaches [7].
(iii) MSMs assume that transitions occur from a finite number of states, whereas, in reality, there are
likely to be several intermediate states [26], as well as fluctuating rates [27] and /or strong memory
effects. However, when a system dissipates energy, it can never return to the exact same state as
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Figure 2. Heat sensitivity of the TRPV1 (a) and TRPM8 (b) channels. The electrophysiological dataset for TRPV1 was donated by Avi
Priel (Hebrew University of Jerusalem, Israel) and for TRPM8 by Jorg Grandl (Duke University, USA). These standard datasets of
channel thermosensitivity were obtained as previously described for these channels [36,38]. Conductance—voltage (G-V)
relationship of the plateau current for the wild-type TRPV1 and TRPM8 channels at different temperatures (average conductance
at +80 mV and + 160 mV as a function of temperature).

before because that state is now energetically different [28,29]. For example, in the two-state model
in figure 1o, when the open channel returns to the closed state, since this process is energy-
dependent, it can never assume the exact same closed state it was in before; it must therefore
become a different (albeit similar) closed state [7,20,30].

(iv) Finally, the classical Markovian equation describing channel kinetics normally assumes a constant
temperature throughout the process, i.e. the channel is not energetically connected with its
interfaces within the membrane and surrounding fluid. Reported attempts to model
temperature changes in the system require the introduction of at least seven or eight additional
states [7,20,31]. However, real channel proteins are highly dynamic with some parts
undergoing large-amplitude Brownian motions and other rearrangements [32,33] and hence the
energy of these different states is not constant. Therefore, even when modified, Markov models
have important practical and conceptual limitations [22,34].

To address these limitations, we now introduce a general non-Markovian model that goes beyond the
Markovian nonlinear stochastic systems described in figure 1 to include non-Markovian descriptions of
Brownian motion [20,22,32,33]. This non-Markovian model provides a theoretical framework for
understanding the non-equilibrium thermodynamic activity of these channels [14,17,22], and other
channels in general, without the unrealistic limitations of Markovian approaches. We further test this
model on experimental data [35-37].

2.2. Underlying theory for a non-Markovian description of channel dynamics

In the following section, we summarize our non-Markovian model. The whole mathematical description
is given in the electronic supplementary material. For clarity, we first consider a simple model with two
states, which is then extended to three states case. A conceptual graphic summary of this approach is
shown in figure 2.

First, we present a solution for the infinite case, as is usually done in MSMs, and then use our model
to solve the problem of temperature changes during channel activity. To find states that define
the conformational changes we are interested in, among the infinite sample space of all possible
conformations, we use Borel sigma algebra. This is a tool from modern probability theory that is useful
for mathematics with uncountable sample spaces. The most important result is that our mathematical
derivation allows a direct comparison with experiment, by giving a set of equations that relate
thermodynamic quantities obtained from experimental data to our non-Markovian model predictions.

First, our system is defined as a stochastic continuous system having the following special parameters:
homogeneous time ¢, continuous state times {6;}, a certain probability space ({2 = B, P), expectation (E),
occupation times for states 1 and 2, variation Var (Borelian probability groups) and discrete space of
values (states); all these parameters are described in detail in the electronic supplementary material, data.
After defining this stochastic system, we defined and found the continuous distribution. Next, we

Ya60€7 ‘0L s tadp 205y sosyjeumol/bobunsyqndfaanosiedor i



defined a continuous random process &= £(t) as a state in the system at time f, where t >0. We assume [ 5 |
thatat t=0£&0)=0

vt €10,6"]1= &) =1; vt € (6P +0,6 + 6) = &) =2
and
ve e (60 + 60 + 6 + 6 + o) = &) =1

etc. Symbolically (the full description appears in the electronic supplementary material, data)

o o o2

Closed = Open = Closed = Open. ..

In the case of three states, m = 3 (we call the states ‘Closedl’, ‘Closed2” and ‘Open’) and &(t) = 3, t>0. This
case presents two possibilities symbolically in two states
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1) o0 o

Closed1 = Openl 2 Closed2 = Open2...

and in three states

v o

Closed1 = Closed2 = Open.

From these two and three states as elaborated in the electronic supplementary material, we solved
the set-up model using the numerical method described by Goychuk et al. [7,20]. Since these methods
deal with a stochastic system, the involvement of stochastic resonance is necessary [20]. Therefore, for
this, we analysed numerical calculations of experimental data for TRPV1 and TRPMS, which activated
by heat and cold, respectively. Unlike standard Markovian modelling, we assume that the transition
from Closedl to Closed2 is not rate-limited but is instead, characterized by a broad distribution of
rates. This transition then continues on to a new state that implies the gating process soon becomes
non-Markovian within two or three states.

If our model is to reproduce the experimental results it must demonstrate that the rates of transition
from closed to open, and vice versa, are asymmetrical in the non-equilibrium infinite process, i.e. it must
describe a realistic channel out of equilibrium that loses energy and whose energy losses affect the rate of
the transitions and the kinetic reaction constant. Therefore, according to Goychuk et al. [7,20], together
with our theory, we applied our theory using these relationships for the kinetic reaction constant k,(t)
(where 0, means open and ¢ means close)
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koo (t) = vg exp %}W(m} ~ KO — B, Vi),

where, in the absence of driving

KO  exp W} ~ KO — B, V(D).
L B

With AGo,c(Vy) denoting the corresponding static-free energy barriers, V, being the static voltage in
the absence of a signal, i.e. V(t) = Vo + V(t) and B, = —(dlnkf,?c) /dV)|,—y,, ks is the Boltzmann constant
and T is the absolute temperature. We continued to develop our theory (see electronic supplementary
material) and arrived at the following expression and application of €(T) by description of the
temperature sensitivity, free energy, rates and the other thermodynamics parameters in

e(T) = AGo(Vo) — AGc (Vo) + kgTIn(1 + key 7).

Whereby AGc(Vy) = G* — Gc and AGo(Vy) = G* — Go, where G is the free energy of the transition state
and AG,, = H., — TAS,, is the free energy of the open (closed) conformation, and then

e(T) = AH — TAS + kgTIn(1 + ki 77),

where AH = Hp — H is the difference between the thermodynamic enthalpies of the open and closed
conformations and AS = Sp — Sc is the corresponding entropy difference.

The model shows agreement with experimental data (figure 2), which are therefore consistent with
non-Markovian behaviour as described in the electronic supplementary material (figure 3).
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Figure 3. Two- and three-state non-Markovian temperature-dependent analyses of the TRPV1 (a) and (b), and TRMP8 (c) and (d),
channels. These datasets were analysed and modelled based on the equations appearing in the results section and in the electronic
supplementary material, and according to Guychuk et al. [20]. (a) and (c) represent the two-state model whereas (b) and (d)
represent the three-state model. The dots in different colours represent the opening and closing experimental constants of
TRPM8 and TRPV1 channels. These points were found to agree with the non-Markovian model shown with the dashed line,
according to two main states in each of the two-state and three-state channels. The corresponding two-state non-Markovian
opening rate is defined as kg,o) := (1), where (7,) is the mean residence time. The rate k(<,0) denotes the transition from
the open state 0 to the closed state C.

After a series of numerical calculations based on the theory appearing in the electronic supplementary
material, we next calculated the temperature-dependence of the corresponding transitions of both channels
with either two or three states. Figure 3 presents this two- and three-state non-Markovian temperature-
dependent analysis of TRPV1 (figure 3a,b) and TRMPS8 (figure 3c,d). Interestingly, the corresponding
two-state non-Markovian opening rate is defined as k£,0)~ = 7., where 7. is the mean residence time. The
rate k' denotes the transition from the open state O towards the closed state C.

2.3. Application of a non-Markovian model to TRPV1 and TRPM8

Using the mathematical non-Markov model described above, we performed numerical calculations for
the experimental dataset obtained from TPRV1 and TPRMS channels. These descriptions were chosen
to mimic the experimental temperature-dependence of the TPRM8 and TPRV1 heat- and cold-sensitive
channels. For both channels, these datasets relate to activity recorded from heterologously expressed
channels over the range of voltages and temperatures shown in figure 2 [35-37]. Thermodynamic
parameters such as enthalpy (AH) and entropy (AS) were also derived from this data and analysed
within a framework of two- and three-state non-Markovian dynamics based on Markovian equations.
This non-Markovian methodology is summarized below and further developed in the electronic
supplementary material.

2.4. Replication of thermosensitivity by this non-Markovian model

Using our approach, we calculated two models for TRPV1 and TRPMS gating based on the two- and three-
state models described in §1 (Closed < Open and Closed1 < Closed2 < Open). Figures 3 and 4 represent
the data obtained from applying our non-Markovian approach to the simplest two-state model
(Closed < Open) that we present in the second part of the electronic supplementary material. The results
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Figure 4. Cydlical graph of (a) the two-state model and (b) the three-state model. This type of system describes the trajectory of
each case, which is given by a random arrangement of open and closed states over time. In both, we can see the infinite cases as
represented by our model. The left scheme in each model state represents the upper view and the right scheme the side view. This
model represents the infinite process whereby each state is new and is not similar to the last one; this is different to what would be
represented in the Markovian model.

show that the rate coefficients k, and k. are non-symmetrical (unlike the MSM prediction) and that the
temperature sensitivity of the channel can be correctly replicated.

Next, we analysed the three-state model (Closedl < Closed2 < Open) using our non-Markovian
model, then transformed it into a practical model. This practical model is based on AG, AS and AH
calculations from the dataset of the three states, Closedl, Closed2 or Open of TRPV1 and TRPMS8
channels. The results of this analysis are shown in figures 3b,d and 4.

Importantly, our model correctly reproduces the asymmetry in the rate coefficients k, and k., as well
as the thermosensitivity of both channels, i.e. it reproduces TRP channel activation by both heat and cold.
Indeed, in both cases shown in figure 3, the non-Markovian models can clearly predict the states of the
channel with greater accuracy than can be done using a classical Markov model and can accommodate a
wide range of temperature changes, asymmetrical rate coefficients and the generation of rate constants
over a potentially infinite period of time.

3. Discussion

In this study, we have shown that it is possible to use non-Markovian equations to develop a relatively
simple analytical model that describes the non-equilibrium behaviour of the thermosensitive TRP
channels, TRPV1 and TRPMS8. This model accurately predicts many key aspects of their behaviour, in
particular the effect of temperature changes on channel activity. This approach therefore overcomes
the limitations of traditional Markovian models and allows us to go beyond a mere phenomenological
description of the dynamics of ion channel gating.

MSMs have been particularly useful to interpret the dynamics of many K* and Na* channels [39,40]
but have particular limitations when it comes to modelling the effects of temperature [7]. For example,
the gating dynamics of the voltage-gated Shaker K channel have been reasonably described at 20°C
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by an eight-state Markovian scheme including seven closed states [7,39]. However, to accommodate the [ 8 |
effect of even a small range of temperatures (10-20°C) required three additional closed states [41] and the
proliferation of discrete states, albeit necessary for the description of experimental data, is rarely
addressed within Markovian descriptions [20]. To explore these issues, we therefore examined
thermosensitive gating using the non-Markov model described in the electronic supplementary material.

One of the specific issues that it addresses is that of energy dissipation during gating. For example,
looking at a simple process such as A < B, a Markov model predicts that A becomes B and then returns
to the exact same state, i.e. A [42]. However, in reality, A becomes B, but B cannot return to exactly state A
again because the overall process loses energy, and so when B returns to state A it is not exactly the same
as it was before. This means that some new variant of state A is produced, and although its functional
properties may be similar, the physico-chemical nature of the state is formally different [42,38]. For
that reason, a description of such ‘different’ or ‘new’ states with MSMs requires a more complex
calculation for each state and conceptualizes the overall process as being finite. However, this non-
Markovian approach is more accurate as it can predict the dynamics of an essentially infinite process.

Simple MSMs such as Closed < Open can be refined by creating additional states, but the number
that can be realistically added are limited. However, the non-Markovian approach provides a potential
solution to this and works as follows:

*sosi/Jeunof/6106uiysgnd/aposjedos

9(1) o 0(2)

Closed = Open = Closed2 = Open2.

Importantly, this non-Markovian model is an infinite process whereby each open or closed state may
be similar to the previous version, but formally each state is defined as new. This situation is therefore
closer to what occurs in reality since energy is lost in every transition.

Of course, Markov models are still informative, but are theoretically limited. The same limitation also
occurs in the three-state MSM described in figures 1 and 3b,d where there is an additional closed state. In
this example, a new manipulation was performed to solve the case and the process is described as
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Ggl) 9;”
Closel = Close2 = Open...

For this equation, we analysed experimental data for TRPV1 and TRPMS and obtained a remarkable
agreement to the model (figure 3), i.e. the channel transitions were well described by non-Markovian
behaviour, which we can further see in the accuracy of the predicted constant reaction rate from one
state to another. By contrast, a traditional Markov model of such a process involves describing
transitions between the ‘same’ states without any energy loss or any other thermodynamic
parameters. However, the effects of temperature on channel activity is an ongoing process that
depends on many factors such as reaction constants, entropy and enthalpy. As we can see in
figure 3a,b, this non-Markovian approach is accurate in predicting the temperature-dependence of the
constant reaction rate from one state to another, together with the values of the rate constants, and all
the new states that occur in the process. Furthermore, this is done without adding any additional
states to the equations as would probably be required for a MSM of this process [7,20,32].

We therefore present a new analytical approach for describing the complex gating dynamics of
TRPV1 and TRPMS8 channels based on a new general non-Markovian model that overcomes the
important limitations of MSMs. Despite the relative complexity of our non-Markovian approach, it is
still relatively easy to implement in practical examples, as we have described here for TRPV1 and
TRPMS. Our model is able to accurately reproduce experimental results, including the fact that the
rates of transition from closed to open, and vice versa, are asymmetrical in the non-equilibrium
infinite process. Our approach is able to describe a realistic channel out of equilibrium that loses
energy and whose energy losses affect the rate of the transitions and the kinetic reaction constant.
Finally, this model reproduces the effects of temperature on the gating process and is therefore
particularly relevant for thermosensitive channels such as TRPs where an accurate description of
thermodynamic processes is critical. Moreover, from a purely practical point of view, the simple two-
and three-state systems shown in figure 1 can be expressed as a finite collection of states in which
each open or closed state can be significantly different to their previous versions as time evolves.
The system can therefore be described as an evolution graph in time, interpolating between the
different states of the system. An organized graph, such as the ones presented in figure 4, for
these two examples may be given by an undirected state graph, where the evolution trajectory is
given by a random arrangement of open and closed states over time. A generalized model is also
presented in figure 5 that compares between two- and three-states model description of Markov and
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non-Markovian model. By this model, we can see the infinite process that each state is new and is not
similar to the last one as represented in the Markov model.

In conclusion, this model accurately describes and predicts many key aspects of TRP channel
behaviour, and overcomes the limitations of traditional Markovian models thereby allowing us to go
beyond a mere phenomenological description of their gating kinetics. By adapting this methodology,
we expect this approach can be used to help understand the behaviour of many classes of ion
channels and other dynamic proteins.

4. Material and methods

4.1. Experimental datasets

The electrophysiological data for TRPV1 was generously contributed by Prof. Avi Priel (Hebrew
University of Jerusalem, Israel) and for TRPMS8 by Prof. Jorg Grandl (Duke University, USA). These
standard datasets of channel thermosensitivity were obtained as previously described for these
channels [37,43]. Briefly, channels were expressed in HEK-293 cells and currents recorded via whole-
cell patch-clamp. For TRPV1, the pipette buffer solution contained (in mM): 150 NaCl, 3 MgCl,, 5
EGTA, 10 HEPES, pH =7.2 with NaOH. The bath solution was (in mM): 150 NaCl, 6 CsCl, 1.5 CaCl,,
1 MgCl, 10 glucose 10 HEPES, pH=7.4 with NaOH. At every temperature, interval channel
activation was measured with a voltage step from —120mV to +160 mV at 20 mV increases for 200 ms
and these data used to calculate conductance-voltage (G-V) relationships. For TRPMS a solution with
130 mM NaCl, 10 mM glucose, 0.2 mM EDTA and 3 mM HEPES (pH 7.2) was used in both bath and
pipette. The dataset is available through Oxford ORA repository https://ora.ox.ac.uk (https://ora.ox.
ac.uk/objects /uuid:d8ca9fcd-c602-4£56-b14£-040d82058201).

4.2. Data analysis and statistical tests

Analysis was performed with Excel (Microsoft, USA). Graphs were made using Prism (GraphPad
Software, USA), Matlab (MathWorks, USA) and Mathematica (Wolfram Research, USA) software.
Electrophysiological datasets were analysed with Igor Pro (WaveMetrics, USA).

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.
Data accessibility. The data are publicly available at the University of Oxford’s ORA repository https://ora.ox.ac.uk/,
with the ID: uuid_d8ca9fcd-c602-4f56-b14f-040d82058201.

va60€7 ‘0L s tadp 205 Yy sosyjeuwmol/bobunsyqndfaanosiedor g


https://ora.ox.ac.uk
https://ora.ox.ac.uk/objects/uuid:d8ca9fcd-c602-4f56-b14f-040d82058201
https://ora.ox.ac.uk/objects/uuid:d8ca9fcd-c602-4f56-b14f-040d82058201
https://ora.ox.ac.uk/

The data are provided in electronic supplementary material [44].
Declaration of Al use. We have not used Al-assisted technologies in creating this article.

Authors’ contributions. Y.B.-A.: conceptualization, data curation, formal analysis, investigation, methodology, writing—
original draft, writing—review and editing; SJ.T.. conceptualization, writing—review and editing; S.C.:
conceptualization, supervision, writing—original draft, writing—review and editing.

Conflict of interest declaration. We declare we have no competing interests.
Funding. We received no funding for this study.

References

10.

.

12.

Shukla D, Hernandez CX, Weber JK, Pande VS.
2015 Markov state models provide insights into
dynamic modulation of protein function. Acc.
Chem. Res. 48, 414-422. (doi:10.1021/
ar5002999)

Prinz JH, Keller B, Noé F. 2011 Probing
molecular kinetics with Markov models:
metastable states, transition pathways and
spectroscopic observables. Phys. Chem. Chem.
Phys. 13, 16 912-16 927. (doi:10.1039/
1¢p21258¢)

Bowman GR, Beauchamp KA, Boxer G, Pande
VS. 2009 Progress and challenges in the
automated construction of Markov state models
for full protein systems. J. Chem. Phys. 131,
124101. (doi:10.1063/1.3216567)

Kohlhoff KJ, Shukla D, Lawrenz M, Bowman GR,
Konerding DE, Belov D, Altman RB, Pande VS.
2014 Cloud-based simulations on Google
Exacycle reveal ligand modulation of GPCR
activation pathways. Nat. Chem. 1, 15-21.
(doi:10.1038/nchem.1821)

Lane TJ, Shukla D, Beauchamp KA, Pande VS.
2013 To milliseconds and beyond: challenges in
the simulation of protein folding. Curr. Opin Struct.
Biol. 1, 58-65. (doi:10.1016/}.5bi.2012.11.002)
Bowman GR, Geissler PL. 2012 Equilibrium
fluctuations of a single folded protein reveal a
multitude of potential cryptic allosteric sites.
Proc. Natl Acad. Sci. USA 109, 11 681-11 686.
(doiz10.1073/pnas.1209309109)

Goychuk I, Hanggi P. 2003 The role of
conformational diffusion in ion channel gating.
Physica A 325, 9-18. (doi:10.1016/50378-
4371(03)00177-8)

Yang F, Zheng J. 2014 High temperature
sensitivity is intrinsic to voltage-gated
potassium channels. Elife 3, e03255. (doi:10.
7554/eLife.03255)

Andersen HH, Olsen RV, Mgller HG,

Eskelund PW, Gazerani P, Arendt-Nielsen L.
2014 A review of topical high-concentration
L-menthol as a translational model of

cold allodynia and hyperalgesia. Eur. J. Pain.
18, 315-325. (doi:10.1002/j.1532-2149.2013.
00380.x)

Vandewauw | et al. 2018 A TRP channel trio
mediates acute noxious heat sensing. Nature
555, 662-666. (doi:10.1038/nature26137)
Venkatachalam K, Montell C. 2007 TRP
channels. Annu. Rev. Biochem. 76, 387-417.
(doi:10.1146/annurev.biochem.75.103004.
142819)

Samanta A, Hughes TET, Moiseenkova-Bell VY.
2019 Cryo electron microscopy of TRP channels.

13.

20.

21,

22.

2.

24,

25.

Methods Mol. Biol. 1987, 39-50. (doi:10.1007/
978-1-4939-9446-5_3)

Ferrandiz-Huertas C, Mathivanan S, Jakob
Wolf C, Devesa I, Ferrer-Montiel A. 2014
Trafficking of ThermoTRP channels.
Membranes (Basel) 4, 525-564. (doi:10.
3390/membranes4030525)

(lapham DE, Miller CA. 2011 A thermodynamic
framework for understanding temperature
sensing by transient receptor potential

(TRP) channels. Proc. Natl Acad. Sci. USA

108, 19 49219 497. (doi:10.1073/pnas.
1117485108)

Nadezhdin KD et al. 2021 Structural mechanism
of heat-induced opening of a temperature-
sensitive TRP channel. Nat. Struct. Mol. Biol. 28,
564-572. (doi:10.1038/541594-021-00615-4)
Nilius B, Owsianik G, Voets T, Peters JA. 2007
Transient receptor potential cation channels in
disease. Physiol. Rev. 87, 165-217. (doi:10.
1152/physrev.00021.2006)

Clapham DE, Runnels LW, Striibing C. 2001 The
TRP ion channel family. Nat. Rev. Neurosci. 2,
387-396. (doi:10.1038/35077544)

Belhamadia Y, Grenier J. 2019 Modeling and
simulation of hypothermia effects on cardiac
electrical dynamics. PLoS ONE 14, e0216058.
(doi:10.1371/journal.pone.0216058)

Goychuk |, Hanggi P. 2004 Fractional diffusion
modeling of ion channel gating. Phys. Rev. E
Stat. Nonlin. Soft Matter Phys. 70, 051915.
(doi:10.1103/PhysRevE.70.051915)

Goychuk I, Hanggi P, Vega JL, Miret-Artés S.
2005 Non-Markovian stochastic resonance:
three-state model of ion channel gating. Phys.
Rev. E Stat. Nonlin. Soft Matter Phys. 71,
061906. (doi:10.1103/PhysRevE.71.061906)
Goychuk I, Hanggi P. 1999 Quantum stochastic
resonance in symmetric systems. Phys. Rev. E
Stat. Phys. Plasmas Fluids Relat. Interdiscip.
Topics. 59, 5137-5141.

Cox D, Miller H. 1965 The theory of stochastic
process. London, UK: Chapman and Hall.

Yin Y, Zhang F, Feng S, Butay KJ, Borgnia MJ,
Im W, Lee SY. 2022 Activation mechanism of
the mouse cold-sensing TRPM8 channel by
cooling agonist and PIP2. Science 378,
eadd1268. (doi:10.1126/science.add1268)
Watkins LP, Chang H, Yang H. 2006 Quantitative
single-molecule conformational distributions:

a case study with poly-(L-proline). J. Phys.
Chem. A. 110, 5191-5203. (doi:10.1021/
jp055886d)

Pressé S, Lee J, Dill KA. 2013 Extracting
conformational memory from single-molecule

26.

27.

2.

29.

30.

31

32,

33

34,

35.

36.

All authors gave final approval for publication and agreed to be held accountable for the work performed therein.

kinetic data. J. Phys. Chem B. J 117, 495-502.
(doi:10.1021/jp309420u)

Steinbach PJ, Chu K, Frauenfelder H, Johnson
JB, Lamb DG, Nienhaus GU, Sauke TB, Young
RD. 1992 Determination of rate distributions
from kinetic experiments. Biophys. J. 61,
235-245. (doi:10.1016/50006-3495(92)81830-1)
Yang H, Luo G, Karnchanaphanurach P, Louie
TM, Rech 1, Cova S, Xun L, Xie XS. 2003 Protein
conformational dynamics probed by single-
molecule electron transfer. Science 302,
262-266. (doi:10.1126/science.1086911)

Huang Y et al. 2020 Anti-cross-correlation
between the adjacent open and closed
durations of Markovian channels. Phys. Rev. E.
101, 012418. (doi:10.1103/PhysRevE.101.
012418)

Siwy Z, Ausloos M, Ivanova K. 2002
Correlation studies of open and closed state
fluctuations in an ion channel: analysis of ion
current through a large-conductance locust
potassium channel. Phys. Rev. E Stat. Nonlin.
Soft Matter Phys. 65, 031907. (doi:10.1103/
PhysRevE.65.031907)

Goychuk I. 2005 Rate processes with non-
Markovian dynamical disorder. J. Chem. Phys.
122, 164506. (doi:10.1063/1.1884087)

Zeberg H, Nilsson J, Arhem P. 2018 The
importance of the dissociation rate in ion
channel blocking. Front. Cell Neurosci. 12, 33.
(doi:10.3389/fncel.2018.00033)

Siegle P, Goychuk |, Talkner P, Hénggi P. 2010
Markovian embedding of non-Markovian
superdiffusion. Phys. Rev. E Stat. Nonlin. Soft
Matter Phys. 81, 011136. (doi:10.1103/
PhysRevE.81.011136)

Goychuk I, Hanggi P. 2007 Anomalous escape
governed by thermal 1/f noise. Phys. Rev. Lett.
99, 200601. (doi:10.1103/PhysRevLett.99.
200601)

Schmid G, Goychuk |, Hanggi P. 2006
Capacitance fluctuations causing channel noise
reduction in stochastic Hodgkin—Huxley systems.
Phys. Biol. 3, 248—254. (d0i:10.1088/1478-
3975/3/4/002)

Voets T, Droogmans G, Wissenbach U, Janssens
A, Flockerzi V, Nilius B. 2004 The principle of
temperature-dependent gating in cold- and
heat-sensitive TRP channels. Nature 430,
748-754. (doi:10.1038/nature02732)

Voets T. 2012 Quantifying and modeling the
temperature-dependent gating of TRP channels.
Rev. Physiol. Biochem. Pharmacol. 162, 91-119.
Sosa-Pagén JO, Iversen ES, Grandl J. 2017 RPV1
temperature activation is specifically sensitive to

YB60E7 ‘0L s tadp 205y sosyjeuwmol/biobunsyqndfaanosiedor g


http://dx.doi.org/10.1021/ar5002999
http://dx.doi.org/10.1021/ar5002999
http://dx.doi.org/10.1039/c1cp21258c
http://dx.doi.org/10.1039/c1cp21258c
http://dx.doi.org/10.1063/1.3216567
http://dx.doi.org/10.1038/nchem.1821
http://dx.doi.org/10.1016/j.sbi.2012.11.002
http://dx.doi.org/10.1073/pnas.1209309109
http://dx.doi.org/10.1016/S0378-4371(03)00177-8
http://dx.doi.org/10.1016/S0378-4371(03)00177-8
http://dx.doi.org/10.7554/eLife.03255
http://dx.doi.org/10.7554/eLife.03255
http://dx.doi.org/10.1002/j.1532-2149.2013.00380.x
http://dx.doi.org/10.1002/j.1532-2149.2013.00380.x
http://dx.doi.org/10.1038/nature26137
http://dx.doi.org/10.1146/annurev.biochem.75.103004.142819
http://dx.doi.org/10.1146/annurev.biochem.75.103004.142819
http://dx.doi.org/10.1007/978-1-4939-9446-5_3
http://dx.doi.org/10.1007/978-1-4939-9446-5_3
http://dx.doi.org/10.3390/membranes4030525
http://dx.doi.org/10.3390/membranes4030525
http://dx.doi.org/10.1073/pnas.1117485108
http://dx.doi.org/10.1073/pnas.1117485108
http://dx.doi.org/10.1038/s41594-021-00615-4
http://dx.doi.org/10.1152/physrev.00021.2006
http://dx.doi.org/10.1152/physrev.00021.2006
http://dx.doi.org/10.1038/35077544
http://dx.doi.org/10.1371/journal.pone.0216058
http://dx.doi.org/10.1103/PhysRevE.70.051915
http://dx.doi.org/10.1103/PhysRevE.71.061906
http://dx.doi.org/10.1126/science.add1268
http://dx.doi.org/10.1021/jp055886d
http://dx.doi.org/10.1021/jp055886d
http://dx.doi.org/10.1021/jp309420u
http://dx.doi.org/10.1016/S0006-3495(92)81830-1
http://dx.doi.org/10.1126/science.1086911
http://dx.doi.org/10.1103/PhysRevE.101.012418
http://dx.doi.org/10.1103/PhysRevE.101.012418
http://dx.doi.org/10.1103/PhysRevE.65.031907
http://dx.doi.org/10.1103/PhysRevE.65.031907
http://dx.doi.org/10.1063/1.1884087
http://dx.doi.org/10.3389/fncel.2018.00033
http://dx.doi.org/10.1103/PhysRevE.81.011136
http://dx.doi.org/10.1103/PhysRevE.81.011136
http://dx.doi.org/10.1103/PhysRevLett.99.200601
http://dx.doi.org/10.1103/PhysRevLett.99.200601
https://doi.org/10.1088/1478-3975/3/4/002
https://doi.org/10.1088/1478-3975/3/4/002
http://dx.doi.org/10.1038/nature02732

38.

39.

strong decreases in amino acid hydrophobicity. 40.

Sdi. Rep. 7, 549. (doi:10.1038/541598-017-
00636-4)

McKean HP. 1966 A class of Markov processes
associated with nonlinear parabolic equations.
Proc. Natl Acad. Sci. USA 56, 1907-1911.
(doi:10.1073/pnas.56.6.1907)

Bezanilla F, Perozo E, Stefani E. 1994 Gating of 11,

Shaker K+ channels: II. The components of
gating currents and a model of channel
activation. Biophys. J. 66, 1011-1021. (doi:10.
1016/50006-3495(94)80882-3)

Huang (W, Lai HJ, Huang PY, Lee MJ, Kuo CC.
2016 The biophysical basis underlying gating
changes in the p.V1316A mutant Nav1.7
channel and the molecular pathogenesis of
inherited erythromelalgia. PLoS Biol. 14,
€1002561. (doi:10.1371/journal.pbio.
1002561)

Rodriguez BM, Sigg D, Bezanilla F. 1998 Voltage
gating of shaker K+ channels. The effect of
temperature on ionic and gating currents.

J. Gen. Physiol. 112, 223-242. (doi:10.1085/jgp.
112.2.223)

4.

8.

4.

Frank TD. 2013 Strongly nonlinear stochastic
processes in physics and the life sciences. ISRN
Math. Phys. 2013, 1-28. (doi:10.1155/2013/
149169)

Xu L et al. 2020 Molecular mechanisms
underlying menthol binding and activation of
TRPMS ion channel. Nat. Commun. 11, 3790.
(doiz10.1038/541467-020-17582-x)

Ben-Abu Y, Tucker SJ, Contera S. 2023
Transcending Markov: non-Markovian rate
processes of thermosensitive TRP lon channels.
Figshare. (doi:10.6084/m9figshare.c.6793619)

*sosi/Jeunof/6106uiysgnd/aposjedos

¥860€7 0L S uadp 205 Y


http://dx.doi.org/10.1038/s41598-017-00636-4
http://dx.doi.org/10.1038/s41598-017-00636-4
http://dx.doi.org/10.1073/pnas.56.6.1907
http://dx.doi.org/10.1016/S0006-3495(94)80882-3
http://dx.doi.org/10.1016/S0006-3495(94)80882-3
http://dx.doi.org/10.1371/journal.pbio.1002561
http://dx.doi.org/10.1371/journal.pbio.1002561
http://dx.doi.org/10.1085/jgp.112.2.223
http://dx.doi.org/10.1085/jgp.112.2.223
http://dx.doi.org/10.1155/2013/149169
http://dx.doi.org/10.1155/2013/149169
http://dx.doi.org/10.1038/s41467-020-17582-x
http://dx.doi.org/10.6084/m9.figshare.c.6793619

	Transcending Markov: non-Markovian rate processes of thermosensitive TRP ion channels
	Introduction
	Results
	Thermodynamic and kinetic limitations of the Markovian description
	Underlying theory for a non-Markovian description of channel dynamics
	Application of a non-Markovian model to TRPV1 and TRPM8
	Replication of thermosensitivity by this non-Markovian model

	Discussion
	Material and methods
	Experimental datasets
	Data analysis and statistical tests
	Ethics
	Data accessibility
	Declaration of AI use
	Authors' contributions
	Conflict of interest declaration
	Funding

	References


