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Temperature influences many aspects of cardiac excitation-contraction coupling, in particular, hypother-

mia increases the open probability (Popen) of cardiac sarcoplasmic reticulum (SR) Ca2+-release channels

(ryanodine-sensitive RyR channels) rising the SR Ca2+ load in mammalian myocytes. However, to the best

of our knowledge, no theoretical models are available for that effect. Traditional Markov chain models do not

provide a reasonable molecular mechanistic insight on the origin of the temperature effects. Here in the paper

we address a simple physically clear electron-conformational model to describe the RyR gating and argue that

a synergetic effect of external thermal fluctuation forces (Gaussian–Markovian noise) and internal friction

via the temperature stimulation/suppression of the open-close RyR tunneling probability can be considered as

a main contributor to temperature effects on the RyR gating. Results of the computer modeling allowed us to

successfully reproduce all the temperature effects observed for an isolated RyR gating in vitro under reducing

the temperature: increase in Popen and mean open time without any significant effect on mean closed time.

DOI: 10.7868/S0370274X15130135

Introduction. Sensitive detection and discrimina-

tion of temperature cues are fundamental to the survival

and prosperity of humans and animals. Hodgkin and

Huxley [1] showed more than 60 years ago that temper-

ature could profoundly influence membrane excitability,

however, it is in general not well understood how heat

affects membrane excitability and how temperature-

dependent changes in the activity of ion channels con-

tribute to physiology. A common way to characterize

temperature sensitivity is the Q10 value (defined as the

folds increase in current amplitude upon a 10 ◦C in-

crease in temperature). For most ion channels, thermal

energy affects the rate of conformational transitions by

2-to-5 folds per 10 ◦C. Among the exceptions are a group

of transient receptor potential (TRP) channels with out-

standing sensitivity of channel activation to heat. These

channels are unique in their ability to directly modify

their gating as a function of temperature, being acti-

vated at different temperature ranges from noxious cold

to noxious heat, and doing so with very large Q10 values

(∼ 30) [2, 3]. How these TRP channels respond to heat

with exquisite sensitivity remains mysterious.

From the viewpoint of the condensed matter physics

it seems to be absolutely inexplicable how the ∼ 3%

change in absolute temperature can produce many-fold

effect in the channel activity. How can the temperature
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sensitivity of channel opening be so high? How to ex-

plain the apparently counterintuitive behavior of the

same temperature sensor giving similar response both

upon heating and cooling?

Temperature effects in the heart’s cells seem to be

not so dramatic as in TRP channels, however, the cells

in ventricular myocytes and sinoatrial node (pacemaker)

are believed to be one of the most important targets

of the temperature efects. Cardiac contractility is pro-

foundly influenced by temperature in all vertebrates.

The transient rise in intracellular Ca2+ concentration,

which underlies excitation-contraction coupling, repre-

sents the culmination of many temperature-sensitive cel-

lular processes; i.e. action potential configuration, my-

ofilament Ca2+ sensitivity and Q10 effects on protein

pumps and ion channels.

However, there is a growing evidence that the ther-

mosensitivity of the ryanodine receptors (RyRs) gat-

ing [4, 5] can be responsible for the temperature effects

on cardiac contractility, in particular, under the quick

drops in temperature to near 0 ◦C, a procedure known

as rapid cooling (RC) [5]. Interestingly, that all three

RyR isoforms (RyR1, skeletal isoform; RyR2, cardiac

isoform; RyR3, brain isoform) respond to RC in a sim-

ilar manner.

Calcium (Ca2+) release from specific cistern, sar-

coplasmic reticulum (SR), through RyR2 channels con-

trol muscle contractions and other cell activities [6]. Al-
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tered cardiac RyR’s function and hence abnormal cal-

cium releases (sparks) cause different pathologies such

as arrhythmia and heart failure [7].

The RC response is most likely caused by a cooling

induced conformational change in the RyR, leading to

an increase in open probability Popen of the channel.

To our knowledge, there are yet no biophysically based

models of RyR gating which can explain temperature

effects. Traditional Markov chains cannot describe the

temperature effects because they are purely phenomeno-

logical and have no physical basis.

Here, in the Letter, we explore the predictions of

simple electron-conformational model (ECM) proposed

earlier to describe RyR gating in cardiomyocites and

pacemaker cells [8–10], and argue that the model not

only can successfully explain the experimentally found

temperature behavior of the RyR2 channels [4, 5] but

uncovers some universal features of the physiological

thermosensitivity. The origin of high thermosensitivity

is related with specific quantum tunneling nature of the

transition between “open” and “closed” conformations of

the RyR channel and unusually low values of the effec-

tive temperature that governs the distribution function

for its conformational coordinate.

Electron-conformational model. Recently we

have demonstrated that the well-known electron-

conformational (EC) model (see, e.g., Ref. [11]) is

able to capture important features of the individual

and cooperative behaviour of the RyRs in ventricular

myocytes [8–10]. The EC model of RyR functioning

under Ca2+ stimuli is based on a biophysical adaptation

of the well-known theory of photo-induced structural

phase transitions, which has been successfully applied

to different solids [12].

The ion-activated RyR channel is a giant (30 ×
×30 nm) macromolecular protein complex comprising 4

subunits of 565 kDa each [6]. The single-particle electron

cryomicroscopy studies [13] suggest that the RyR under-

goes large rearrangements of structure in both the trans-

membrane and cytoplasmic segments as it transitions

between the closed and open states under Ca2+ activa-

tion. Existence of at least two (open/close) (meta)stable

RyR conformational states is a minimal starting point

of any model approach. However, as other ion channels

it has a great many of internal electron and conforma-

tional degrees of freedom and exhibits remarkable com-

plexities that need to be considered when developing

realistic models of ion permeation. Nevertheless, until

recently most modelling efforts for RyR channels were

focused on a simple “hole in the wall” type model with

a set of different (open, closed) states. Our knowledge

of molecular mechanisms of RyR channel functioning

is limited; hence we are forced to start with the most

general “physicists” approach, which implies simplifying

biomolecular system to bare essentials with a guidance

from experimental data. Modelling the RyR we start

with a simple and a little bit naive picture of the mas-

sive nanoscopic channel like an elastic rubber tube with

a varying cross-section governed by a conformational co-

ordinate Q and a light “electronic” plug switched due to

Ca2+-RyR binding/unbinding in the so-called subspace

between the RyR and membrane. This electronic plug

interacts with the conformational coordinate and acts

as a trigger to stimulate its change and related channel

cross-section/conductivity. In other words, we reduce a

large variety of RyR degrees of freedom to only two:

a fast and a slow one, conventionally termed as elec-

tronic and conformational one, respectively. Both de-

grees of freedom are implied to be coupled to realize

an EC transformation that is the electronic control of

the slow conformational motion. Bearing in mind the

main function of RyR channels, we assume only two ac-

tual electronic RyR states: “open” and “closed”, and a

single conformational degree of freedom, Q, described

by a classical continuous variable. Change in the elec-

tronic and conformational states regulate the main RyR

channel function, i.e. determines whether the channel

is “open” and permeable for Ca2+ ions or “closed” and

impermeable to ions. Hereafter we assume that the con-

formational variable Q specifies the RyR channel “cross-

section” or, more precisely, a permeability for Ca2+, that

is a conductance, while the dichotomic electronic vari-

able determines its opening and closure. In a full ac-

cordance with a “tube” model the RyR conductance we

assumed to obey a simple power dependence

D(Q) = DQβ. (1)

As a starting point of the EC model algebra we in-

troduce a simple effective Hamiltonian for a single RyR

channel as follows [8–10]

Hs = −∆ŝz − hŝx − pQ+
K

2
Q2 + aQŝz, (2)

where sz and sx are well-known Pauli matrices, and the

first term describes the bare energy splitting of “up” and

“down” (electronically “open” and “closed”) states with

an energy gap ∆, while the second term describes a

quantum mixing effect. The third, linear in Q term for-

mally corresponds to the energy of an external confor-

mational stress, described by an effective stress parame-

ter p. The fourth term in (2) implies a simple harmonic

approximation for the conformational energy, K is the

effective “elastic” constant. The last term describes the
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EC interaction with the coupling parameter a. Here-

after we make use of the dimensionless conformational

variable Q; therefore all of the model parameters (∆,

h, p,K, a) are assigned energy units. Two eigenvalues of

our Hamiltonian

E±(Q) =
K

2
Q2 − pQ± 1

2

[

(∆− aQ)2 + h2
]1/2

(3)

define two branches of the conformational potential

(CP), attributed to electronically closed (E−) and elec-

tronically open (E+) states of the RyR, respectively.

Given h = 0 we arrive at two diabatic potentials E±(Q)

for electronically closed and open states, shown in Fig. 1

at ∆ = 0. Two minima are separated by an intersection

Fig. 1. Conformational potential in the EC-model of the

RyR2 channel given h= 0 with a global minimum for a

closed state. Small letters “c, o” are used for electronically

closed and open states, respectively, and capital letters

“C,O” for conformationally closed and open states, respec-

tively. The energy separations δE−, δE+ are the poten-

tial barriers seen from the bottom of two diabatic poten-

tials, respectively. Vertical arrows point to Ca2+-induced

Franck–Condon (FC) electronic transitions, horizontal ar-

row points to a non-FC tunneling transition, downhill ar-

rows point to a conformational dynamics. In addition to

original EC-model we have introduced an excited inacti-

vation state

point at Q = 0. The effective stress parameter p is as-

sumed to depend on the calcium concentrations at trans

face of the channel [8]. Rise of p in the interval (−1,+1)

leads to a crucial modification of CP from that of stabi-

lizing closed RyR state to that of stabilizing open RyR

state.

The classical dynamics of the conformational coordi-

nate we assume to obey a conventional Langevin equa-

tion of motion [14]:

MQ̈ = − ∂

∂Q
E(Q)−M ΓQ̇+ γ

√
T R(t), (4)

where first term describes a total systematic conforma-

tional force with M being an effective RyR mass (below

M let to be unity), Γ is an effective dimensionless “in-

ternal” friction constant. The last term describes the

thermal fluctuation force (Gaussian–Markovian noise),

γ is a random force parameter, T is a temperature, R(t)

is a delta-correlated stationary Gaussian process with a

zero-mean value. It is of a principal importance to note

that we cannot expect here the direct relation between

the effective systematic frictional force and the random

force as it is dictated by the fluctuation-dissipation the-

orem [14]. The random force determines an “external”

friction. It is worth noting that a detailed mathemati-

cal formulation of the electron-conformational model is

performed in PhD thesis by M. Philipiev [15].

Hereafter we neglect the temperature dependence of

the main EC-model parameters except the friction pa-

rameter Γ and the random force parameter γ, which

are assumed to obey the Arrhenius type temperature

dependence:

Γ(T ) = Γ0e
EΓ/kBT ; γ(T ) = γ0e

Eγ/kBT (5)

with activation energies EΓ and Eγ , respectively.

Hereafter, we shall consider the quantum mixing pa-

rameter h to be negligibly small for large nanoscopic

RyR channel. Nevertheless, we shall take into account

quantum tunneling transitions between the two diabatic

potentials (see Fig. 1). We assumed a resonant quantum

tunneling takes place between two branches of the con-

formational potential with the probability obeyed the

effective Gamov law as follows

Ptun = P0e
−Atun∆Q

√
∆E, (6)

where ∆Q is the width, ∆E is the height of the energy

barrier, or the energy separation between the tunneling

points and the intersection point (see Fig. 1), and P0 is

an effective tunneling attempt frequency. Obviously, a

sizeable tunneling probability will be observed near the

intersection point where both ∆E and ∆Q turn into

zero. It is precisely this fact that can result in a strong

temperature effects for the RyR channel gating, if we
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take into account the distribution functions for the con-

formational coordinates in diabatic potentials [15]:

ρ(Q) =
1√
2πσ

e−(Q−Q0)
2/2σ2

=
1√
2πσ

e−E(Q)/kBT∗

,

(7)

where σ2 = γ2TM/(2KΓ), Q0 is the conformational

coordinate in the CP minima, E(Q) = 0.5KQ2 is elas-

tic energy, T ∗ = γ2

2ΓT is an effective temperature which

strictly coincides with real temperature: T ∗ = T , if the

Langevin dynamics obeys the fluctuation-dissipation

theorem with γ2 = 2Γ [14]. Given EΓ > 2Eγ the effec-

tive temperature can be much less than the real temper-

ature thus dramatically amplifying the relative tempera-

ture effect. Increasing the temperature we arrive at a rise

in the occupation of the conformational states near the

intersection point thus increasing the probability of the

open-close tunneling transition. Lowering the tempera-

ture leads to a quenching of the conformational coordi-

nate near the minima with a negligible open-close tun-

neling transition probability. We see that the features of

the tunneling transitions between CP branches together

with the concept of the effective temperature can pro-

vide a qualitative explanation of the main temperature

effects on the RyR gating. At present we cannot perform

a full quantitative description of the temperature effects.

Indeed, despite physical clearness and visible simplic-

ity the EC model does include more than ten parame-

ters whose values and temperature dependencies are not

well established. From the other hand, the experimen-

tal data available does not provide a sound basis for the

model fitting. Nevertheless, we can demonstrate that the

EC model is able to explain experimental data available

given reasonable values of the EC model parameters. As

a starting point for the simulation procedure we address

an analytical expression for the temperature dependen-

cies of the integrated tunneling transition probabilities

〈Ptun〉 for the open-close and close-open transitions [15]:

〈Ptun〉 = P0

∫ +∞

−∞
e−Atun∆Q

√
∆E e−(Q−Q0)

2/2σ2

√
2πσ

dQ.

(8)

As a result we arrive at curves with an abrupt rise of

〈Ptun〉 when T ∗ approaches to T ∗
± = 1

kB

δE±, a maxi-

mum close to T ∗
± and a slow fall at T > T ∗

±. Obviously,

we should choose the parameters of the EC model so

that T ∗
± were close to physiological temperatures. For

illustration we present in Fig. 2 the temperature de-

pendencies of 〈Ptun〉 calculated given typical values of

the main EC-model parameters [8–10]: ∆ = h = 0,

a = 5, K = 10, and P0 = 25ms−1, Atun = 150, and

Γ0 = 4.3 · 10−12, EΓ = 666meV (15.2 kcal/mol), γ0 =

3.1 · 10−3, Eγ = 25.6meV (0.6 kcal/mol) were chosen

Fig. 2. Temperature dependence of the tunneling open-close

(solid curve) and close-open (dotted curve) probabilities. In-

set shows the physiological temperature range in a large scale

here for a wide temperature range far past the bound-

aries of physiological temperatures. As anticipated for

the EC model with a global minimum for closed state

(δE− > δE+) the sharp rise of the open-close tunneling

transition probability near the physiological tempera-

tures is shifted to lower temperatures as compared with

that for the close-open transition. It is worth noting

that in the range of physiological temperatures 30–40 ◦C

the Q10 coefficient for the open-close tunneling proba-

bility amounts to Q10 = 14 while for the close-open tun-

neling probability Q10 is negligibly small (see insert in

Fig. 2). It is worth noting some similarities between our

approach and standard Kramers calculation of rate co-

efficients for thermoactivated reactions [16].

Results and discussion. As we claimed above, our

aim is to study modification of cardiac RyR gating and

conductance by temperature in terms of the EC model

and explain basic experimental data by R. Sitsapesan

et al. [4].

Making use of a standard ECM technique [8] we have

performed a series of computer simulations of the RyR

gating taking into account the Langevin conformational

dynamics in diabatic potentials E±(Q), fast Ca2+ acti-

vated Franck–Condon electronic transitions cC → oC

and oO → cO with probabilities P (cC → oC) =

= 0.028ms−1, P (oO → cO) = 0.001ms−1, respectively,

the stress parameter p = −1, and other parameters as

recited above. All the parameters are chosen to provide

a matching with the experimental data [4] by eye alone.

The simulation results are shown in Figs. 3–6 where

these are compared with the experimental data [4].
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Fig. 3. Representative current fluctuations from a single RyR2 at 23 ◦C (upper panels) and 5 ◦C (bottom panels). Left panel:

the results of the ECM simulations, right panels: the data taken from [4]

Fig. 3, right panel, shows representative current fluc-

tuations from a single sheep cardiac RyR channel in the

lipid bilayer activated with 10µM calcium at the cy-

tosolic (“cis”) face of the channel at two temperatures,

23 and 5 ◦C. Cooling from 23 to 5 ◦C strongly modi-

fies the RyR2 gating by essentially decreasing maximal

conductance (see also Fig. 4) and increasing the channel

open probability Popen from 0.06 to 0.75 (see also Fig. 5).

Kinetic analysis of the open and closed lifetime distri-

butions clearly demonstrated that the underlying cause

for the increase in Popen is an increase in open lifetime

duration, while no significant effect on closed lifetime

duration was observed (see Fig. 6). The conductance of

the sheep cardiac RyR channel (see Fig. 4) is decreased

as the temperature is reduced with Q10 ≈ 1.5 obtained

between 10 and 20 ◦C.

We see that the EC model has the power to explain

all the main features of the temperature effects on the

RyR gating with the same set of the model parameters.

Indeed, rather moderate cooling from 23 ◦C to 5 ◦C can

strongly modify the RyR2 gating by increasing open

times and decreasing maximal conductance. Simple vi-

sual comparison of the data shown in left and right pan-

els in Fig. 3 points out that there is more than a simple

qualitative matching between theory and experiment,

Fig. 4. Temperature dependence of the RyR maximal con-

ductance: the points are experimental data [4], curves are

the EC model simulation (see text for details)

especially considering that at variance with our simula-

tion procedure the data [4] collected at all temperatures

were filtered so that lifetimes with durations of less than

2 ms were not fully resolved.

Further validation of large explanatory and predic-

tive possibilities of the EC model we see in Figs. 4–6,
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Fig. 5. Temperature dependence of the Popen given dif-

ferent values of the activation energy EΓ and the ECM

coupling constant. The points are experimental data [4],

curves are the EC model simulation (see text for details)

Fig. 6. Temperature dependence of 〈topen〉 and 〈tclose〉: the

points are experimental data [4], curves are the EC model

simulation (see text for details)

where simulated temperature dependencies of the max-

imal conductance, open time probability, Popen, mean

open and mean closed times, 〈topen〉 and 〈tclose〉, are

compared with experimental data by R. Sitsapesan et

al. [4]. Main (solid) curves in these figures are calcu-

lated for the EC parameters given above in text; dotted

curves are calculated for the same set of parameters ex-

cept EΓ lowered by 4 %; dash-dotted curves are calcu-

lated for the same set of parameters except the electron-

conformational coupling constant a lowered by 2 %.

Given the conductance parameter value D = 120

and β = 0.65 we arrive at a nice quantitative descrip-

tion of the temperature dependence of maximal conduc-

tance which rather sharply falls with cooling (Fig. 4).

It is clearly seen that in the temperature range from

−20 to +20−25 ◦C the RyR gating is very temperature

sensitive, Popen, 〈topen〉, and 〈tclose〉 show a very strong

nonlinear temperature dependence with Q10 up to ex-

tremely large values of Q10 ≈ 20 in the temperature

range 15–20 ◦C. Obviously, Popen decreases rapidly with

increasing the temperature up to +20−25 ◦C mainly

due to a rapid decrease of the mean open time 〈topen〉,
while the mean closed time 〈tclose〉 doesn’t change signif-

icantly. However, with a further increase of the tempera-

ture the RyR gating becomes less temperature sensitive.

Interestingly, a minor (4 %) decrease in the acti-

vation energy for “internal” friction results in a size-

able (10–15 ◦C) shift of all the curves in Figs. 4–6 to

low temperatures, while a 2 % decrease in the electron-

conformational coupling constant a leads only to an am-

plitude reduction, negligible for maximal conductance

and 〈tclose〉, however, sizeable for Popen and, particu-

larly, for 〈topen〉. Unfortunately, at present we cannot

perform a regular parameter analysis of the model be-

cause of experimental data are limited or not available.

In summary, we have demonstrated that simple

physically clear electron-conformational model can pro-

vide not only qualitative, but also convincing quanti-

tative explanation of the temperature effects on the

RyR gating. Synergetic effect of external thermal fluc-

tuation forces (Gaussian–Markovian noise) and internal

friction via the temperature stimulation/suppression of

the open-close RyR tunneling probability can be con-

sidered as a main contributor to the temperature ef-

fects. Results of the computer modeling allowed us to

successfully reproduce all the temperature effects ob-

served for an isolated RyR gating in vitro under re-

ducing the temperature [4]: increase in Popen and mean

open time without any significant effect on mean closed

time. We can conjecture that the temperature depen-

dence of the “internal” and “external” frictions and a

specific thermosensitivity of the probability of the quan-

tum tunneling transition between two protein conforma-

tions can explain outstanding temperature sensitivity of

the thermo-transient receptor potential (thermo-TRP)

channels that constitute the molecular basis for the de-

tection of changes in ambient temperature by sensory

neurons in animals [2, 3].
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