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PROVIDING EXTRA-SENSITIVE

TO TEMPERATURE TRANSITIONS IN BIOLOGICAL
MACROMOLECULES IN THE CONTEXT

OF ENTROPY-DRIVEN UNFOLDING PROCESSES

The two-configuration approximation based on the thermodynamic approach to describing con-
formational transitions in physiologically significant biological macromolecules, e.g. some spe-
cific RNA molecules known as RNA-thermometers, is used to derive the consistent equation
for determining the thermodynamic probability of the entropy-driven unfolded process which is
extra-sensitive to ambient temperature. We show that with the given accuracy of the involved
parameters this equation coincides with the equation obtained using the microscopic approach.
We then compare the derived equation with experimental data and finally discuss and conclude

the results obtained.
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1. Introduction

It is well known that a closed dynamical (mechani-
cal) system tends toward its equilibrium due to the
spontaneous processes taking place within it. As a re-
sult, the potential energy of a system must decrease
reaching its minimum and the system’s equilibra-
tion process is enthalpy-driven. On the other hand,
if a system exchanges matter or energy with its sur-
rounding medium, then the system is open (e.g. a bi-
ological system). In this case, the system’s entropy
comes into play in such a way that it increases up
to reaching its maximum. Therefore, in this case the
system’s equilibration process is entropy-driven. Mo-
reover, from the thermodynamic point of view, the
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enthalpy-driven process provides a system with an
equilibrium state whose population does not increase
with temperature, whereas the entropy-driven pro-
cess provides a system with an equilibrium state pop-
ulation of which increases with temperature. Some-
times the latter phenomenon is very pronounced so
that one can even speak in this case of an entropy-
driven temperature extra-sensitivity of a system.

A schematic example illustrating the entropy-
driven extra-sensitive to temperature transitions be-
tween the unfolded configuration and the folded con-
figuration of mRNA molecule is shown in Fig. 1. No-
tably, it is precisely these mRNA molecules of specific
bacterial microorganisms that have a unique prop-
erty: they are able to extraordinarily sharply regulate
their translation initiation rate with a change in ambi-
ent temperature. Such a property of those mRNAs —
therefore called RNA thermometers, — was identified
as being completely due to their specific structural
and sequence based features. It has been established
that the most important stage in the thermosens-
ing process is the melting of the mRNA’s ribosome-
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Fig. 1. A schematic representation of RNA structural ele-
ments undergoing folding-unfolding transitions that mask or
unmask the ribosome binding site (RBS) in response to tem-
perature change, shown as a blue (cold) or red (hot) arrow
(thermometer), that can be associated with states |1) or |2) in
Eq. (1), respectively.

binding site [1-3] by initiating the unfolding process
as depicted in Fig. 1. However, there is a lack of un-
derstanding of the background physical mechanism
that underlies this melting phenomenon, as well as
of the extent to which various approaches developed
to date for the transitions in mRNA molecules can
be regarded as common or uncommon from a ther-
modynamic viewpoint concerning even the simplest
two-configuration approximation of Fig. 1.

In this work we use the two-configuration approx-
imation to derive the consistent equation for deter-
mining the thermodynamic probability of an entropy-
driven unfolded process. Then we coincide this equa-
tion with that obtained in the microscopic two-state
approach, compare these equations with the experi-
mental data and finally discuss and conclude by sum-
marizing the results obtained.

2. Thermodynamic Probability
of an Entropy-Driven Unfolded Configuration

In order to analyze different possibilities for the de-
scription of experimental data on the unfolding of
RNA molecules, let us start with a simple but gen-
eral two-state model for the probabilities of RNA be-
ing found in distinct structural states |j = 1) and
|7 = 2) defined with respect to the bases involved
in base pairing. Let us associate state |1) with a
stem-like structure, in which all bases are paired,
so adopting for the thermosensing region a structure
that sequesters the ribosome binding site (RBS) of a
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gene. On the contrary, state |2) is associated with the
open RNA structure, in which some specific remain-
ing acid-base residues are unpaired (for instance, a
guanine residue of the repressor of heat-shock gene
expression at position 83 paired opposite the Shine—
Dalgarno sequence in the hairpin structure is shown
to play a pivotal role in the ability of RNA to change
its expression with temperature [1,3-5]). The result-
ing kinetic scheme for transitions between such gen-
eralized states can be represented as follows

) = 12). (1)

Let each state |j = 1,2) in (1) be characterized by
the macromolecular free energy

Gj=12=(0 -1 —p)=0G-1)(AH-TAS), (2)

which is an additive sum of all respective contribu-
tions from the intrinsic energy ¢ (enthalpy AH) and
the chemical potential p (partial entropy AS) at a
given temperature T'. As a rule, the latter quantities
increase with each single act of base unpairing by an
approximate value of ¢ — u that remains the same
for all base pairs. Such an assumption is supported
by the finding that enthalpy and entropy contribu-
tions of the base pairs to the heat capacity incre-
ment of the DNA duplex (analogous to the stem-like
structure of RNA) are additive and equal for the AT
and CG base pairs [6]. Then, denoting by P;(T) =
= exp(—G;/RT)/>_; exp(—G;/RT) the Gibbs prob-
ability of state |j) as a function of temperature, the
cumulative probability P»(T) = 1 — Py(T) for the
melted (i.e. unfolded) base pair structure present in
RNA reads

(AH/T — AS)}}*’

Py(T) = {1 +exp { n

®3)
where R is the gas constant, approximately estimated
as 8.314J -mol ' - K.

Let us compare the afore-derived distribution with
its analogs known from the literature for the RNA
thermometers. Here, however, we should note that
there exist two scenarios for describing the data. One
scenario, commonly used in most papers, is entropy-
enthalpy compensation mechanism. It argues that a
strict correlation between contributions of the en-
tropic and enthalpic increments is of primary impor-
tance in fitting the data across temperatures. Really,
for large as well as correlated entropy and enthalpy
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changes AS ~ AH/T > R, equation (3) describes
the experimental data well. Indeed, compensating the
enthalpy and entropy at the melting temperature T,
as AS = AH/T,, equates (3) to

T;'—T-Y)AH
2R '

Py(T) = {1+tanh [(

: @

Remarkably, this very expression was used in fit-
ting experimental curves in [7] for the process of un-
folding (melting) of the cyanobacterial hspl7 ribonu-
cleic acid thermometer with the following thermo-
dynamic parameters AH = 431kcal-mol™'; AS =
= 1278J-mol ' -K~1:T,, = 64°C.In that case,
both the criterion for the entropy-enthalpy correla-
tion and the condition for compensation of the incre-
ments of entropy and enthalpy at the melting tem-
perature, AS/R = AH/RT,, ~ 154 > 1, are satis-
fied a fortiori, which directly indicates the reliability
of study [7]. At the same time, this raises a princi-
ple question that, if the number of experimental data
points are well described by the relation (4) infer-
ring an entropy-enthalpy correlation, why did the au-
thors of this study not used the physical model to
explain those well compensated changes of the en-
thalpy AH and the entropy AS? Furthermore, both
these quantities appear far too large to obey the fun-
damental assumptions of any DNA/RNA unfolding
model. On the other hand, however, they hardly sat-
isfy experimental data for the values of their incre-
ments as well. For example, as was established in [6],
both these values were found to be about twenty times
lower than those that might be assumed to describe
the unusually steep melting curves in the RNA ther-
mometers (cf. [6,7]).

Another scenario in reproducing the steep unfold-
ing curves of the RNA thermometers is entropy driven
scenario. It points to the plausibly increasing role of
entropy due to its linear growth with temperature
observed in many organic materials such as glasses
or polymers [8]. In this case, one can scale a linear
dependence of the entropy increment on the temper-
ature difference ® = T — T in degrees centigrade
as follows AS(O) = AS° + 07O, with T, > 0°C
and or = OAS/OT denote a reference tempera-
ture and the temperature derivative, respectively,
and AS° = AS(0). In this case, one becomes free
to choose the form necessary for successful incorpo-
ration of the low enthalpy increments when fitting
the steep unfolding curves because of the possibil-
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ity of omitting the enthalpy contribution in depen-
dence (3), by substituting the entropy contribution
for it. The only thing that will be required in this case
is to employ the entropy-driven criterion in the form
|AS| > AH/T. As aresult, in the centigrade temper-
ature scale, one can obtain the following logistic equa-
tion with two effective parameters s = AS°/R < 0
and g=op/R>0

Py(©) = {1 +exp[—(s +¢O)]} " (5)

Such a phenomenological form of Eq. (5) with not
well defined parameters was used in [9] for study-
ing the thermosensing property of 100 randomly se-
lected mRNAs as well as three known thermome-
ters, that is, rpoH, ibpA and agsA sequences from
E. coli. It was shown that these mRNAs have an in-
herent tendency to melt with an increase in temper-
ature according to the logistic law in the cases ex-
amined, but they exhibit a noticeable negative en-
tropy increment AS°® < 0; |[AS°| > R. This finding,
unfortunately remained unexplained in [9], neverthe-
less, it makes it possible to describe RNA thermome-
ters as secondary structures that realize in them-
selves just the entropy-driven scenario of configura-
tional transitions for implementing their thermosens-
ing feature. However, this realization occurs under
the condition of a negative entropy increment for
these transitions which can happen, for instance, due
to a particular structuring, in an unknown way, of
water molecules around the non-polar residues upon
going from higher to lower temperatures.

To give more consistency and clarity to the entropy-
driven scenario, it is noteworthy that from a purely
thermodynamic point of view [10], there is always a
temperature interval, say from Ty to 7', in which the
excess heat capacity AC, at constant pressure p is
nearly constant. In this interval, which should be dis-
tanced from that one where an unfolding transition
in the vicinity of the melting temperature 7,, is ac-
counted for, the corresponding increments of enthalpy
and entropy are the following

T
AH(T) = / AC, dT + AH(T) (6)
To
and "
AS(T) = / (AC,/T)dT + AS(T) ™)
To
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respectively, with AH(Tp) and AS(Tp) = AS° be-
ing their corresponding changes at temperature Tp.
With the constant AC), equations (6) and (7) can be
written in the scaled form as follows

AH(T)=AH(Ty) + AC, - (T —Tp);

AS(T) =AS° + AC, In(T/Tp) - 0(T — To), (®)
where 0(z) is the Heaviside step function, needed
to preserve a finite entropy at 0 K, taking the
value 0 for x < 0 and 1 for z > 0. Remarkably,
the fact of independence of temperature of the
heat capacity increment at the level of AC, =
~ 0.1 kJ-mol™'-K~! and the linear temperature de-
pendence of enthalpy change in (8) with AH(Tp) —
—AC,Ty ~ 25kJ - mol ™! have both been observed re-
cently in [6] for cooperative association/dissociation
of the DNA duplex. Consequently, once more setting
the entropy-driven criterion |AS(T)| > AH(T)/T
reduces Eq. (3) in this interval to the specific temper-
ature extra-sensitive equation of the hyperbolic form

Th

Po(T) =

(9)
This equation resembles the classical Hill equation,
but is reformulated in terms of temperature instead
of ligand concentration, to describe cooperative bind-
ing of a soluble ligand to a macromolecule, with pa-
rameters h = AC,/R and T,,, = T exp(—AS°/AC,)
being the so-called “Hill coefficient” and melting tem-
perature, respectively.

Here we should note that Eq. (9), which was in
fact postulated in Ref. [11] (see also [4]) in an ad hoc
manner as the “Hill equation” and stated without its
derivation, was used to describe the admittedly not
well-defined notion of RNA cooperativity for the case
of fourU RNA thermometer as means to deal with
its sensitivity to temperature. However, in spite of
the correspondence of fitting this ad hoc equation to
data with “Hill coefficients” of h = 10.6 and h = 18.6,
as well as the similar h ~ 12 fitted to the model (5),
estimating a measure of the cooperativity number as
to be say from ten to eighteen or more seems too large.

Another drawback of using both the ad hoc “Hill
equation” in [11] and the logistic equation (5) in [9] is
the loose use of the centigrade temperature instead of
the kelvin one. To overcome that insufficiency means
in fact, rejecting the “Hill equation” from considera-
tion. Therefore, in the following we use the thermody-
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namically correct equation (9) to quantitatively rec-
oncile it with the description of existing data.

Thus, in terms of the thermodynamic framework a
simple probabilistic analysis of the behavior of two-
state thermosensing structures makes it possible to
plausibly conclude that the RNA thermometer op-
erates according to the entropy-driven scenario, in
which the change of enthalpy is considered insignifi-
cant, whereas that of entropy is regarded as dominant
and increasing with temperature, irrespective of be-
ing augmented logarithmically or linearly. Therefore,
it is of interest to propose a concrete molecular model
of two-state thermodynamic system for which incre-
mental contributions to both the linear domain and
the logarithmic domain of entropy additions to free
energy (2) can separately be determined and then
compared with one another. As a result, one could
conclude about which contribution really prevails and
which thermodynamic parameters of the system are
commonly responsible for that prevailing. However,
there is the practical problem in calculating the con-
tribution of the lattice normal vibrations akin to that
performed for some ceramic crystals such as MgO
[12] and TcC [13] with the use of the density func-
tional perturbation theory in the quasiharmonic ap-
proximation. In this case, one can indeed obtain the
linear temperature growth of entropy in the working
temperature interval, but only by calibrating the en-
tropy value at a low level of 30 J-mol™*- K, which
appears as nearly forty times lower than that justi-
fied in the experiment 1.3 kJ - mol™' - K~ [7]. At
the same time, the one order of magnitude smaller
value ~1 J-mol ' - K~! is estimated for the en-
tropy increment of graphite when logarithmic growth
of its entropy with temperature is taken into account
[14]. Nonetheless, it is precisely this value is that
which is required to be small enough to allow one
to adequately fit the obtained formula (9) to existing
experimental data while providing a necessary melt-
ing temperature.

3. A Simplified Two-State
Microscopic Model

To combine the different approaches discussed above
in a unified physical model, let us consider as before
only a simplistic two-state case (1) of the RNA un-
folding process with the two main configurations, as
shown in Fig. 1. There are two ways to construct a
physical model for the structural states of the mRNA
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molecule in solution. One way is to do this macro-
scopically, that is, to operate with quantities such as
the total reactive volume, number of moles, energy,
entropy and temperature, to describe the thermody-
namic behavior of the system as a whole. Another
way is microscopic, which is intended to operate with
the quantities which do not describe the whole sys-
tem, but specify the states of separate atoms. Kno-
wing in this way the atom’s initial positions and mo-
menta allows one to follow the atomic dynamics ac-
cording to the equations of motion, given the total
energy of the system including the kinetic energy as
well as the energy of the most relevant interatomic
interactions represented as a potential of the mean
force. Further, this approach makes it possible to ob-
tain the equilibrium probabilities of a system’s struc-
tural states, by averaging over all possible atomic
configurations, i.e., microscopic states. But if the fi-
nal molecular configurations of a total system are
in equilibrium, i.e. if macroscopic states are taken
into account, then we must consider various struc-
tural states of the mRNA molecule as separate sys-
tems whose instances form a statistical ensemble. For
the RNA unfolding process with two structural con-
figurations, we will consequently arrive at two differ-
ent systems coexisting in solution (Fig. 1), namely,
the mRNA molecule with a stem-like structure (sys-
tem |1)) and the mRNA molecule with a particular
number of unpaired base pairs in the unfolded region
(system |2)). Therefore, the objective is to represent
for each of such systems its probability coupled to the
entropy that in turn is logarithmically proportional
to the number of all accessible molecular configura-
tions, while the other macroscopic parameters have
certain values. As such, due to the basic postulate of
statistical mechanics we have to assume that, while
both systems are in mutual thermodynamic equilib-
rium, all macroscopic configurations of them will oc-
cur with the same probability, i.e. they will be spec-
ified by a single contour of equal free energy levels
intrinsic to the systems. However, both the number
of those energetically isoergic levels in the correspond-
ing set, forming an entropic contribution to a free en-
ergy of every system, and the enthalpic contribution
to it from the energy gap between respective sets of
levels, are in general altered because of their depen-
dance on the environment due to the interaction with
which cumulative probabilities of these two systems
are equilibrated.
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The arguments above allow us to represent two
mRNA systems under study as systems constantly
interconverting in aqueous solution from one to an-
other with the transition probabilities W35 and Wy,
that, in the thermodynamic equilibrium, obey the
principle of macroscopic reversibility (the condition of
full balance), namely Wio/Wa1 = Py/P». In fact, this
means that now we can speak of a single two-state sys-
tem, each state of which designated as before by |1)
and |2) is characterized by a single, but degenerate,
level of energy Ej—12 = E;=12(T) and degeneracy
gi=1,2 = gi=1,2(T), both being functions of tempera-
ture at constant volume and pressure. Furthermore,
without any loss of generality, the temperature de-
pendence of the latter can be scaled as follows

9i(T) = 2, (T) - mi(T),

where m;(T) is the number of moles of the mRNA
molecule as a function of temperature in state |i =
=1,2) and 29(T) = exp|[p?(T)/RT] is the standard
fugacity related to the standard chemical potential
w$ defined as the chemical potential p of (2) at the
reference level of m;(T) = 1 mol.

In this context, considering different scenar-
ios for describing temperature-induced behaviors of
RNA molecules is straightforward. Indeed, since the
mRNA molecule represents one and the same object
of interest in both states |1) and |2), a state’s equi-
librium probability P;(7T') is defined as
PAT) = mi(T) s (T) + ma(T)) . (10)
Therefore, the mutual equilibrium between states
[1) and |2) is attained at Py(T,,) = Pa(T)) or at
my(Ty) = mo(Ty,), where T, is the melting tem-
perature. Any shift of temperature T' from 7T;, per-
turbs the mole numbers mi(T) and ms(T'), which
causes the displacement of these quantities from
their equilibrium values mso(7,,) and my(Ty,). This
occurs at the cost of an enhanced increment of
the chemical potential Au(T) = puo(T) — w(T) =
= In[mo(T)/m1(T)] providing a net driving force
for the melting/folding process of the mRNA
molecule. However, to retain the thermodynamic
equilibrium in the total reaction volume, such a “lo-
cal” mutual disequilibrium between the states in (10),
induced by the corresponding change of ambient tem-
perature T, should be compensated by a respec-
tive change in the standard entropy term AS°(T') =
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= [wS(T) — u3(T)]/T or in the base-pair dissociation
enthalpy term AH(T)/RT = ¢(T)/RT = [E2(T) —
— E1(T)]/RT or in the both terms, respectively. De-
pending on which of these terms prevails, we will ob-
tain different scenarios for the RNA molecules. Cer-
tainly, for temperature-independent (or constant)
standard entropy AS°(T) = AS° = const and dis-
sociation enthalpy AH(T) = ¢ = const, we arrive
at the scenario of entropy-enthalpy compensation,
discussed above in (3) but its occurrence in RNA
molecules would require unrealistically large values
of both quantities, related as AS® = ¢/T,,. Instead,
if the dissociation enthalpy is negligibly small as com-
pared to the standard entropy the scenario is entropy-
driven, but only when the corresponding entropy in-
crement becomes linearly (5) or logarithmically (8)
temperature dependent. Finally, for very large disso-
ciation energy ¢(T") > AS(T') with high and positive
temperature dependence such, at least, as €(T") ~
~ TInT or ¢(T) ~ T%? and higher, an enthalpy-
driven scenario comes into play. This scenario, how-
ever, becomes almost infeasible with respect to the
enthalpy constraints for RNA molecules [6].

Among various variants discussed above, the entro-
py-driven behavior of the mRNA unfolding is repro-
duced by another realization as well. This is a situ-
ation in which an intrinsic disequilibrium occurs in
the total thermodynamic system, which is not in the
full thermodynamic equilibrium, but only in the par-
tial thermodynamic equilibrium with respect to two
solutes dissolved in aqueous solution. As applied to
the RNA thermometers, this leads to the difference in
solubility levels for the two forms of the mRNA struc-
tures, that is, the stem-like form of mRNA molecule
and its form of it with a number of unpaired base
pairs. As generally known [15], change of tempera-
ture T' is the factor affecting equilibrium of any so-
lute in solution that, with increasing the T, either
enhances its saturation molar concentration, if dis-
solution is endothermic, or diminishes this quantity,
if dissolution is exothermic. Frequently, nearly a lin-
ear temperature dependence of solubility is the case
[16]. In more general cases, however, that dependence
is non-monotone exhibiting saturation or a tempera-
ture maximum [17]. This effect is accounted for by
expression (10) if the current mole numbers m;(T) of
the mRNA molecule are replaced by those of mRNA
solubility at saturation m$*(T), allowing them to

have their own temperature dependence, and thus
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considering the emergent chemical potential differ-
ence Ap*t(T) = In[m&*(T)/m5*(T)] as a new driv-
ing force for the mRNA unfolding. By doing so ac-
cording to the modified Apelblat equation [18] for an
aqueous solution at room temperature T > Ty, we

scale m32 o(T') as

m;* (T) = Ai(T/Ty)™ exp(B;/RT), (11)

where A;, B; and n; are the empirical constants, and
Ty > 0°C is the calibration temperature. At ny —
—ny =n >0 and T, (T) = To(Az/A;) /™ exp|(By —
— B1)/nRT] expression (10) again reduces to the
temperature sensitivity equation analogous to Eq. (9)

T?’L

A T

(12)
However, this form now contains both a not well-de-
fined temperature exponent n and the exponentially
temperature dependent melting temperature 7., (7).
However, at sufficiently large n > 1, say n > 10 or
more as in (9), and at B; &~ Bs, temperature de-
pendence of T,,(T) disappears thus approximating
the melting temperature simply as T,,(T") = Tp. Fur-
thermore on the other hand, if no —ny = n < 0 one
obtains an opposite temperature sensitivity equation

T,,"(T)

B(T) = n

= T (13)

providing an inverse temperature dependence as com-
pared to that of Eq. (12).

4. Comparison with Experiment

Given the derived equations (9) and (12) for the
temperature extra-sensitive probability of the un-
folded configuration of RNA thermometers, let us
provide these equations with the respective experi-
mental data. We constrain ourselves here to the com-
parison with only a few examples of temperature ex-
tra-sensitive data obtained by different experimen-
tal methods. We use a self-developed Python code to
identify the model parameters h and T, in Eq. (9)
by minimizing the root mean square error (RMSE) of
the model compared to the experimental data. The
obtained best fitting curves are plotted in Fig. 2 and
Fig. 3, and corresponding estimated parameters are
given in Table 1 (see Sec. 5).

Fig. 2 shows the data on the 4U RNA studied
by fast relaxation imaging. As we see the normalized
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D/A FRET signal as a function of temperature for
both 4U RNA and its low-melting variant (4U and lm-
4U, respectively) are well described by Eq. (9) with
the respective parameters of h and T, (given in the
inset).

Fig. 3 reproduces the temperature-induced unfold-
ing curves monitored by CD-spectroscopy of hspl7
RNA, as well as its two stabilized mutants hsp17*°P
and hspl7%®b RNA, respectively, with estimated
model parameters of Eq. (9) given in the insets. Si-
milar to that in Fig. 2, Fig. 3 also provides a good
description of the respective set of CD spectroscopic
data by Eq. (9) given the appropriate model parame-
ters. Thus, the comparatively high quality fit demon-
strated in both Figs. 2 and 3 can serve as direct evi-
dence for the correctness and usefulness of the derived
in Sec. 2 thermodynamic model.

5. Discussion and Conclusion

In this paper the problem of adequately describ-
ing thermodynamic properties of temperature extra-
sensitive processes observed in particular bacterial
RNA molecules is considered in Sec. 2. To simplify
the problem, we constrain ourselves to only the two
main RNA configurations, that is folded and un-
folded, which spontaneously transition to one another
according to scheme (1) as depicted in Fig. 1. In this
two-state model, defining the thermodynamic prob-
ability of an unfolded state in the general form (3)
for entropy-driven processes reduces it to the hyper-
bolic master equation (9) that exhibits a power law
dependence on the absolute temperature with non-
integer exponent. Although this equation resembles
the classical Hill equation if speculatively reformu-
lated with respect to centigrade temperature instead
of ligand volume concentration, it cannot, in princi-

Table 1. Estimated parameters h

and Ty, in Eq. (9) and the excess heat capacity AC)p
obtained by minimizing the RMSE of the model
with respect to the experimental data

No.| RNA no | Tmo A(ij’ RMSE | 1 °C

type °C | molK (exper.)

1 |4U 80.34 | 53.2 668 |6.58 x 1073 | 53 [19]
2 | lm-4U 61.74|47.4| 513 [4.82 x 10~3 | 47 [19]
3 | hspl7 38.80| 45.7 323 |4.45x 1073 | 46 [7]
4 | hspl7*P |121.12]63.9 | 1007 |1.11 x 10-2| 64 [7]
5 | hspl7tab | 105.09| 50.8 | 874 |2.69 x 10~3 | 51 [7]
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T,°C
Fig. 2. Theoretical cumulative probability distributions for
the unfolded base pair structures as a function of tempera-
ture (curves calculated from (9) with the parameters shown in
the insets), which correspond to experimental data (adapted
from [19] and separately normalized to 1) for 4U RNA and its
low-melting derivative Im-4U RNA studied in [19] by the fast
relaxation imaging (FRel) technique

1.04
®  hspl7 (exper.)
h =388,
0.8+ T =457°C
o6d 2 hspl7Slub (exper.)

w— = 105.09,
7 =50.8°C

0.4 .
® hspl7" (exper.)
— = 121.12,
0.2 Tm:63.90C
( 0-
L e L N [ B A B R R
0 10 20 30 40 50 60 70 80 90 100

T.°C

Fig. 3. Theoretical cumulative probability distributions for
the unfolded base-pair structures as a function of tempera-
ture (curves calculated from (9) using the parameters shown
in the insets), which correspond to the temperature-induced
unfolding experimental data (adapted from [7] and separately
normalized to 1) for hspl7 RNA and its two stabilized mutants
hsp17™P and hspl175*2b RNA monitored by circular dichro-
ism (CD) spectroscopy [7]

ple, be regarded as this type of equation in any rea-
sonable meaning. The main incorrectness of the latter
is the loose interpretation of temperature exponent
as a parameter of cooperativity in a “Hill equation”
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in fact postulated ad hoc [11]. On the contrary, in
the consistently derived above equation (9), the cor-
responding temperature exponent is defined with ap-
propriate accuracy as the reduced molar excess heat
capacity at constant pressure measured in the gas
constant units. Consequently, strictly speaking equa-
tion (9) should be called the temperature sensitiv-
ity equation for entropy-driven processes in biolog-
ical macromolecules with a sensitivity power (tem-
perature exponent) proportional to a molecular heat
capacity.

The comparison of Eq. (9) with experimental data
is provided in Sec. 4 in Figs. 2, 3. We see that the
unity-normalized curves for the temperature depen-
dence of the probability of the unfolded state in dif-
ferent RNAs can be well described by Eq. (9) with
two estimated model parameters, that is, the melt-
ing temperature T, and the temperature exponent
h. The first parameter is easily calculated as the tem-
perature at which folded and unfolded states of a
functional conformational unit of RNA’s structural
elements, schematized in Fig. 1, are equally popu-
lated. The second parameter, characterizing tempera-
ture sensitivity power of this unit, is its reduced molar
excess heat capacity AC, = Rh. The latter, however,
is very difficult to determine in the case of polyatomic
molecule even in the gas phase (see e.g. [20]). The es-
timated values of these parameters are given in Ta-
ble 1. It is worthy of noting that the first parameter
is independent of the particular model description,
whereas the second appears to be critical for the equa-
tion used in modeling the data. Thus, the comparison
of the postulated ad hoc “Hill equation” with exper-
imental data gives the following range for variation
of h = 10.6+18.6 [11], while the thermodynamically
consistent equation (9) provides the same data with
the greatly broader interval of h = 38.80+121.12 (see
Sec. 4 and Figs. 2, 3). Since correlated processes of
say from forty to one hundred twenty cooperative si-
multaneous ligand transitions seem to be almost in-
feasible, avoiding the concept of cooperativity in the
interpretation of temperature extra-sensitive proper-
ties of RNAs might be taken for granted. Instead,
the concept of excess heat capacity occurring in RNA
functional conformational units should be accounted
for as playing a pivotal role in the explanation of
variable extra-sensitivity to temperature in different
RNAs. In this context it indeed occurs that the tem-
perature sensitivity power of Eq. (9) coincides with
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the temperature exponent which in turn is directly
proportional to the excess heat capacity of a func-
tional conformational unit.

Another aspect of RNA calorimetry deals with the
common assumption that heat capacity changes in
RNA folding/unfolding are almost negligible. For in-
stance, an approximately constant value of the heat
capacity AC, ~ 100J - mol ™ - K~ is observed in co-
operative association /dissociation of the DNA duplex
irrespective of its composition with respect to comple-
mentary nucleotides [6]. At the same time, this value
being characteristic of a small RNA unit appears as
much lower compared to that observed for the hy-
drophobic hydration of nonpolar functional units and
polyatomic ion structures, whose heat capacity val-
ues are usually much greater ranging within hun-
dreds of J-mol™" - K~ (see e.g. [21-23]). Similarly
such an extended interval between possible values of
AC, = 323+1007 J - mol ™! - K~ is characteristic of
experiments for different RNA types in Figs. 2, 3 and
in Table 1. Because, in general, the exact determi-
nation of AC), for polyatomic molecules in polar so-
lutions is impossible since it requires accurately de-
termining the contributions to the value of AC, of
various additional components of movement within
a functional conformational unit (e.g. flexural or ro-
tational components), the problem of directly calcu-
lating the heat capacity for different RNAs remains
unsolvable hitherto. Therefore, it is important to try
to monitor heat capacity values with a help of in-
direct methods presented above in Sections 2-4 and
in Table 1. Nevertheless, in the recent paper of [24]
it has been observed that longer alkyl chains were
associated with an increased heat capacity of ionic
liquids. By analogy with this observation, the solu-
tion of RNA molecules possessing longer free polynu-
cleotide chains in the unfolded configuration can be
hypothesized as having a larger excess heat capac-
ity compared to that of RNA molecules possessing
shorter polynucleotide chains. Unfortunately, this hy-
pothesis, though plausible yet currently unverifiable,
cannot be confirmed by any of the currently employed
means.

Also, in the framework of the microscopic ap-
proach, the problem of extra-sensitive to temperature
transitions between two degenerate states is consid-
ered in Sec. 3. We find that using the modified Apel-
blat model for the unfolding of macromolecules in an
aqueous solution at room temperature the form of
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the resulting equation for the probability of unfolded
state surprisingly coincides, either directly (12) or in-
vertedly (13), with the form of temperature sensitiv-
ity equation (9) for entropy-driven transitions in bi-
ological macromolecules derived in Sec. 2. The only
difference is a poor interpretation of the tempera-
ture exponent and melting temperature in (12) or
(13) as compared with (9) where this interpretation
is physically straightforward. Moreover, polyatomic
molecules like RNAs generally possess additional de-
grees of freedom corresponding to various rotations
about and flexions of the chain axis. This requires
an accurate equipartition of the heat energy among
different microscopic translational, rotational and vi-
brational degrees of freedom characteristic of func-
tional conformational states as well as taking into
account microscopic flexures of apparently motion-
less conformational chains. Obviously, these problems
cannot be resolved with traditional approaches. Nev-
ertheless, both equations (9) and (12) can serve as
a form of the temperature sensitivity master equa-
tion for entropy-driven processes in different biologi-
cal macromolecules.

In conclusion, the phenomenon of temperature
extra-sensitivity observed in some biological macro-
molecules, e.g. RNA thermometers [7,11], can be un-
derstood as an entropy-driven process accompanying
the unfolding of these macromolecules with temper-
ature due to the increase of their heat capacity in-
crement because of the increasing number of degrees
of freedom contributing to them and leading to an
increased degeneracy in the unfolded configuration.
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HAJAHHSA HAJUYYTJIMBUM JO TEMIIEPATYPI
MNEPEXOJAM ¥ BIOJIOTTYHIX MAKPOMOJIEKYJIAX
3MICTY EHTPOIIIMHO-KEPOBAHUX

IMTPOLECIB PO3I'OPTAHHA

JJ1s1 y3roiKeHoro BUBOJLy PIBHSIHHS, sSIKE€ XapaKTePU3y€ TEPMO-
AUHAMIYHY IMOBIpHICTE Ha4yTIMBHX JO T€MIIEPATypPU €HTPO-
MifHO KePOBAaHUX IIPOIECIiB PO3rOPTAaHHS BUKOPUCTAHO JBOKOH-
dirypariiiine HaOIMKEHHSI, IKE€ I'PYHTYETbCSI HA TEPMOIUHAMI-
YHOMY MiZXOAi IO onucy KoHMOpMaliiHUX IepexoniB y dizio-
JIOPIYHO 3HAYYHMIMX GIOJIOriYHUX MaKpoMoJjeKyJax. [lokazaHo,
IO 3 TOYHICTIO /0 BBEIEHUX IapaMeTpiB Iie piBHsAHHs 30ira-
€ThbCs 3 PIBHAHHAM, sIK€ OTPHMAHO 3 BHKOPHCTaHHAM MiKpo-
ckomivHoro miaxoxy. Pesynbpraru pospaxyHKiB ITOPiBHIOIOTHCS
3 eKCIIEpUMEHTAJbHUMH JaHUMU.

Katvwo08i cA06a: TEPMOYYTINUBICTh, EHTPONIAHO KepOBaHi
nporecu, 6ioIOriuHI MAKpPOMOJIEKYJIN.
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