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Abstract. The paper investigates from the perspective of-eguilibrium thermodynamics the
processes in biological systems such as cell mambgingle-domain and multi-domain globular
protein, alga celChara corallina. State change process of these biological systeliosvs the same
general evolution laws of non-equilibrium thermodyrics systems researched previously for
physicochemical processes. It is noted that thetdw higher entropy generation state transitidns o
these biological systems and reverse transitioegealized through hysteresis. In the course of the
transition, the membrane structure (gel or liquigstal state), globular protein (denatured or
globular state) or alga cell structure, thermoptaisiand other parameters change dramatically.
Transitions occur abruptly with the formation ofsteady structures. The self-organization process
of single-domain and multi-domain proteins is déset from the perspective of non-equilibrium
thermodynamics. Thermodynamic analogues of theseepses from “inanimate” nature are given.

T'HNCTEPE3HCHBIN CITIOCOB BOJIIOIIMA BUOJIOT'MYECKHUX
CHUCTEM C NO3UIIUA HEPABHOBECHOM TEPMOJINHAMUKH
Hezenvckuii B.T'.

KiioueBble cioBa: meMOpaHa, Oeilok, KJETKa, THCTEPE3WC, HEPaBHOBECHAs TEPMOIMHAMHUKA,
camMoopranu3aiys OeJka.

AnHotanms. [IpoaHanmu3upOBaHBI C TO3WIMH HEPABHOBECHOW TEPMOJMHAMHUKH IIPOIIECCHI,
MPOTECKAIIIUE B TAaKUX OHOJOTMYCCKMX CHCTEMax, KaK MeMOpaHa KICTKH, OJHOJOMCHHBINH H
MHOT'0JIOMEHHBIN TI00YyIsIpHBIH Oelok, kineTka Bogopociu Chara corallina. Ioka3aHo, uto mporecc
MU3MCHCHHSI COCTOSIHHU PacCMaTPUBACMBIX OMOJOTHMYCCKHX CHUCTEM MOJUHHACTCS OJHHM U TEM JKE
00IIMM 3aKOHOMEPHOCTSIM BOJIOINH HEPAaBHOBECHBIX TEPMOAMHAMHYECKUX CHCTEM, BBISBICHHBIM
g QU3UKO-XUMHYECKHUX TmporeccoB. (OTmedaeTcs, YTO TEpexXOomsl B paccMaTPHUBAEMBIX
OMOJIOTHYECKHX CHCTEMaxX M3 CTAI[MOHAPHOTO COCTOSTHHS C MEHBIINM ITPOM3BOJICTBOM SHTPOIHUH B
CTaI[MOHAPHOE COCTOSTHHWE ¢ OONBIIMM TMPOW3BOACTBOM DHTPOIMHA M B OOPAaTHOM HampaBiICHHN
peanms3yroTcst depe3 rucrepesuc. [Ipu mepexomax pe3ko H3MEHSIOTCS CTPYKTypa MeMOpaHbl (reltb-
COCTOSIHME WJIM SKHAKOKPHCTAIINYECKOE), CTPYKTypa TIoOyasipHOTo Oenka (pasBepHyTOE WIIH
TJI00YIIIPHOE COCTOSTHUE) MITH KJIETKH BOJOPOCITH, & TAKXKE TEIIO(GU3NUECKUE U IPYrHe NapaMeTPhl.
[Tepexoap! OCYIIECTBISIOTCS JOCTATOYHO PE3KO, CKAYKOOOpa3HO ¢ 00pa3oBaHUEM HECTalMOHAPHBIX
cTpykTYyp. ONHUCHIBaCTCS MPOIECC CAMOOPTaHU3AIMK OJTHOJJOMEHHBIX U MHOTOJOMCHHBIX OCIKOB C
MO3UIIMMA HEPABHOBECHOW TEPMOJMHAMHUKHU. [IpUBOIATCS TEPMOJUHAMUYCCKUE AHAJIOTH JTHUM
MpOoIeCcCaM M3 «HEKUBOU IIPUPO/IBL.

Hysteresis has long been observed in "abiologipalysical and chemical
processes. In biological processes, hysteresisophema have been experimentally
confirmed only with the advent of modern researdthods.

Theoretical and experimental investigations [1-ayeéh demonstrated that
hysteresis phenomena in fluid dynamics, Earth gpme®, heat and mass transfer,
magnetism, catalytic and other physical and chdnpoecesses comply with the
same general laws for a non-equilibrium thermodynasystem changing state.
Hysteresis involves direct and reverse transitibesveen two quasi-stationary
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states of a non-equilibrium thermodynamic systenaratterized by different

entropy generation. These transitions cause changhe structures corresponding
to the states (for example, current and flow pasietheat exchange pattern,
composition and concentration of reaction producasid other parameters.
Moreover, structure and parameters of a thermodimaystem, including entropy

generation, change sharply, sometimes even intemtli.

It can be assumed that the revealed general patdéichange in the state of a
non-equilibrium thermodynamic system are also @pple to biological systems.
Under certain conditions, a multiplicity of stataoy states with their own operation
modes can be realized in open biological systems|as to physical systems. A
characteristic feature of biological systems isumber of ways for the system
transition from one stable stationary state to la@otwith a different operation
mode. In [8] various transition methods were désatj the most significant being
trigger method and hysteresis, which play an ingdrtrole in the regulation of
biological systems.

Hysteresis phenomena can be experimentally obsenvedcell membrane
and other membrane systems. Let us consider so@mn@brane as an example of a
thermodynamic system. The packing mode of moleadarponents in membranes
(the structures of a thermodynamic system), theibifity, the process kinetics and
other properties can be studied using model bilager membranes (BLMs) made
from natural lipids, for example, bovine brain ppleslipids, similar to the
biological membranes of the cell in their physiaatl chemical properties.

Investigation of lipid membranes using various ptgismethods, including
electron microscopy X-ray diffraction, radio spesttopy (electronic paramagnetic
resonance (EPR) and nuclear magnetic resonance J)\év& others, demonstrated
that the membrane molecules are aligned. Phospihatiplecules are located in a
double layer, and their hydrophobic tails and pblgdrophilic heads are orientated
in a certain pattern. A physical state charactdriag a certain alignment in the
mutual orientation and arrangement of moleculeswitn liquid aggregate state, is
called a liquid crystal (“liquid”) state. Liquid ystals can be formed only in
substances consisting of “long molecules” that aherter in the transverse
dimension.

As temperature decreases, transition of the phdigdhanembrane from the
liquid crystal state to the gel state conventionadiferred to as solid crystal takes
place. In the gel state, the molecules are mogaedi than in the liquid crystal state
(Fig. 1). All hydrophobic tails of phospholipid nemlules in the gel state are fully
stretched out strictly parallel to each other.He liquid crystal state, due to thermal
motion, the molecule tails are bent, their paradignment is offset, especially in
the middle of the membrane. Since the alignmenhénsolid-crystal state is more
ordered than in the liquid-crystal state, it can dssumed that the former is
characterized by lower entropy. As the moleculeslstcan bend in the liquid
crystal state, this state has more degrees ofdreed comparison with the solid
crystal, and, therefore, higher heat capacity.
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Fig. 1. Schematic of a dipalmitoylphosphatidylchelmembrane structure change
(cross-section) during direct and reverse gelqoidi crystal transitions as a
function of temperature

Transitions between the states of a model memhrader heating or cooling
occur in a narrow temperature range and are cleizetl by a very sharp change
in the system enthalpy. In this case, a shift im tfansition temperature range is
observed, recorded both during cooling and duriogssquent heating of the
system. Depending on the membrane system, the tatape hysteresis shift can
reach 3-5 K to ~10 K under certain conditions [$§ing various physical research
methods, including differential scanning microcateetry, it was found that not
only the enthalpy, but also the volume, entropy atlker parameters of the
thermodynamic system can change quite rapidly duremsitions of the membrane
structure from the liquid-crystal state to the dalrystal state and back. For
example, during the transition from the gel statetite liquid crystal state, the
volume increases due to an increase in the memlana@eper one molecule from
0.48 nnf to 0.58 nr.

For some phospholipid membranes, for example,
dipalmitoylphosphatidylcholine (DPPC), intermedia@tionary states with their
own structure are formed during transition from loeid crystal state to the gel
and back. In this transition, a sharp change ineéhtalpy, entropy, and other
parameters also occurs in a certain temperatuger@fig. 2). Electron microscopy
was used to establish that the bilayer in thisdtatks like a wavy surface (Fig. 1).
The transition from the gel state to the intermtdiatate occurs at lower
temperatures and is referred to as pre-transitibhe transition from the
intermediate state to the liquid crystal occurhigher temperatures and is called
the main transition. During such transitions, thargge in the membrane properties
occurs rather sharply in a certain temperaturegakige assume that the point of
transition from one state to another is the tentpegaat which the maximum (peak)
heat capacity (point3c; and Tc, for the corresponding transitions in Fig. 2) is
reached during the transition. The heat of thectural transition at the selected
point is assumed to be the total heat generatadsnrbed during the transition (the
shaded area under the curve in Fig. 2 of the qoorefing transition). In the
isobaric process under consideration, the hedteostructural transition is equal to
the change in the enthalpy of the correspondingsttian.
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Fig. 2. Specific heat capaciGp of DPPC dispersion as a function of temperature

Based on these assumptions and thermodynamics eptv&p we can
conditionally view transitions between different mi@ane states as phase
transitions of the first order [10] that are chaeaized by an abrupt change in a
number of thermodynamic parameters. During the g@heansition, volume and
entropy and, as a consequence, the enthalpy, aitemergy, and specific heat
change abruptly.

Based on the assumptions made and the isobaricenatuthe process, the
dependences of the thermodynamic system entropgraperaturel for all three
possible stationary states of the membrane arendieéed by the equations:

s-5=]Sear
1T 1)

whereS; is the entropy of the system in the gel st&ds the entropy value at the
selected reference poifig; Cg is the specific heat capacity at constant pressire
the gel state of the system;
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whereS§ is the entropy of a system in the intermediatees@tis the specific heat
capacity at constant pressure of the intermedi@ie ©f the systemAH; is the
enthalpy increment during the transition from tleé gate to the intermediate state;
Tac, AH,  '¢C AH, T C
-S§= | ==2dT +—21+ | ZLdT +—2 + | =£&dT, 3
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whereS ¢ is the entropy of a system in the liquid crystaltes;, C ¢ is the specific
heat capacity at constant pressure of the liquidtal state of the systemiH; is the
enthalpy increment during the transition from theermediate to the liquid crystal
state. The calculations used relative entropy salexkoned from an arbitrary
reference point. Since the temperature of phasesitrans for membranes from
DPPC and a number of other homogeneous lipids dsc2é3 K, we assumg =

273 K for calculation purpose$; = 0. We also assume that at temperatures of the
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thermodynamic system that differ only slightly frahre temperatures of structural
transitions, the specific he@k, C;, andC,c remain constant. Then equations (1) —
(3) after integration are written as:

SG :CGln [%}, (4)

AH T
§=C In[ Cl}+—1+CIn( } (5)
TO TCl TCl

T AH AH T
=Cgln| E |+ =1+C/In| £2 |+ —2+C.In| — | .
S_C © (TO J TCl [T01J TCZ - [TCZJ (6)

Based on [11] let us assume for the DPPC membraHe= 9.63 kJ/mol;
Tei= 307 K;AHz = 40.57 kd/molTc, = 315 K.

When calculating the entropy change as a functiotemperature for the
three possible states of the thermodynamic systaeruconsideration, we assume
Ce = 110 J/(K-mol);C; = 120 J/(K-mol);C.c = 150 J/(K-mol). These values of
specific heat capacities for the corresponding nmran states are selected with the
account for changes in the specific heat of somgnperic substances used in
commercial membranes. Depending on temperaturdy patymers can be in a
glassy, highly elastic, or liquid states. It shobllnoted that the adopted values of
specific heat capacities do not affect the natdrthe change in the entropy and
specific generation of entropy (used below) as tions of temperature, and thus do
not affect the conclusions below. The change innteire of these dependences is
affected only by the relations between the spediat capacities of the three
possible membrane states.

Fig. 3 shows specific entropy as a function of terafure for the gelS;),
intermediate §), and liquid crystal § ¢) states of the considered thermodynamic
system calculated according to (4) — (6). It carséen that at the transition points
Tca from the gel state to the intermediate stateadrom the intermediate state to
the liquid crystal state, entropy of the thermodyiasystem increases sharply.

In previous works, for example [2, 4], it was shotkat the magnitude and
direction of the change in entropy generation facheof all possible states of the
same non-equilibrium thermodynamic system can atdithe directions of evolution
of the system and the sequence of its states. lntyeneration//S=dSdr is the
amount of entropy that occurs inside a thermodyoasyistem per time unit.
Assuming that during the membrane’s heating oriegalp to the transition points,
the temperature changes at the samevrat®.01 K/s, the entropy generation will be
dS_dS
de dT
(6), we find the specific entropy generation asrection of temperature for the three
possible states of the thermodynamic system urarsideration:

1S, =85 1§ ==Y 11§ =1~ )

Fig. 4. presents the graphs of these dependencies.

written as/IS=——=—=v, given thatét = 6T/v. Based on this and equations (4) —
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In accordance with the general laws of changes am-eguilibrium
thermodynamic states revealed in [1,tB§ transition of a system from a stationary
(quasi-stationary) state with a lower entropy generation to a stationary state with a
higher entropy generation can occur only if in the process of its evolution, a physical
condition is not fulfilled, preventing the existence of the initial state. The transition of
a thermodynamic system from a higher to a lower entropy state can be achieved only
if in the process of its evolution, the difference in the entropy generation of these two
states reaches a certain positive value. Direct and reverse transitions between two
stationary states of a non-equilibrium thermodynamic system are characterized by
hysteresis. These transitions are accompanied by changes both in the structures
characteristic of these states (in this case gdl, intermediate or liquid crystal states), as
well as thermodynamic and other parameters.

In the case under consideration, a physically fjesti condition that
determines the transition at the increased temyrerdtom the state with a lower
generation of entropy (gel state) to the intermtedssate with a higher generation of
entropy is the property of membranes of some lipidsluding DPPC, to change
the location of hydrocarbon chains at the tempeeafit;. This leads to the
structure of the membrane becoming distorted aadl#t layers becoming wave-
shaped (Fig. 1). With a further increase in tempeeaup toTc,, the membrane
structure changes again and the intermediate gtatesforms into a liquid
crystalline state, which has a higher entropy gmimr compared to the
intermediate state. These transitions are indicatédg. 4 by vertical lines with an
upward arrow.

According to the discovered laws and the axiomh# perfection of the
natural processes [12], in transition from a loveatropy generation state to a
higher entropy generation state, if several statipnstates are possible, a
thermodynamic system first assumes the state \kghlawest value of entropy
generation of all possible transition states, pmedithat physical conditions permit
this. In the case under consideration, a transifimm the gel state to the
intermediate one occurs. If the physical conditials not allow this, then the
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system will go into the next state, which has aimim entropy generation of all
the remaining states that a non-equilibrium therynadhic system can assume. For
example, for some lipids other than DPPC, the mam®molecules due to certain
physical conditions cannot have the wave-shapeth@ircorresponding to the
structure of the intermediate state of the thermadyic system (Fig. 1). In this
case, with increasing temperature, the gel staleabecomes liquid crystal state,
because the intermediate state cannot be realimetbccertain reasons.

With decreasing temperature of the liquid-crystarmodynamic system, the
difference in the entropy generatiali c —71S) increases and at temperatuie
reaches a certain positive value of liquid crystaintermediate state transfer. This
transition is represented in Fig. 4 by a vertioa¢ lwith a downward arrow. If the
temperature continues to increase after that, ¢verse transition will occur at
T, >T/,. Direct and reverse transitions exhibit hysteresisioted for example in
[9]. Similarly, in accordance with the general lawsd non-equilibrium
thermodynamic system evolution, at temperafigetransition from the gel state to
the intermediate state should occur and the revexssition from the intermediate
state to gel should occur ati,<T.,. The realization of this transition is
experimentally confirmed in [13]. Fig. 5 shows tweperimental data of the spin-
spin relaxation time as a function of temperatyseruheating and cooling of the
system obtained with the proton magnetic resonamet®@od. It can be seen that the
heating and cooling curves form hysteresis in #gggan of transitions from the gel
state to the intermediate and vice versa. Thesdtsesere well reproduced using
the EPR and NMR spectroscopy.

T,-10"

0.18

0.14

300 305 310 T,K
Fig. 5. Spin-spin relaxation time as a functioneshperature
(1 — cooling; 2 — heating) of DPPC water dispersion

In the process of transition of a non-equilibriumermodynamic system from
one stationary state to another, unsteady (unstablectures are formed, as was
shown in previous works [1-6].

Thus, in Rayleigh-Benard convection, a thermodyiasystem transiting
from a stationary state with a honeycomb fluid motstructure to a roll flow
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stationary state forms some non-stationary strastuA detailed description of
these nonstationary flow structures is given, fareple, in [14].

The transition of the laminar gas flow in the pipea stable turbulent flow
also occurs through non-standard flow structures igertain narrow range of
Reynolds numbers, and there is a continuous fltictudoth in time and in space
of the turbulent and laminar gas flow regions [1].

When the nucleate boiling of free volume water, alihcorresponds to a
lower entropy generation, evolves into film boilinghich corresponds to a higher
entropy generation, various combinations of filnd anucleate boiling modes form
and randomly replace each other in the heat trasaféace [2].

The unsteady nature of transition structures forrregeriodic chemical
reactions has been experimentally proved (for exarf§j). Such transitions also
occur in other physical chemical processes. Moredkie non-stationary structures
formed during the transition can represent randowagying in time and space
combinations of stationary structures characteristithe beginning and end of the
process. However, non-stationary structures cam lads formed that differ from
stationary structures.

It follows from all of the above that in the tematmre ranges of the direct
and reverse transitions between gel-intermediatk intermediate-liquid crystal
states, unsteady structures should be formed, wimal differ from stationary
ones. According to [11], both bilayer regions cepending to the liquid crystal
structure and solid crystal regions are formed withis temperature range. Flawed
packing of hydrocarbon chains at the boundariethe$e sections determines the
phenomena occurring in the transition zone. Intaadithrough the transition from
the liquid crystal to the gel state in the lipidager, channels (pores) with a radius
of 1-3 nm are formed [15]. As a result, the ionomauctivity of the membrane
changes sharply at transition temperatures.

The non-stationary nature of the structures formaethin the transition
temperature range is indicated by the appearangangd-like current fluctuations
during transitions. The experimental current phdsgrams of flat BLM from
DPPC presented in [16] show that at temperaturesesimonding to the steady
liquid crystal state and temperatures below thetyamsition corresponding to the
gel state, current fluctuations are practicallyesthsand its value is close to zero.
The region of transition from one state to anotiselmccompanied by random
current surges of various sizes and durationsthidlindicates that in the process of
transition from one stationary structure to anotimethe thermodynamic system,
unsteady, chaotically changing structures are fdrme

Biological membranes possess an even greater yaofethon-stationary
structures with the unique properties. This is tluéhe fact that the lipid layer of
biological membranes is formed by various lipid tanes (phospholipids,
glycolipids, etc.). Individual phospholipids of lagical origin are also a mixture of
compounds that have the same polar “head” andréiftehydrocarbon chains, so
state transitions in membranes always occur intarbgeneous system in a wide
temperature range. For example, in some natunaslighe transition temperature
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range reaches 40 K [11]. The composition of biatagmembranes also includes
other chemical compounds (proteins, water, chadlelstetc.). With a prolonged

decrease in ambient temperature, a change in tamichl composition of the

biological membrane is observed, which also provige extension of the transition
temperature range. The transition temperature dsesefor example due to an
increase in the number of unsaturated bonds iteitseof lipid molecules

In “in vitro” experiments, reverse structural reargements are also observed
in proteins when exposed to temperature or derdaloohol (for example, urea or
an aqueous solution with a different pH value). Teeomposition of the initial
(“solid”) protein structure and its self-re-orgaaiimn occurs also in a living cell
(“in viva”), for example, during the transport ofgteins through membranes.

Before analyzing structural transitions in a pnotéiom the perspective of
non-equilibrium thermodynamics, we will briefly csider the composition and
possible structures of a protein [17]. A proteirb&sed on a polymer consisting of
amino acid residues of the polypeptide chain. Thealver of links of the protein
chain can vary from several dozens to many thowsdnda “functioning” protein,
its chain is folded in a strictly defined way. Of the protein classes, we will
further consider water-soluble globular proteingtses most researched proteins to
date. Proteins are distinguished from ordinary muks primarily by their size.
The smallest proteins have a molar mass of ther @idens of thousands, but for
some it reaches a million. Proteins can comprise ¢& even hundreds of thousands
of different atoms, so they are often called maaiecules. The prefix "macro”
emphasizes that they possess the properties of, langcroscopic systems, and
therefore must comply with the general laws of ti@alynamics. Protein molecules
have an ordered structure. Each atom in this meopis system occupies a certain
position in space, similar to a crystal. Howevarproteins, unlike crystals, there is
no regularity in the arrangement of atoms, no distadd symmetry.

Small proteins are formed by their polypeptide ohkiid in a compact
globule 25-40 A in diameter. Larger proteins aredenap of several such sub-
globules called the domain. The protein chain latireely compactly packed into
the globule. A protein with such a structure idathla native protein. It has been
experimentally shown that denaturation of smalltgires (thermal or denaturant-
induced) leads to the transition of its structura fully developed (denatured) state
(Fig. 6). This transition is accompanied by a sharange in many characteristics
of the protein (density, viscosity, fluorescenceathcapacity, and a number of
others) and is conditionally referred to as “metinFor example, the density of a

protein decreases significantly when it transita tienatured state.
globular unfolded
state state

@ =

Fig. 6. Schematic of a single-domain protein foldand unfolding
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Fig. 7 shows microcalorimetry of specific heat ahstant pressur€p of a
single-domain (small) protein as a function of temgpure [18]. The peak in the
curve is determined by the maximum heat absorpdimmnng the macromolecule
transition from the native state to the denatutatesTc is the calculated transition
temperature (“melting point”) considered as for amibraneAT is the transition
width; the shaded area under the curve is the dlesdrbed during the transition in
terms of a mole of protein. The dependenc€wofrom T in Fig. 7 is similar to the
dependence shown in Fig. 2 for the main transibbrthe membrane from an
intermediate state to a liquid crystalline statberefore, the dependences of the
entropy change and specific entropy generation upentransition of a single
domain protein from the native state to the demakistate will be similar to the
dependences shown in Fig. 3 and Fig. 4 for thesitian of a membrane from an
intermediate state to a liquid crystalline statece the same equations are used to
construct these dependences.
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Fig. 7. Specific heat capacity of a single-domamwtgin — myoglobin in aqueous
solution with pH =10

Based on the previous analysis of non-equilibritn@rmodynamic systems
[1-6], the transition of a protein from the natstate to the denatured state should
occur through unstable structures that randomlyngban time and space. And
since the transition process occurs in a narrowpégature range and in a short
period of time, it seems that there are only twatishary states and at a certain
moment either one or the other is realized. Theegfsuch a transition was termed
as “all-or-nothing”.

If the protein polypeptide chain unfolds and logssordered configuration
during denaturation, the protein can fold backtsoariginal configuration when
favorable conditions are restored. In this case,uthfolding and folding processes
are realized through non-stationary states anc&ezempanied by hysteresis. This
follows from the thermodynamic analysis of variqaisysical chemical processes,
including those in the membrane described aboveeMe@r, the protein refolded
into the initial three-dimensional configurationidigule) completely restores its
functions. From the perspective of thermodynamicsignifies a non-equilibrium
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transition from a higher entropy state to a lowetr@py state in accordance with
the axiom about the perfection of natural procefkEls

Of the all possible stationary states of a non-equilibrium thermodynamic
system complying with the laws of nature, irreversible thermodynamics, boundary
and other physical conditions, the state with the minimally possible entropy
generation isthe most likely.

This axiom has now been tested for many physicaiital processes [1-7].

A kind of a thermodynamic “abiotic” analogue of g@tein folding process is
the process of capture of a certain volume of @h wfixed mass by a sea wave ([1],
Problem 2). When a non-equilibrium process of tiemisg into a stationary state
occurs in such a thermodynamic system, of all #Hr@us shapes that the captured air
volume of air can take (for example, toroidal, etgped, disk-shaped, and many
other configurations), only the spherical configiora corresponds to the minimum
entropy generation, which is observed in realitgiabubbles in the water.

Hysteresis effects have been experimentally comfitrm other biological
macromolecules, such as DNA and RNA, which have i@dbymer three-
dimensional protein-like structure. It was expemtadly established in [19] that the
renaturation rate of DNA macromolecules is maximatrthe temperature about 25
K below its “melting” temperaturdc, when denaturation rate is at maximum.
Hysteresis effect is especially noticeable whengueag the optical properties of a
solution. The experimental results presented in] [di9ow that the degree of
renaturation strongly depends on the cooling atke temperature of the solution
is sharply reduced from a value lying well above tmelting point” to a value
lying well belowTc, the probability of complete renaturation is vergall. In this
case, the intra-chain secondary structure formethglcooling will be very stable
and the restoration of the native structure willdoenpletely blocked. It should be
noted that some steels behave in a similar wayngihg their structure upon
heating to a certain temperature, and then rapidingp Moreover, in some metal
alloys, thermal hysteresis also appears duringtheatment (for example, [20]).

The results of atomic force microscopy experimeantsstretching a DNA
molecule are presented in [21]. In this case, dehgsis of the applied force was
observed during the stretching of the moleculeingdubsequent relaxation. Also in
[21] for the P5abc domain of thietrahymena thermophila ribozyme, experimental
dependences of its unfolding strength under tensiom presented, with the
subsequent transition to the domain folding updaxegion. It was shown that the
processes of the domain unfolding and folding &e @ealized through hysteresis.

Only small proteins can comprise one domain. Mastgins contain more
than one domain, while the largest proteins canpr@m® dozens. Each domain in a
protein behaves more or less independently oféseaf the macromolecule when
its structure changes. Therefore, the native straadf a large protein decomposes
in discrete steps, absorbing discrete portionsnefgy of the order of the domain
fusion heat. Each step corresponds to the desiruofia domain in a certain region
of the macromolecule, while all such regions argtrdged or restored similarly to a
single domain protein.
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Fig. 8 shows the specific heat capacfly of myosin as a function of
temperature obtained by scanning microcalorime2B}.[The numbers indicate the
sequence of "smelting" domains in this protein. Hohematic arrangement of
domains in the macromolecule is shown in the uppetr of Fig. 8. A similar study
of other multi-domain proteins confirmed that witicreasing temperature, their
native structures also decompose in discrete skegps8 demonstrates that the heat
capacity of the denatured domai@ ( —Cpe) are greater than the heat capacities

of the native protein & increasing stepwise each time another domainfaided.
C,, kJ/mol-K
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Fig. 8. Specific heat capacity of myosin as a fiomcof temperature and a
schematic of the macromolecular structure

To simplify the calculation, we will further assurti&t at the initial moment
there was a single-domain macromolecule for whiah dependencepsC= f (T)
corresponded to curve No.1 in Fig. 8. Using thevabfmrmulas obtained in the
analysis of membrane states, we find the speaificopy generation for nativeSy
and denatured/S; states of a single domain protein (Fig. 9). Insthase, the
transition of the macromolecule to the unfoldedn@tared) state occurs at the
domain melting temperaturecil and is shown in Fig. 9 as a solid line with an
upward arrow.

In accordance with the assumption in [18], we ssppihat during evolution,
the initial protein combined with another indepeamdesingle-domain protein
corresponding to curve No. 2 in Fig. 8. As a resaltwo-domain protein was
formed, which has a heat capadlly, in a fully denatured state and which is shown
in Fig. 9 as the calculated specific entropy gamana//S,. In this two-domain
protein, the transition from the native state te thlly denatured state will take
place in two stages in accordance with the abose psinciples of the evolution of
non-equilibrium thermodynamic systems. The statea dhermodynamic system
with a lower entropy generatididSy (globule structure) can transit into a state with
a higher entropy generatididS, or 71S; only if such conditions are realized that
prevent a state with a minimum entropy generat8uch a condition is the heating
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of the protein to the “melting point” of the firdbmain in theTc; globule. In this
case, in accordance with the above provisions afeguilibrium thermodynamics,
in the presence of several such possible statedradhsition occurs to the lowest
entropy generation state of all states possibée, to a state with7S,. As the
temperature continues to increasd¢g, the system changes from a state With
entropy generation to a state with higher entropyegation//S; corresponding to
the fully unfolded state of domain No. 2 (two-domairotein). This transition is
plotted as a solid line with an upward arrow in.Fg After that, a third domain
joins the two-domain macromolecule. This reasong;gised to build the entire
chain of the transition of the multi-domain proteinder consideration from the
native state (globule) to the fully denatured (lehéal) state. Fig. 9 shows the entire
transition chain in terms of the specific entropgngration — temperature. The
process of a globule unfolding is plotted as slitids with an upward arrow.

Protein folding occurs in the reverse order. Mosgpaccording to the axiom
of the perfection of natural processes, a serigsaokitions happen from a higher
entropy generation state to the lowest possiblopntgeneration state. Moreover,
complying with all of the above, direct and reveisansitions occur through
hysteresis. Reverse transitions are plotted in9ap dashed lines with a downward
arrow. This illustrates self-organization of proteduring folding from the
perspective of non-equilibrium thermodynamics.

The dependences in Fig. 9 are constructed undeagkemption that the
estimated rate of the protein temperature changdlows the non-equilibrium
thermodynamic system under consideration to traméd a stationary (quasi-
stationary) state. This means that at the estimagtatity v and lower, the specific
heat capacities as a function of temperature etfiain unchanged.

A thermodynamic “abiotic” analogue for the case emdonsideration is the
Rayleigh-Benard convection in the horizontal lagéra liquid when heated from
below. Depending on the heating temperature, ane me@cisely on the Rayleigh
number, various stationary stable states of flumtiom occur in the layer in the
form of. honeycomb Benard cells; two-dimensionallscérolling” in opposite
directions; three-dimensional cells and other pastgfor example, [14]). With
heating of the liquid layer increases, similar tmalti-domain protein, a transition
is made from a state with a lower entropy genendtioa state with a higher entropy
generation, and the structure of the fluid flow ryges. The transition from one
stationary (stable) flow structure to another oscuhrough non-stationary
(unstable) flow structures. With a decrease oftibat flux into the thermodynamic
system under consideration, and hence the Rayteighber, its reverse transition
from a high entropy generation stationary stateattower entropy generation
stationary state occurs at lower Rayleigh numidsae tloes direct transition. Thus,
transitions between two stationary states of a ewunlibrium thermodynamic
system demonstrate hysteresis. Moreover, of theoakible types of two and three-
dimensional structures of the fluid flow only thosteuctures can be realized that
correspond to the stability conditions, and frorastn stable states only those that
comply with the laws of irreversible thermodynamics
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To compare the differences in specific heat capaitibnge as a function of
temperature for multi-domain proteins (Fig. 8) amagle-domain proteins, Fig. 10
shows the melting curves of barnase in solutiortk different pH, with the values
indicated above each curve [23]. It is evident frBig. 10 that despite a significant
increase in the melting temperature of the proteith increasing pH, its heat
capacity in the denatured state remains practicadbhanged. This confirms that the
protein under consideration consists of one donaaid in accordance with the
calculations using the above formulas has two galoke entropy generation, the

smaller corresponding to the native state and tbatey value to the denatured state.
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Fig. 9. Change in specific entropy generation duprotein unfolding (solid lines)

and folding (dashed lines)
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Fig. 10. Specific heat capacity of barnase as etilom of temperature in solutions
with different pH
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Hysteresis phenomena are also observed in plaist &elvas shown in [24]
that under illumination of a cell of théhara corallina algae, zones with different
pH and transmembrane potentials may appear algnguiface. In this case, the
differenceApH in the pH values of fully formed zones can readi-3 units. It was
experimentally observed that in a certain rangéluwhination there can exist two
stable types of pH distribution along the cell aae: homogeneous pH and fully
formed longitudinal profile pH. Each of them can tealized at the same light
intensity value, depending on whether its intensag been increased or decreased
in the experiment before. This indicates a hysierefect inherent to the ongoing
process in the non-equilibrium thermodynamic systecter consideration.

Fig. 11 shows the normalized differenceApH values as a function of light
intensity when illuminating the algae cell. In fllemination range up to ~1 W/m
hysteresis is observed in thgH distribution near the cell membrane. With a
stepwise increase in the light intensity from z@ight circles), a homogeneous
longitudinal pH profile withApH ~ 0 is maintained. When the light intensity
approaches ~1OW/m? a sharp transition to the second stable pH prefith ApH
~ 1.0 occurs. With a further increase in light irgiéy this profile does not change.
With a decrease in light intensity (dark squarebe second pH profile is
maintained up to a light intensity of ~2:10v/m? followed by a sharp (jump-
like™) transition to the first homogeneous pH distition profile.

It follows from Fig. 11 that with an increase ight intensity up to ~1 W/
the algae cell sharply starts photosynthesis psocks this case, the entropy
generation in the non-equilibrium thermodynamic teys under consideration
increases sharply, reaches its maximum value amth ttemains practically
unchanged. This state corresponds to a statiomisi-stationary), stable second
profile of the longitudinal pH distribution, whiatorresponds tapH = 1.0 in Fig.
11. With a further decrease in the light intensétgching ~18 W/n'?, the cell “falls
asleep”, which leads to a jump-like realizationaohomogeneous longitudinal pH
distribution, which corresponds tfipH ~ 0. At the same time, entropy generation
decreases sharply reaching minimum values at asteady state. Based on the
above, it follows that the processes occurring nnaégae cell comply with the
evolutionary principles of non-equilibrium thermadymic systems analyzed above.

Natural processes are mainly non-equilibrium. Umnlighysical chemical
processes, equilibrium in a biological system rgamount to its death. All living
systems are non-equilibrium. Classical thermodyramilescribes equilibrium
processes and is essentially thermostatics. The pravisions of non-equilibrium
thermodynamics for processes that only slightlyiatevfrom the thermodynamic
equilibrium state were formulated in the second balthe twentieth century and
are presented in linear non-equilibrium thermodyieama natural development of
equilibrium thermodynamics. However, its provisiomse not applicable to
processes far removed from the equilibrium state.

Experimental and theoretical research allowed itieng the general change
patterns in the non-equilibrium thermodynamic systevhere physical chemical
processes occur. These patterns were appliedumber of biological systems.
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Fig. 11. Hysteresis in pH distribution near eara coralline algae cell membrane
(=) — increased intensityd — decreased intensity)

In conclusion it should be noted that from the pecsive of non-equilibrium
thermodynamics, the processes in biology and afpjolre subject to the same
experimentally confirmed general laws (rules) ofampes in the states of non-
equilibrium thermodynamic systems given in [1,2].1
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