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Abstract

Bioenergetics is concerned with the energy conservation and conversion processes in a living cell, particularly in
the inner membrane of the mitochondrion. This review summarizes the role of thermodynamics in understanding the
coupling between the chemical reactions and the transport of substances in bioenergetics. Thermodynamics has the
advantages of identifying possible pathways, providing a measure of the efficiency of energy conversion, and of the
coupling between various processes without requiring a detailed knowledge of the underlying mechanisms. In the last
five decades, various new approaches in thermodynamics, non-equilibrium thermodynamics and network thermody-
namics have been developed to understand the transport and rate processes in physical and biological systems. Fo
systems not far from equilibrium the theory of linear non-equilibrium thermodynamics is used, while extended non-
equilibrium thermodynamics is used for systems far away from equilibrium. All these approaches are based on the
irreversible character of flows and forces of an open system. Here, linear non-equilibrium thermodynamics is mostly
discussed as it is the most advanced. We also review attempts to incorporate the mechanisms of a process into some
formulations of non-equilibrium thermodynamics. The formulation of linear non-equilibrium thermodynamics for
facilitated transport and active transport, which represent the key processes of coupled phenomena of transport and
chemical reactions, is also presented. The purpose of this review is to present an overview of the application of non-
equilibrium thermodynamics to bioenergetics, and introduce the basic methods and equations that are used. However,
the reader will have to consult the literature reference to see the details of the specific appliGatRiI2 Elsevier
Science B.V. All rights reserved.
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1. Introduction the proteins, and muscular contraction. In this
q Process the source of energy is adenosine triphos-
i phate(ATP), which has been produced by oxida-
tive phosphorylatior(OP) in the inner membrane

of the mitochondria. This is a coupled-membrane
bound process. Classical thermodynamics analyzes
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It is believed that an evolved and adapte
biological system converts energy in the mos
efficient manner for transport of substances across
a cell membrane, the synthesis and assembly of

0301-4622/02/$ - see front matt@ 2002 Elsevier Science B.V. All rights reserved.
Pll: S0301-462202)00069-8



88 Y. Demirel, S.I. Sandler / Biophysical Chemistry 97 (2002) 87-111

ing the direction of change. Systems may exhibit transport would be in violation of the second law
two different types of behavior(i) the tendency  of thermodynamics. As explained by NET theory,
towards maximum disorder; @ii ) the spontaneous dissipation due to either diffusion or chemical
appearance of a high degree of organization in reaction can be negative, but only if these two
space, time antbr function. The best examples of processes couple in an anisotropic medium and
the latter are dissipative systems at non-equilibrium produce a positive total dissipation.
conditions, such as living systems. As living sys- The linear non-equilibrium thermodynamics
tems grow and develop, outside energy is needed(LNET) theory is valid for near equilibrium sys-
for organized structures for the ability of reproduc- tems in which the Gibbs free energy change is
tion and surviving in changing conditiorfg]. To small that isSAG < 2.5 kJ/mol [2,3,17, and linear
maintain a state of organization requires a number relationships exist between flows and forces iden-
of coupled metabolic reactions and transport proc- tified in the dissipation function. The dissipation
esses with mechanisms controlling the rate and function is obtained from the Gibbs relation and
timing of the life processes. As Schrodinger pro- the general transport equations of mass, momen-
posed that these processes appear to be at varianceum, energy and entropy balances of a multi-
with the second law of thermodynamics, which component system. After properly identifying the
states that a finite amount of organization may be forces and flows, the matrix of cross coefficients
obtained at the expense of a greater amount of of the linear phenomenological equations becomes
disorganization in a series of interrelat@dupled symmetric according to the Onsager reciprocal
spontaneous changdd&—5. Many physical and relations. The cross coefficients naturally relate the
biological processes occur in non-equilibrium, coupled flows. Through coupling a flow can occur
open systems with irreversible changes, such aswithout or against its conjugate force. This theory
the transport of matter, energy and electricity, nerve does not require knowledge of mechanisms of the
conduction, muscle contractions, and complex cou- biological process, while a complete analysis
pled phenomena. Kinetic equations and statistical requires a quantitative description of the mecha-
models can describe such processes satisfactorilynisms of energy conversion. In practice, it is
However, it has been argued that these proceduresmpossible to describe all the enzymes involved
often require more detailed information than is and the thermodynamic limitations of the possible
available, or only sometimes obtainabl6-9]. process pathways in a kinetics formulatifhg].
After the inspiring work and discussions of Onsa- Therefore, network thermodynamic§l9] and
ger, Prigogine and Schrodinger a non-equilibrium rational thermodynamick0] have also been used,
thermodynamics (NET) approach emerged to and they will be briefly discussed later.
replace the inequalities of classical thermodynam- Can we analyze the coupled processes in bioe-
ics with equalities in order to describe biological nergetics by a phenomenological approach using
processes quantitative(®,4,5,10-17. the LNET theory? This question has been dis-
There exist a large number of ‘phenomenologi- cussed since the publications of Kedem and Katch-
cal laws’ describing irreversible processes in the alsky [21], Kedem[22], and Kedem and Caplan
form of proportionalities, such as Fick's law [23] of the analyses of transport problems in
between flow of a substance and its concentration biological membranes by the LNET theory with
gradient, and the mass action law between reactionthe Onsager relations. In order to address this
rate and chemical concentrations or affinities. question, we first present a short description of the
When two or more of these phenomena occur mitochondria and energy transduction in the mito-
simultaneously in a system, they may couple and chondrion. Second, LNET theory and the coupling
cause new effects such as facilitated and active between reactions and the transport of substances
transport in biological systems. In active transport are presented. We also summarize the discussions
a substrate can be transported against the directionof the proper pathways and the study of multi-
imposed by its electrochemical potential gradient. inflection points that justify the use of the LNET
If this coupling does not take place, such ‘uphill’ in bioenergetics. Third, we present the concept of
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thermodynamic buffering caused by soluble membrane, 60—70 A thick, has subunits on its
enzymes. Besides LNET, other thermodynamic very large inner surface area and recently, Man-
approaches namely, network thermodynamics, andnella [25] reported new insights for the internal
rational thermodynamics are briefly summarized. organization of mitochondria. Inner membrane
Lastly, some important processes of bioenergetics fragments may reform into vesicles known as

are presented using the LNET formulation. submitochondrial particles, which are covered by
subunits. The subunits have the major coupling

2. Background factors F and F protein parts, which together
comprise the large ATPase protein complex. ATP-

2.1. Irreversibility ase can catalyze the synthesis and the hydrolysis

] . ] ) of ATP, depending on the change of electrochem-
Consider the equations that describe time- jog potential of protom,, .

dependent physical processes. If these equations Tpree.dimensional images show that inner
are mvanant _to the algebralc_5|gn of the time, th_e membrane involution€crista® have narrow and
process is said to be a reversible process; otherwise,ery ong tubular connections to the intermembra-
It is an |rreve.rs_|ble process. For example, _the ne [25]. These openings lead to the possibility that
equation de_scrlblng_the propagation of waves N & |ateral gradients of ions, molecules, and macro-
no_n-absorbmg medium is invariant to the substi- molecules may occur between the compartments
tution —z f(?él , hence, thﬁ propaga;[oE, of Wa"t‘?s of mitochondria. The compartment type of struc-
of diffusion s ot invariant with respect to time, LS, May influence the magnitude of local pH
P of gradients produced by chemiosmosis, and internal

and it dgscrlbes an |rrever'5|ble' process. Most o diffusion of adenine nucleotides. The information
the physicochemical and biological processes are . N . S
on the spatial organization of mitochondria is

irreversible processes. Phenomenological laws, important to  understand and describe  the
which are asymmetric in time control irreversible . b .
bioenergetics.

rocesses. All natural processes proceed towards . : . .
P P P Mitochondria cause the interactions between the

an equilibrium state, thus dissipating their driving redox system and the synthesis of ATP, and are

force.
referred to as ‘coupling membrane§26]. The

The word irreversibility also refers to the direct- : o
edness of time evolution of a system: irreversibility Membrane is an efficient and regulated energy-

implies the impossibility of creating a state that transducing un?t asit orga_nizes the _electron transfer
evolves backward in time. The arrow of time is and the associated reactions leading to ATP syn-
related to the unidirectional increase of entropy in thesis. Photosynthetic energy conservation occurs

all natural irreversible processes. in the thylakoid membrane of plant chloroplasts.
Bioenergetics is concerned with energy metab-
2.2. Energy conservation and conversion in olism in biological system$4,17,24, which com-
mitochondria promise the mechanism of energy couplifgy —
29] and control[30—37 within cells. The clusters
Typical mitochondria are approximately 230 of orthologous gene database identifies 210 protein

long and 0.5-1pum wide, and have an outer families involved in energy production and con-
membrane and a folded inner membrda4d]. The version; they show complex phylogenetic patterns
membranes are constructed with tail-to-tail bilayers and cause diverse strategies of energy conservation
of phospholipids into which various proteins are [33]. The respiration chain generates energy by
embedded. Outer and inner membranes producethe oxidation of reducing equivalents of nutrients
two separate compartments, the intermembrane(nicotinamide adenine nucleotides NADH and the
space(C-side containing enzymes, and the matrix flavin nucleotides FADH), which is conserved as
(M-side) rich in proteins, enzymes and fatty acids ATP through OP. Cytochrome oxidase, terminal
enclosed by the inner membrane. The inner enzyme of the chair(j) reduces dioxygen to water
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with four electrons from cytochrome c and four systems. For those systems not far away from
protons taken up from the matrix of mitochondria, equilibrium the theory of LNET, and for those
and (ii) pumps protons from the matrix into the systems far away from equilibrium the theory of
intermembrane space, causing an electrochemicalextended non-equilibrium thermodynamics
proton gradient across the inner membrane, which (ENET) have been developed over the last five
is used by ATPase to synthesize ATBY4]. There decades. The theories of LNET and ENET appear
is also another cycldthe Q cycle around the  often in modern physics, related to keywords such
cytochromebc, complex, which causes substantial as non-equilibrium, motion, irreversibility, instabil-
proton pumping. Synthesis of ATP is an endergon- ity and dissipative structures. Prigogine and his
ic reaction and hence, conserves the energyschool have studied extensively the unification of
released during biological oxidation—reduction an irreversible phenomenological macroscopic
reactions. Photosynthesis, driven by light energy, description, and a microscopic description deter-
leads to production of ATP through electron trans- mined by linear and reversible quantum laws.
fer and photosynthetic phosphorylation. Hydrolysis Unstable phenomena occurring macroscopically in
of 1 mole of ATP is pH andMg*?]-dependent, a physical system are caused by inherent fluctua-
and is an exergonic reaction releasing 3)rkdl tions of the related state variables. The trend
at pH 7. This energy drives various energy-depend- towards equilibrium is distinguished by asymptot-
ent metabolic reactions and the transport of various ically vanishing dissipative contributions. In con-
ions such as H , K and Na[33-39. trast, non-equilibrium states can amplify
Animals adjust the energy demands by coupling fluctuations, and any local disturbance can move
of respiration to the rate of ATP utilization, effi- a system into unstable, metastable and structured
cient use of nutrients under starvation, degradation macroscopic states. This difference is an important
of excess food, and control of ATP production and indication of the qualitative disparity between
response to stress conditioi84]. Experiments  equilibrium and non-equilibrium statd8,41,43.
indicate that the ratio of ATP produced to the The use of LNET and ENET in bioenergetics is
amount of oxygen consumed, which is called the summarized in the following sections.
P/O ratio, changes in the range of 1-3, and is
characteristic of the substrate undergoing oxidation 3.1. Linear non-equilibrium thermodynamics
and the physiological organ rolg6]. In the case  (LNET)
of excess substrate, oxygen and inorganic phos-
phate, the respiratory activity of the mitochondria.  The systems that are not in thermodynamic
is controlled by the amount of ADP available. In equilibrium are non-homogeneous systems in
the controlled state referred to as state 4 of the which at least some of the intensive parameters
mitochondria, the amount of ADP is low. With the are functions of time and position. However, a
addition of ADP, the respiratory rate increases local thermodynamic state exists in small volume
sharply; this is the active state called the state 3. elements at each point in a non-equilibrium sys-
The ratio of the state 3 to state 4 respiratory rates tem. These volume elements are so small that the
is known as the respiratory control index. substances in them can be treated as homogeneous
Mitochondria are the major source of reactive with a sufficient number of molecules for the
oxygen species through the respiratory chain. phenomenological laws to apply; they may be
These oxygen radicals may affect the function of thought of as being in thermodynamic equilibrium,
the enzyme complexes involved in energy conser- and the specific entropy and specific internal

vation, electron transfer and QRQ]. energy may be determined at every point in the
same way as for substances in equilibrium. Exper-
3. Non-equilibrium ther modynamics (NET) iments show that the postulate of local thermody-

namic equilibrium is valid if the gradients of
The theory of NET provides the working equa- intensive thermodynamic functions are small, and
tions for describing irreversible, non-equilibrium their local values vary slowly in comparison with
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the relaxation time of the local state of the system If we neglect the higher order terms, EqS)

[2,10,12,13,42-47 and (4) become linear relations, resulting in the
The entropy changesSdfor an open system is  general type of linear-phenomenological equations
given by the following equation for irreversible phenomena
d e n
ds=ds,+ds;= % +(dS,)matert AS; (D Ji=Y LyX; (ik=12,..n) (5)
i=1

which has two contributions(i) the entropy flow .
due to exchange with the environmen§,dand X;=Y Kuly (6)
(ii) the entropy production inside the volums,d k=1
The value of d, may be positive, negative or
zero. The increment@, shows the amount of heat
exchanged with the environment. Entropy produc-
tion inside the elementary volume caused by irre-
versible phenomena is the local value of the sum
of entropy generation processes. By the second
law of thermodynamics, & is always positive,
which is considered to be the only general criterion
of irreversibility [46]. The explicit calculation of
ds; is essentially the basis of NET theory.

Mass flow and the chemical reaction rétalled
the ‘flows’ J;) are caused by the forceés, which
are the electrochemical potential gradie(for
ions) X;=—gradwy;, and the chemical affinity,
respectively. Chemical affinity is

Eqg. (5) shows that forces are the independent
variables, and any flow is caused by contributions
for all the forces, while Eq.6) indicates that
flows are the independent variables, and any force
is caused by all the flows in the system. If one of
the flows vanishes, Eq(5) should to be used,
while Eq. (6) is appropriate if one of the forces is
set to zero. Eq(6) may also be practical to use
since it is generally easy to measure flows. The
coefficientsL;,, and K;, are the conductance and
resistance phenomenological coefficients, respec-
tively, and are generally assumed to be time
invariant. The coefficients with the repeated indi-
ces relate the conjugate forces and flows, while
the cross coefficientd,, with i#k represent the
A=— Z":vijm (2) c_o_upling phenomena. The phenomenological coef-

= ficients are expressed as

where v; is the stoichiometric coefficient of the o J.
ith component in thgth reaction, andu is the L”‘z[a?] =[;] (i#k) @)
number of components in the reaction. Conven- k7X; kZ Xj=o

for products and negative for reactarfts. for a r; 7 (8)
reactionB, + 2B, < B, the affinity would bed = ol k
—[s—(n1+2u2)]). Generally, any force can pro- Since &,>0, the phenomenological coefficients

duce any flow/,(X;), and the flows and forces are for a two-flow system obey the following relations
complicated non-linear functions of one another.

tionally, the stoichiometric coefficients are positive 9xX. X,
woe (i), -5
, Ji Ji=0

However, we can expand the non-linear depend- L11>0; L22>0; ALyd o5~ (L 15t L 2)*>0 (9

ence of the flows/; and the forcesX; in Taylor  which are also valid fok;,. For the matrixL, is
series about the equilibrium to obtain to be positive and definite, its determinant and all
Ji=J;ed X;=0) the determinants of lower dimension, obtained by
2 deleting rows and columns, must be positive. The

n (3, 1 7 (0%, : o ;
+ Z[] XJ+Z(2] X2+... 3 phenomenological cqefflments are not a function
Sl0X Jeq = 215 L0XT Jeq of the thermodynamic forces and flows; on the
Xi=X,edJ=0) other hand, they are functions of the local state

" (o 1 92X and of the substanci0,13. The Onsager recip-
+ Z[ "] Jk+—2[—i] J2+... (4 rocal relations state that, provided the flows and
k=1 ! eq forces are identified by the appropriate dissipation
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function, the matrix of phenomenological coeffi- is quadratic in all the forces. In continuous sys-
cients is symmetric. Onsager’s relations have beentems, the choice of reference systéne. station-
proven to be an implication of the property of ary, mass average velocity, etéor diffusion flow
‘microscopic reversibility’, that is the symmetry of affects the values of the transport coefficients and
all mechanical equations of motion of individual the entropy production due to diffusiofi0,13.
particles with respect to time[13]. Gambar and  Prigogine[2] proved the invariance of the entropy
Markus [45] related the Onsager reciprocal rela- production for an arbitrary base of reference if the
tions to the global gauge symmetries of the system is in mechanical equilibrium and the diver-
Lagrangian. This means that the results are generalgence of viscous stress tensor vanishes.
and valid for an arbitrary process. In coupled The dissipation function for a series bthem-
processeg,; are not zero; for example, for a two- ical reactions (including the electron transport
dimensional matrix,L,, and L,, are numerically [51,59) is given by
the same, although their physical interpretations .
differ. V=3 JA=0 (13
The dissipation function, first derived in 1911 ik=1
by Jaumanrn48], can be obtained from the general
balance equationémass, momentum, energy and
entropy and the Gibbs relation

Tds=du+ Pdv— ZuidN,» (10)

For an elementary reaction the flaly and the
affinity A are expressed in terms of forwargdand
backwardr, reaction rates

Jr:rf_fh (14)

where u is the specific energyp the specific r,
volume, P the pressurey, the chemical potential ~A=RTIn"> (15
and N; the mole number of component As the b
Gibbs relation is a fundamental relation of ther-  These equations are solved together to express
modynamics, and valid even outside thermostatic the flow
equilibrium, the entropy depends explicitly only J,=r/{1—e A/RT) (16)

. r f
on energy, volume and concentrations. Any chang-
es in a process can be taken into account through Close to the thermodynamic equilibrium, where
the balance equations and the Gibbs relation A/RT<1, we can expand Eq16) as
[2,10,13. In NET theory, the entropy generation
rate @ and the dissipation functio are calcu- J
lated as the sum of the products of the conjugate
forces and flows for a specified process and compare with the linear phenomenological
equations for chemical reactions

r=lredpr 1n

quT(I)s:ZJiXiZO (11 ;
Ja= Y LA, (18)
In a stationary state, it has been shown that the =1

total entropy production reaches a minimum, to obtain the phenomenological coefficient as

which is the stability criterion of a stationary state

[2,3,49,50. 1, = Ledi (19)
By introducing the linear phenomenological Eq. ~  RT

(5) into the dissipation functior{fEq. (11)], we Here, We have, e =r,eq . For an overall reac-

have tion with / intermediate reactions, the linear phe-
i nomenological law is valid if every elementary
q’_'kz_:lLikaXkZO (12) reaction satisfiest/RT <1 and the intermediate

reactions are fast and hence, a steady state is
This equation shows that the dissipation function reached[3].
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The LNET approach is more advanced than ute concentrations, thehh becomes

ENET, and widely recognized as a useful phenom-

enological theory for describing the coupled phe- [ =

nomena without the need for a detailed mechanism Az

[5,9,35,50,53-61 where u is the mobility, « is the solvent—
membrane partition coefficient, ang, is the log-
arithmic mean bath concentratiod\c/Alnc . If
some valuec,, is chosen and the concentrations
are then constrained to the locus:=(c,)Alnc
then L will be constant. Kedem and Katchalsky
[21] had also used the logarithmic mean concen-
tration in the linearization in the NET formulation
of membrane transport. If the force is influenced
by both the concentrations and the electrical poten-

auc,,

(20)

3.2. Proper pathways

Formulation of the relationships between forces
and flows is the most important step in the theo-
retical and experimental analysis of biological
reactions and transport processd$. This step
will lead to understanding the change of affinity
of an oxidative reaction driving transepithelial

active transport, tissue anisotropgompartmental-  tja| difference, therl. becomes more complex, yet
ization), free energy, and activity coefficients. it is still possible to obtain a constant by
Experiments show that biological processes take measuring/ andX in a suitable experimeri6].

place in many steps, each of which is thought to  For a first order chemical reactiofi— P, the
be nearly reversible, and exhibit linear relation- fow is given by Eq.(16)

ships between steady state flows and conjugate
thermodynamics forces, such as transepithelial S =kes—kyep, = ke,

active Na© and H transport, and OP in mito- \herek, andk, are the rate constants for forward
chondria[4,15,29,58,62,65-49 . and backward reactions, respectively, ani$ the
Conventional phenomenological equations of concentration. At a steady state, far away from

NET may constitute an incomplete description of equilibrium, we describe the reaction by
the processes, because the forces can be controlled

in a proper pathway leading to near linear force— J/»=LA=L'A/RT (21)
flow relationShipS so that the theory of LNET can whereL’'=TRL and can be evaluated my measur-
be applied[4]. In this case a distinction must be jng s andA
made between thermodynamic linearity and kinetic
linearity. For example, the flow of a solute across A/RT 1

[

eA/RT_ 1)

a membrane depends on its chemical potential andL =k,c,
also on its thermodynamic state on both sides of

the membrane. For a first order reactién> P, Eq. (21) shows that for different values df of
doubling the concentrations 8fand P will double various stationary states, the same valuesl'of
the reaction rate for an ideal system, although the will describe the chemical reaction by choosing
force affinity remains the same. Similarly the the concentrations appropriately. For a specified
constancy of phenomenological coefficientsmay value of A, Egs. (16) and (21) determine the
be assured by the appropriate constraints to vary concentration ratioc,/c, and the value ofc,,

the forceX in the relationshiy = LX. The phenom-  respectively. This procedure can be used to find a
enological coefficient will reflect the nature of  constantZ by limiting the ¢, and ¢, to an appro-
the membrane and be the means to vary the forcepriate locus. As the system approaches equilibrium,
X. If a homogeneous thin membrane is exposed atA tends to vanish and,c, approaches the value
each surface to the same concentration of the L'

substances, flow is induced solely by the electric  For a coupled process defined in E¢S) and

potential difference, and. is constant with the
variation of X. However, if X is the chemical

potential difference, dependent upon the bath sol-

(6), we can consider a reference steady state far
from equilibrium with the given forceX; andX,.
Proper pathways can be identified in the neighbor-
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hood of this steady state by varying the forégs potential, while maintaining the oxidation potential
and X, in such a manner to lead to linearity of constant, yields linear flow—force relationships.
flows and forces[4,15,29,58,65—69 Sometimes  Extensive ranges of linearity are found for the
non-linearity occurs at the kinetic level because of reaction driving active sodium transport in epithe-
feedback regulation and not, as is usually assumed,lial membranes, where the sodium pump operates
by large affinities that introduce thermodynamic close to a stationary state with zero fld&6,54.
non-linearity and hence, sustained oscillations may In the vicinity of such stationary state, kinetic

occur near equilibriuni70]. linearity to a limited extent simulates thermody-
namic linearity at the multidimensional inflection
3.3. Multiple inflection points point. There may be a physiological advantage in

the near linearity and reciprocity for a highly

Rothschild et al.[71] found the existence of a coupled energy transducer at the multiple inflection
multidimensional inflection point well outside of point, since local asymptotic stability is guaranteed
equilibrium in the force—flow space of enzyme- by these conditions[4,72—-71. This could be
catalyzed reactions, indicating linear behavior achieved, for example by the thermodynamic reg-
between the logarithm of reactant concentrations ulation (buffering) of enzymes, and could be
and enzyme-catalyzed flows. Thus, enzymes oper-interpreted as meaning that intrinsic linearity
ating near this multidimensional point may lead to would have an energetic advantage and may have
some linear biological systems. This range of emerged as a consequence of evolufit®,79.
kinetic linearity may be far from equilibrium. The
conditions for the existence of a multidimensional 3.4. Coupling in bioenergetics
inflection point [5] are: (i) each reactant with
varying activity influences the transition rates for Coupling implies an interrelation between flow
leaving one state only(ii) the kinetics of the J; and flowJ; so that, for example a substance can
transition involving the given reactant are of fixed flow without or against its conjugate driving force
order with respect to that reactant; afid) for [5,35,80,8]. Coupling is in most cases due to
each possible combination of reactants whose con-enzymes, which catalyze two non-spontaneous
centrations are varied, at least a certain cycle is processes, and make the exchange of energy
present containing only that combination and no between these processes possible. Tanf@d
others. The first condition excludes autocatalytic reviewed the three kinds of coupled proces$es:
systems, however, for many biological energy uphill transport of ions across a membrane in
transducers it may well be satisfied. Caplan and which an electrochemical potential gradient is
Essig [5] provided a simple model of active ion created and maintained by coupling to an exergon-
transport, having properties consistent with the ic chemical reaction, such as ATP hydrolydia)
existence of a multidimensional inflection point the downhill transport of ions to drive an ender-
when one of the variables was the electrical poten- gonic chemical reaction, such as ATP synthesis;
tial difference across the membrane. A multiple and(iii ) uphill transport of one type of ion coupled
inflection point may not be unique; other condi- to the downhill transport of a second type of ion
tions may exist where flowg,; andJ, simultane- (incongruent diffusioh. The first two of these are
ously pass through an inflection point on variation known as active transport, in which the transport
of X; with constantX,, and vice versa. In this of a substance is coupled to a chemical reaction,
case, the Onsager relations may not be valid. although the transported substance itself does not
However, highly coupled biological systems undergo chemical transformation. A general fea-
approximately satisfy the Onsager relatidds ture of active transport is that free energy coupling

Existence of the multiple inflection point may may involve a protein-mediated linkage between
lead to proper pathways, for which linear flow— chemical changes occurring some distance apart.
force formulation prevails. Stuckb8] demonstrat-  The need to couple the electrochemical potential
ed that in mitochondria, variation of the phosphate change of the transported ion to translocation from
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one side of the membrane to the other is concep- situ may be more valuable compared with studies
tually a more difficult process of free energy on isolated mitochondria. The generalized force of
transfer without direct contact. chemical affinity for a chemical reaction shows

In mitochondria, energy-yielding reactions are the distance from equilibrium of thith reaction
coupled to outward proton translocation, while the

gnergy-consuming reactions are coupled to the X,=RTIn {ii,eq (22)
inward movement of protong28]. In the analysis [
of bioenergetics the H electrochemical potential =1 !

difference acts as the coupling intermediate

between the redox driven'H pumps on one side, Where R is the gas constantl the equilibrium
and ATPase H pumps on the other. The primary constant,c; the concentration of thgth chemical
(respiratory chain and secondarfATPase H) species and; the stoichiometry of thgth species
free energy transducing enzyme complexes canin the ith reaction. The phosphate potential in
couple transmembrane proton flow to scalar chem- mitochondria is expressed s8]

ical reactions. These primary and secondary pumps o .

are also coupled. Westerhoff et 463] proposed Xi= —AGP—RTIn[ATP/ (ADP P)] (23
that protonmotive free-energy coupling occurs as g cki [58] suggested that the equilibrium ther-
an array of independent, small free-energy Cou- msgynamic treatment of OP is limited, and con-
pling units operating as proton microunits. EIeCtron ¢ina g the forces with vanishing net flows, hence,
transfer from respiratory chain s_ubstrates to molec- vanishing entropy production. To understand the
ular oxygen causes translocation of protons, and OP both the forces and the flows should be

:E'S 'pro.ton tmOt'\lle f(i'rce IS Ut('jl'zedt fpr .ATP Stfy? considered. Also, the definition of efficiency from
caiz:s’zcle(():inbragiss?:ﬁ?ttlaogfﬁIfilgubﬂaci)teclerllqzlmnggrSOIr?qr-] classical thermodynamics is not sufficient to deter-
y y y mine the efficiency of mitochondria. In state 4

plexes located in the mitochondrial inner where the net ATP production is zero, the mito-

membrane. Hatefi28] suggested that the synthesis . . P T

of enzyme-bound ATP from enzyme-bound ADP chondria still consume energy to maintain _the
ephosphate potential and for the transport of ions

and P does not require energy, and the substrat across the inner membrane. Therefore, the assump
binding (an ener romoted procesand product . : o ' )
9l 9y b procg P dion of thermodynamic equilibrium and hence, the

releasing processes are the energy-requiring ste e . . o
in OP. gp gay-req g pvanlshmg of entropy production is not justified.

Numerous studies of the relationships between HOWever, the mitochondria is an open thermody-
flows and conjugate forces have helped to describe "@Mic system not far away from equilibrium, and
coupling properties of the OP pathway. A recent expe_nments |nd|pat¢ that the_z fprmallgm of LNET
study by Rigoulet et al[15] showed that the prowdes_aquantltatlve description of linear energy
LNET approach in intact cells might be helpful conversions and the degree of coupling for various
for understanding the mechanisms by which OP output characteristics of Of5,26,58. As living
activity is changed. They showed that with a given ©rganisms must maintain structured states, internal
main substrate, the ATP-consuming processes oréntropy production must be transferred to the
proton flows, lead to a unique and quasi-linear €nvironment. Von Stockar and LilL1] reviewed
relationship between the respiratory rate and its the entropy export and analyzed it based on the
associated overall thermodynamic driving force. Gibbs energy dissipation that leads to microbiolog-
The LNET approach has the following advantages: ical growth [82—-84. For efficient growth, a high
(i) behavior of OP may be studied in more relevant rate of biochemical coupling to exergonic catabolic
and physiological conditiongjii) it is possible to processes is necessary. This implies an efficient
study the effect of some drugs on OP, whose energy conversion in which the Gibbs energy
effects are not direct and of which the mechanism dissipation due to chemical reaction is the driving
of action is unknown; andiii ) the observations in  force for growth of an organism.
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Stucki [58] applied the LNET theory of linear analysis:(i) s; is analogous to an open circuit cell
energy converters to the process of OP without in which the net rate of ATP vanishe&static
considering the complex, coupled enzyme mecha- head; and (ii) s, is analogous to a close circuit
nisms, with the coupling expressed by the cross- cell in which the phosphate potential vanishes
phenomenological coefficients;(i+;) . Using this (level flow). These are two extreme cases, and in
concept it is possible to assess the OP with H most practical cases neithéf, nor J, vanishes,
pumps as a process driven by respiration by which could be experimentally realized by putting
assuming that the transport processes of ionsga |oad (the ‘hexokinase trap’on to OP[52]. In
(C&™", H") are at steady state. The linear phenom- the statey, the rate of oxygen consumptiol and

enological relations are then given as the force X; (the phosphate potentjal are
Ji=Li X 1+L X » (24) expressed in terms of the degree of coupling as
follows
Jo=L1X 1+ LK (25 ,
. ()= L22X A1 =¢°) (29)
where J; is the net flow of ATP,J, the net flow
of oxygen, andx, the phosphate potential as given __49X5
Xa)s,=—"" (30)

by Eg. (23), andX, is the redox potential, which

is the difference in redox potentials between elec- ]
tron accepting and electron-donating redox cou- WhereL,, may be interpreted as the phenomeno-
ples. Stucki [58] and later Cairns et al[26] logical conductance coefficient of the respiratory
experimentally showed the approximate linearity chain. Therefore, energy is still converted and
of reactions in OP within the range of phosphate consumed by the mitochondria. In the stationary

z

potentials of practical interest. states, the flow ratio are given by
The degree of couplin§R3] is defined as
Jy
Li» [—] =qZ (3D
=—"— 0<]g|<1 26 J2 )
AT (26 2o

Eq. (31 shows that the JO ratio is not equal
to the phenomenological stoichiometry, but
approaches this value within a factor gfif the
force is kept zero. Therefore, if the degree of
coupling g is known, it is possible to calculaté

and indicates the extent of overall coupling of the
different reactions driven by respiration in the
mitochondria. By defining the phenomenological
stoichiometry(the phenomenological stoichiome-
try Z differs from the molecular stoichiometry from the P'O measurements.

for g1 <1 [52]) The efficiency of linear energy converters is
[L:Ll]l/Z defined in terms of the degree of coupling and
Z=|—

(27) given as
L22

and by dividing Eq.(24) by Eqg. (25), we obtain n= Xy xtq (32

the flow ratioj=J,/(J,Z) in terms of the force J2X> q+(1/x)
ratiox=X,Z/X, as follows

The efficiency reaches an optimum value

x+q between the two stationary statgsands,, which
J= gr+1 (28) is a function of the degree of coupling only, and
is given by

Since the oxidation drives phosphorylatioh < )
0, X,>0, andJ,/J, is the conventional FO ratio, Moo= . (33)
while X,/X, is the ratio of phosphate potential to " [1 +(V‘§1 _qzj]z
the applied redox potential. There are two types ‘
of stationary statess; and s,, considered in the The value ofx at m, is given by
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—1 (34)
1+ V‘"l—qz

Xopt= —

The dissipation function, Eq(12), can be
expressed in terms of force ratioand degree of
couplingg
\If 2 2
T =(x"+2gx+1)L,X5 (35

If we assumeX, as constant, the dissipation
function has a minimum in state, at the force
ratio x,,= —q. For linear phenomenological equa-
tions, the theorem of minimal entropy generation
or the dissipation¥ at steady state is a general
evolution and stability criterion. Minima ofP
occur along the loci of state, and these loci are
given by

N4

7& =(1 _XZ)L22X% (36)

The dissipation at the state of optimal efficiency
is obtained using, in Eq. (34), and we have

v, (1—x%)?
Topt =12 X 3 (37)
The dissipation for state, is given by
v,
T =L22X22 (39)

Stucki [58] predicted the following order among
the dissipation functions with an ATP flo@,,
andW¥ ) and one without an ATP flow¥,,)

Y, <Vu<V¥,, (39

This inequality means that the minimum dissi-
pation does not occur at the state of optimal
efficiency of OP.

The dissipation of OP with an attached flow
corresponding to hydrolysis of ATP is given as

v,
C=.]:|_)(:|_"l_.]2}(2"1‘.]3}(3 (40)

T

Assuming that the ATP hydrolysis process is
driven by the phosphate potentidl;=X,, and a
linear relation exists between the net rate of ATP
hydrolysis andX;, we have

97

J3=L3zX 1 (41)

Here, L33 is an overall phenomenological con-
ductance coefficient lumping the conductance of
all the ATP utilization processes, and the dissipa-
tion function in terms of the force ratio becomes

¥, L
7= [xz[l + L—i] +2gx+ 1]L22X§

(42

If these conductancés; and L4, (the phenom-
enological conductance of phosphorylafioare
matched, the following equation is satisfied

Lgs A 2
11-q

Lll

Then Eq.(42) is minimum atx,,; [26,54. Stucki
[58] viewed Eq.(43) as conductance matching of
OP, which was experimentally verified for the case
of perfused livers.

The dissipation function at the state of optimal
efficiency of OP is

(43

(\I,c)opt 1-)(2
R ERTEE 49
and the PO ratio is given by
J J1) 1+x2
()5
J2 opt 12 52 2

This equation shows that unless the coupling is
complete(¢g= +1), a maximal PO ratio is incom-
patible with optimal efficiency, and the following
inequality occurd26,584

052) 2,7
2 J2 52 J2 opt 12 52

Therefore, experimentally measured low @
ratios do not necessarily mean a poor performance
of the OP. Similarly, the net rate of ATP synthesis
at optimal efficiency is given as

(46)

1—x?
(Dopt=( Ds, 5 (47
with the limits
1
0< (Jl)opt< E(Jl)sz (48)



98

Table 1
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Production functions with the consideration of conductance matdigig

Production Loci of the optimal q Energy
function efficiency states cost
considered
1. Optimum rate of From the plot of; vs. x q,=0.786 n=cons
ATP production: (J2)opt=tan(/2)coBZL X , a=51.83
J1=(g+X)ZL2X ,
2. Optimum output power From the plot @fX, vs. x q,=0.910 n=cons
of oxidative phosphorylation: (J2X Dopr=tarf(a/2)cosuL X% a=65.53
11X1=X(X+Q)L22X22
3. Optimum rate of ATP From the plot of, ? vs.x q;°=0.953 Yes
production at minimal energy cost: (J1M)opr=tar(e/2)cosxZL,,X » a=72.38
x(x+q)?
Jim=————ZL
m xg+1 22X 2
4. Optimum output power of From the plot &f X, ? vs.x q:-=0.972 Yes
oxidative phosphorylation (J2X Mopr=tart(e/2)cosxL,X 3 a=76.34

at minimal energy cost:

x3(x+q)? 2
JiXm=——"-L

1AM g+ 22X%

indicating that a maximal net rate of ATP produc-
tion is incompatible with optimal efficiency.

Stucki [58] analyzed the required degree of
coupling of OP, which satisfies Eq43), for the
optimum production functionsf for ATP and
output power expressed in terms @ arcsirig)

f=tanm(a/2)coga) (m=1,2,3,4) (49

The optimum production functions and the asso-
ciated constants are described in Table 1, while
Fig. 1 shows the effect of degree of coupling on
the characteristics of four different output functions
f. If the system has to maximize the ATP produc-
tion at optimal efficiency thefi=(J1)op: ang,=
0.786. Instead, if the system has to maximize the
power output at optimal efficiency, we have the
output functionf = (/,X1)op Occurring af,=0.91.

If the additional constraint of efficient ATP syn-
thesis(minimal energy costis imposed on these
output functions, then the economic ATP flow and
economic power output occur gt“=0.953 and
q;°=0.972, respectively. The difference between
g, and ¢;° becomes clear when we calculate the
output power, and the product of power output
and efficiency at the maximum of the plots of
(J1X1ope (from the plot of J.X, vs. x) and

(J2X M) o (from the plot of J X, vs. x). A
transition fromg, and g5 causes a 12% drop in
output power(J,X,) and 51% increase in efficien-
cy [58]. Cairns et al[26] compared the theoretical
and observed determinations of coupling of OP in
mitochondria from rat liver, heart, and brain using
classical and NET measures; the coupling of OP
can change with substrate availability and also
reflect the specific response of mitochondria to fit
specific organ roles in the rat. For example, the
metabolic driving force and flowtATP production
rate9 relationships facilitated the analysis of
Ce* effects on various commonly accepted con-
trol points within OP.

Stucki [85] analyzed the sensitivity of the force,
the phosphate potential, to the fluctuating cellular
ATP utilization, and found that the sensitivity is
minimal at a degree of coupling=0.95. This is
based on an eigenvalue sensitivity analysis of the
experimentally supported LNET model of OP, and
indicated that the phosphate potential is highly
buffered with respect to changing energy demand,
and the value ofg agrees with the degree of
coupling at which net ATP production of OP
occurs at optimal efficiency. This leads to simul-
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Fig. 1. Degree of couplings and different output functighs

taneous maximization of kinetic stability and ther- efficiency. For example, the production of thermal
modynamic efficiency at the same degree of energy in the mitochondria requires rather low
coupling. For H -translocating ATPase, the"H degrees of coupling. Pfeffier et al65 showed
ATP coupling ratio is important for mechanistic, that ATP production with a low rate and high yield
energetic and kinetic consequences, and a value ofresults from cooperative resource use and may
four was adopted for the ratio. evolve in spatially structured environments. The
The values of the degree of coupling depend on thermodynamically determined degrees of cou-
the nature of the output required from the energy pling were also measured in Na transport in
conversion system in the mitochondria epithelial cells [55], and growing bacterid84]
[30,60,64,86—9R Tomashek and Brusilow93] where maximization of net flows are the most
suggested that the differences in rates of proton important task of the system. On the other hand,
pumping, ATPase activities, and degrees of cou- for a fed rat liver in a metabolic resting state,
pling might all be variables in the choices that economy of power output has the priority, while a
each biologic system makes in order to survive starved rat liver has to produce glucose, and the
and compete in its environment. Experiments with priority of energy conversion is replaced by the
liver perfused at a metabolic resting state suggestmaximum ATP production. Theoretical and exper-
that Eq.(43) is satisfied over a time average, and imental studies indicate that the degree of coupling
the degree of couplings yields an efficient is directly related to metabolic regulation and
process of OH58]. Optimization may be carried stability in living organisms[26,58,86. If the
out based on other constraints different from the system cannot cope with instabilities, then fluctu-
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ations such as pH and pressure of the blood could function of cellular respiratior{86,99. LNET is

irreversibly harm the organism. also used for a macroscopic description of some
inhibitors of OP, by considering protonophores,

3.5. Thermodynamic regulation in bioenergetics some ATPase inactivators and some electron-chain
inhibitors [99].

Fatty acids may regulate and tune the degree of In mitochondrial OP leaks cause a certain
coupling [76,87—89, and can induce uncoupling uncoupling of two consecutive pumps, for example
to set the optimum efficiency of OH88,90. electron transport and ATP synthase, and may be
Experiments with incubated rat-liver mitochondria described as membrane potential driven backflow
show that the adenylate kinase reaction can buffer of protons across the bilayer, while a slip means a
the phosphate potential to a value suitable for decreased H/e~ stoichiometry of proton pumps
optimal efficiency of OP in the presence of very [32]. Kadenbach et all34] recently proposed that
high rate of ATP hydrolysis. Stucki76] called mitochondrial energy metabolism was regulated by
this class of enzymes, such as adenylate kinasethe intramitochondrial ATPADP ratio and slip of
and creatine-kinase, thermodynamic buffer proton pumping in cytochrome oxidase at high

enzymes. A fluctuating ATPADP ratio and devi-  proton motive force. In transportation, leaks, for
ations from optimal efficiency of OP are largely example, can be found in the proton-sugar symport
overcome by thermodynamic buffering4,57,91. in bacteria where a protein mediates the transport

The enzymes are capable of causing certain reac-of protons and sugar across the membrane, and
tion pathways by catalyzing a conversion of a adding a protonophore, a parallel pathway occurs
substance or a coupled reactit#v,18,31,92 For causing a leak in the transport. A slip can occur
example, on adding nigericin to a membrane with when one of two coupled procesdge. reactions
gradients of H and K , the system reaches a in a cyclic process proceeds without its counter-
steady state in which the gradients of"H and part, which is also called intrinsic uncouplifg3].
K™ are balanced. On the other hand, if we add Leaks and slips may affect the metabolic rate
valinomycin and protonophore, both gradients rap- [100,10]1. Schuster and Westerhoffl01] devel-
idly dissipate. Wyss et al[29] discussed the oped atheory for the metabolic control by enzymes
functions of the mitochondrial creatine kinase, that catalyze two or more incompletely coupled
which is a key enzyme of aerobic energy metab- reactions. Control by the coupled reactions is
olism [87,94,9%, and involved in the buffering, distinguished gquantitatively from control by the
transport and reducing the transient nature of the extent of slippage using the LNET formulation.
system in reaching a new steady state upon chang-Here, the limits of coupling or the tightness of
es in workload[68]. This can be achievedi) by coupling, as Krupkd73,74 called it, becomes an
increasing the enzymatic activities in such a way important parameter and may be defined as the
as to guarantee near equilibrium conditioris;) ratio of coupled-to-uncoupled rates, which is a
by metabolic channeling of substrates; did) by function of the binding energy of the substrate and
damping oscillations of ATP and ADP upon sud- the carrier protein. Evolution favors the coupling
den changes in workload. in organisms as tight as possible, since the loss of
Uncoupling proteins facilitate the dissipation of available metabolic energy is a disadvantage. For
the transmembrane electrochemical potentials of example, the rather loose coupling of calcium and
H* or Na" produced by the respiratory chain, and sugar transport systems may represent a tradeoff
results in an increase in the'H and Na perme- between efficiency and the rate that can be
ability of the coupling membranes. These proteins achieved in primary and secondary active transport
provide adaptive advantages, both to the organism[74]. One other concern in an interconnected
and to individual cell, and also increase vulnera- biological network is that the behavior of a sub-
bility to necrosis by compromising the mitochon- system(e.g. glycolysi$ may become unsteady and
drial membrane potential [88,96,97. Some chaotic, so that the output of this subsystéeng.
uncoupling is favorable for the energy-conserving ATP production is adversely affected, and
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becomes an external noise for other subsystems

causing inhibition and desynchronizati¢fl.

3.6. Extended non-equilibrium thermodynamics
(ENET)

Extended non-equilibrium thermodynamics is

101
In the non-linear regime and for time-independ-

ent boundary conditions we hay2,3,49

¥ _
dr
d, V¥ is not a differential of a state function, so

0 (5D

used for systems far from equilibrium. The dis- that Eq.(51) does not indicate how the state will
tance from equilibrium can be measured by the evolve, it only indicates tha# can only decrease.

gradients and affinities imposed on the system.

Stability must be determined from the properties

For example, chemical reaction systems are in the of the particular steady state. This leads to the

linear regime if the affinitieg\ are small compared
to RT (A< 2.5 kJmol at T=300 K), however,
for most reactions chemical affinities are in the
range of 10-100 kdmol and hence, they are in
the non-linear regime. Beyond a critical distance
the flows are no longer linear functions of forces;

decoupling of evolution and stability in the non-

linear regime, and it permits the occurrence of new
organized structures beyond a point of instability
of a state in the non-equilibrium regime. The time-
independent constraints may lead to oscillating
states in time, such as the well-known Lotka—

the system explores all the possibilities to counter Volterra interactions in which the system cycles
the applied gradients, and may become unstablecontinuously.
and have more than one possible steady state, A physical systenx may be described by an

sometimes showing bifurcation and leading to self-
organized behavior. As the Belousov—Zhabotinski

reaction displays, these complex structures can

arise as the solution of a deterministic differential

equation. Sometime it is the symmetry, and not

the linearity, of the force—flow relations in the
near equilibrium region that precludes oscillations

dimensional vector with elements of(i=1,2,.n)
and parameters;, and

% =fixna) (52

The stationary states, are obtained usingxg/
dr=0. With a small perturbatiodx; and a positive

[56]. The process and the boundary conditions do function L(5x) called the distance, the stationary

not uniquely specify the new non-equilibrium state,

state is stable if the distance betweegnand the

which can be a highly structured state and can perturbed statdx,;+ dx;) steadily decreases with
only be maintained by a continuous exchange of time, that is

energy andor matter with the surroundings. The

structured states degrade the imposed gradientsL(Sx_)>0.

effectively when the dynamic and kinetic pathways
for the structure were not possible. ENET is
concerned with the non-linear region, and with
deriving the evolution equations with the dissipa-
tive flows as the independent variables in addition
to the usual conserved variablgs20,102.

If ¥ is the dissipation in a non-equilibrium
stationary state, the changen with time due to
small changes in the forcesX; and in the flows
dJ; is expressed by

dw ax,
= S ay
dt ,[V[ZJ’ dr ]
W) dW AW
+L[2X" o ]dv_ o a0

dL(dx;)
dr

A function satisfying Eq(53) is called a Lya-
punov function, which provides a general criterion
for stability of a state. Kondepudi and Prigogine
[3] used the second variation of entropy — 52S
as a Lyapunov functional if the stationary state
satisfies )" 8X;8/,>0, hence, a non-equilibrium

stationary state is stable if

d 82§
——=Y'8X,8J,>0
dr 2 L. 3X:dJ;
The bilinear expression in E§54) is known as
the excess entropy productioi3], and 3J; and
3X; denote the deviations aof; and X; from the
values at the non-equilibrium steady state.

<0 (53

(54
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The coupling between chemical kinetics and mined by the characteristic parameters of both the
transport may lead to dissipative structures that are present and the past. However, the general expres-
caused by auto- and cross-catalytic processes withsions for the balance of mass, momentum and
positive and negative feedback, influencing their energy are still usef0].
rates of reactiori56]. For example, the Belousov— The Clausius—Duhem equation is the fundamen-
Zhabotinski reaction exhibits a wide variety of tal inequality for a single component system. The
characteristic non-linear phenomena. In the non- selection of the independent constitutive variables
linear region, the class of instabilities arise in depends on the type of system considered. A
biological systems aréi) multi-steady statedjii) process is then described by a solution of the
homogeneous chemical oscillations, diit) com- balance equations with the constitutive relations
plex oscillatory phenomend3]. The thermody- and Clausius—Duhem inequality.
namic buffer enzymes may provide bioenergetics Rational thermodynamics is not limited to linear
regulatory mechanisms for the maintenance of a constitutive relations, and when the constitutive

state far from equilibrium[39,86,103,104 In

equations are expressed in terms of functionals,

recent studies ENET has been used to describegenerally, a vast amount of information is neces-

protein folding and the complex behavior in bio-
logical systemd439,103.

4, Other thermodynamic approaches

LNET has some fundamental limitation@) it

does not incorporate mechanisms into the formu-

lation, or provide values of the phenomenological
coefficients; and(ii) it is based on the local-
equilibrium hypothesis, and therefore confined to
systems in the vicinity of equilibrium. Also, prop-
erties not needed or defined in equilibrium may
influence the thermodynamic relations in non-
equilibrium situations. For example, the density
may depend on the shearing rate in addition to
temperature and pressuf20]. The local equilib-
rium hypothesis holds only for linear phenome-
nological relations, low frequencies and long
wavelengths, which makes the application of the
LNET theory limited for chemical reactions. In

sary[20]. Rational thermodynamics may be useful
in the case of memory effects; non-equilibrium
processes may approach equilibrium in a longer
time than as is generally assumed; as a result
nature has a much longer memory of irreversible
processe43]. Grmela[105 combined thermody-
namic theories, such as LNET, ENET, rational
thermodynamics, and theories using evolution cri-
teria and variational principles into a bracket for-
malism based on an extension of Hamiltonian
mechanics. One result of this bracket approach is
a general equation for the non-equilibrium revers-
ible—irreversible couplind GENERIO) formalism

for describing isolated discrete systems of complex
fluids [106].

4.2. Network thermodynamics (NT)

Flow—force relations are more complicated in
bioenergetics due to enzymatic reactions; for

the following sections, some attempts that have example, Hill [107] reported many critical con-
been made to overcome these limitations are straints involved in describing photosynthesis in

summarized.
4.1. Rational thermodynamics
Rational thermodynamiddRT) provides a meth-

od for deriving constitutive equations without
assuming the local equilibrium hypothesis. In the

terms of LNET [108]. Network thermodynamics

(NT) and mosaic non-equilibrium thermodynamics
[17] incorporate the details of the process into
force—flow relations of LNET for complex systems

such as biological applications. The Onsager reci-
procity and topological connectedness in the net-
work representation is of concern and discussed

formulation, absolute temperature and entropy do by Mikulecy [109. NT can be used in both the

not have a precise physical interpretation. It is

linear and non-linear regions of NET, and has the

assumed that the system has a memory, and theflexibility to deal with the systems in which the

behavior of the system at a given time is deter-

transport and reactions are occurring simultaneous-
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ly, either at steady or at unsteady stft69-113. sensitivities to the free-energy difference for the
For example, in the formalism of network ther- proton pump and other reactions. This differential
modynamics a membrane is treated as a sequenceensitivity is a characteristic of the enzyme and is
of discrete elements called lumps, where both reflected in the formulation of the flow—force
dissipation and storage of energy may occur. Each relationships of that enzyme. The tenm is the
of the storage and dissipative elements needsnumber of protons translocated per ATP hydro-
relationships between the input and output flows. lyzed, while Jy, Jo and Jp indicate the flows of
The lumps have a resistance and capacitance, anchydrogen and oxygen and ATP, respectively.
incorporate the boundary conditions when they  Metabolic control theory can also be combined
joined in the network. with NT in which the metabolism is lumped
The NT formulation has been used in the ther- together in three essential stefdd2]: (i) catabo-
modynamics of bacterial growth, the steady state lism; (ii) anabolism; andiii) leak (ATP hydrol-
protonic coupling schemf§s3,114, and following ysis without coupling to anabolism or catabolism
the biological free-energy converters schehé. The LNET formulation is used in the network
First, bacteriorhodopsin liposomes use light as approach to describe the coupled diffusion of water
energy source to pump protons. The flow—force and the cryoprotectant additive in cryopreservation
relations for each of the elemental processes areof a living tissue[113,115. Assuming that the
written and by adding the flows of each chemical living tissue is a porous medium, Darcy’s law is
substance, a set of equations is obtained based orused to model the flows of water and cryopreser-
the proposed structure of the system, so that thevation agent, and a temperature-dependent viscos-
verification of the relations can be used to test the ity is used in the model. The Onsager reciprocal
applicability of the proposed structure. If the rela- relations are valid, and the three independent
tions are not verified, then either the formulation phenomenological coefficients are expressed in
is in error or the proposed structure is not appro- terms of the water and solute permeability, and the
priate. In testing the formulation experimentally reflection coefficient. The network thermodynam-
certain states, such as steady states, are assumeits model is able to account for interstitial diffusion
For example, prediction of the effect of addition and storage, transient osmotic behavior of cells
of ionophores on the rate of light-driven proton and interstitium, and chemical potential transients
uptake is experimentally tested; the light-driven in the tissue compartments.
pump is inhibited by the electrochemical gradient
of protons developed by the system itself. Second, 5. Some applications of linear non-equilibrium
the formulation of the OP is based on the chem- thermodynamics
iosmotic model, assuming that the membrane has
certain permeability to protons that the ATP syn-
thetase is a reversible 'H pump coupled to the
hydrolysis of ATP, and that the proton gradient
Ap, across the inner mitochondrial membrane is

the main coupling agent. The following flow— W=jA+7 AR +J Ao (58)
force relations are used

5.1. Oxidative phosphorylation (OP)

Dissipation function for OP is

. Here, the subscripts P, H and O refer to the
Ju=L,Apy (55 phosphorylation, H flow, and substrate oxidation,
Jo=Lo(AG o+ i AfL ) (56) respectively andAfLy=ApL—ALY . The dissipa-

N tion function can be transformed {d,11]
Jp=LAG gty m AR ) (57

The termsL,, Lo and L, are the transport V=JpAB T A T A (59)
coefficients for proton, oxygen and ATP flows, whereA“ is the external affinity. When the interior
respectively. They factors describe the enzyme- of the mitochondrion is in a stationary state, for
catalyzed reactions with rates having different all components dl;,,/dr=0, hence



104 Y. Demirel, S.I. Sandler / Biophysical Chemistry 97 (2002) 87-111
V=Y JAF=JpAE+J AG (60) 5.2. Facilitated transport

Therefore, in the stationary state it suffices to  Many biological transport processes occur selec-
measure the changes in the external solution only. tively and fast as a result of the combination of a

From Eq.(59), the appropriate phenomenolog- substrates with a membrane constituent referred
ical equations in terms of the resistance formula- to as carrierc to form a carrier-bounded complex
tions, which are suitable for considering a bc, which shuttles between the two surfaces of a

vanishing force, are given by membrangor perform conformational changes
A=K o] o+ K pid 1+ K pd o (61 n0O, (s)+Hb (c) hemoglobin
- < HbO,,, oxyhemoglobirn(bc) (69
Apy=Kpnw/pt K vt Ko o (62) N Y J
For facilitated oxygen transport, a membrane
6=Kpo/ ptK o vt K d o (63) composed of a filter soaked in a solution of

hemoglobin was used in experimental work and
formulated by LNET[9,21]. Oxygen, at different
pressures, > P,, was placed in the two compart-
ments and the steady state flow of oxygen across

qro ) . the membrane was measured. The following dis-
When the force vanishes\.,=0, Egs.(61) sipation function is used

and (63) give

p=Kg1 _CIZPQJ P
—(KeK oYX (g potq pig oV o (69

For oxidative phosphorylation the coupling is
essentially ‘chemiosmotic’, i.eKro=0 [52], and
there are three degrees of coupling,, gon and

\szsv(_“’Y)+J(V(_“‘()+JbLV(_“’bc) (70)
and the affinityA is

A:nM.v+Mc-_Mh(- (71)
Ag=—(KeK 9"*(qpctq pd oW
° +Ko(1—¢2 H);O o E (65) Assuming that the rate of reaction is more rapid
o Fomre than diffusion, so that the reaction is at equilibrium
So that and henceA=0, and applying the gradient oper-
N ator to Eq.(71), we obtain
= (CORNN i (72

(1—gBa(1—q&n

The effectiveness of energy conversion can be
expressed as

Eq. (72) expresses a chemical interrelation
among the forces that leads to a coupling of the
flows. The flows passing any point in the

JoXp membrane are those of free oxygén of hemo-
= e (67) globin J,., and of oxyhemoglobir/,.. The exter-

nally measured flow of oxyged, equals to the
where X, is the force for proton transportation, flows of free oxygen and oxygen carried by

andm vanishes at states ands,. hemoglobin.
It is also useful to consider the force developed j=—_; 4,7, (73)
per given rate of expenditure of metabolic energy, ) .
the efficacy of force[5] Since no external flow of hemoglobifi.  takes
place, we have
Xp

(68) Ji=J.+J,.=0 (74

Exp,— —
"= Az

_ _ _ Using Egs.(72)—(74), we transform the dissi-
Stucki [58], and Caplan and Essilp] provide pation Eq.(70) into

a detailed analysis of the chemical, chemiosmotic . )
and the parallel coupling hypothesis. V=V (=py)+J(— ) (75)
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The flows and forces identified in Eq75) are lar) and diffusion flow(vectoria) can take place,
used in the following linear phenomenological which does not occur in an isotropic mediUgj.
equations Sodium, potassium and proton pumps occur in
S —LVp.—L.Vp. (76) almost all cells, especially nerve cells, while the

active transport of calcium takes place in muscle
J.=0=—-L ., Vp,—L. V. (77) cells.

Conventional methods for establishing the exis-
tence of active transport are to analyze the effects
of metabolic inhibitors, to correlate the level or
rate of metabolism with the extent of ion flow or
the concentration ratio between the inside and
outside of cells, and to measure the current needed
to short-circuit a system having identical solutions
on each side of the membrane. The measured
flows indicate that the flow contributing to the
short circuit current, and any net flows detected
are due to active transport, since the electrochem-
ical gradients of all ions are zefd{=0, c,=c,).

Kedem [22] presented an early analysis of the
interactions between mass transport and chemical

Egs. (76) and (77) obey the Onsager relations,
L,.=L.,, which reduces the number of unknown
phenomenological coefficients by one. The chem-
ical potentials are related to concentrations or
partial pressures. P, > P,, thenc, ;> c,,, and the
contribution of the carrier transport to the total
oxygen flow is positive. The presence of hemoglo-
bin enhanced the flow of oxygen at low oxygen
pressure, however, this facilitation of oxygen trans-
fer disappeared at higher pressures of oxygen.
Hemoglobin can exist in two conformational states,
differing in oxygen affinity, and all four oxygen-
binding sites change their affinity simultaneously

[27]. reactions using the LNET approach. The dissipa-
tion function for active transport may be expressed
5.3. Active transport as
For a two-flow system of diffusion and chemical V=Y /AR +J.A, (79

reaction the dissipation function is -~ . . . .
P where Ap,; is the difference in electrochemical

V=Tb,=JX,+J,A>0 (78) potential on two sides of the membraeandJ,

are the flow of ions and the rate of reaction,
respectively, and is the conjugate affinity within

the cell. Since the flows are easy to measure, it
may be advantageous to express the phenomeno-
logical equations in terms of the forces

whereJ, is the rate of chemical reaction, aridis
the flow of a substance. Eq78) represents the
simplest thermodynamic description of coupled
flow—chemical reaction systems.Ji; is negative,
then the signs of/; and X; are opposite, causing

the flow in a direction opposite to that imposed ,.

by its conjugate force;, which is called the active Api= ;KUJ!'JFK“J’ (80)

transport system. This is possible only if the flow "*

is coupled to the chemical reaction with a large ,

positive dissipatiorn/,A, leading to a positive over- A= ZlK’fJ-fJFK”‘]’ (81)
iz

all dissipation without contradicting the second
law of thermodynamic$4,38,58. Active transport The resistance cross-coefficiekt, (i#r) rep-

is a universal property of the cells and tissues, and resents the coupling between the flow and the rate
determines the selective transport of substratesof reaction. Although the coefficier®;. must be a
coupled to metabolic reactior]§,9]. Most of the vector (since diffusion flow is a vector and the
chloride flow in plant cells depends on continuing rate of reaction is scalarflows of species trans-
photosynthesis. Biological membranes are aniso- ported across a membrane may be treated as scalars
tropic as their molecules are preferentially ordered since their direction is affected by the topology of

in the direction of the plane of the membrane, so the system. In order to use Eq$880) and (81),

that the coupling between chemical reacti¢ssa- we need to know the local flows and forces in the
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biomembrane system, and integrate the expressions Since the flow of electricity is determined by
over the membrane thickness. The rate of meta- the ionic fluxes

bolic reaction/, may be taken, for example as the
rate of oxygen intake by a tissi®,22,58,8]. The
diffusion flow rateJ; may be obtained from Eg.
(80) as

_Ap
K

Kij Kir
ii j:l,i#jKii Kii
The driving force for the ionic flow is the
electrochemical potential difference, which com-

Ji (82

I=(Jna—J )F (89)
Therefore, from Eqs(88) and (89) we have
I=— KNa’J,F (90)

Kna

Under short-circuit conditions, the measurable
electrical current is linearly proportional to the
overall rate of reaction, and the proportionality

prises both the differences in concentration and in constant depends on the coupling coefficient
the electrical potential, and for an ideal system is Kna-#0. (i) In an open circuit potentiometric case

given as

A{L;=RT(Inc!—Inc!") + z,F(I — ") (83

where | and Il denote the surrounding compart-
ments to the membrane.

Based on the dissipation functioiieq. (79)],
the following phenomenological equations can

describe a simple example for an active transport

of sodium[5,9]

Afina=K no nat K nal (84)
Ape=Kc/c (85)
A=KnaJInat K, (86)

These equations imply that no coupling exists
between the sodium and chloride flows, while the
sodium flow Jy, is coupled to metabolic reaction
J,. The flow of chloride may be assumed to
proceed in a passive manner.

Eqgs.(84)—(86) can be applied to the following
cases:(i) two electrodes are inserted into each

wherel/=0, a transport of salt occutg,=J

For analysis we can express the phenomenolog-
ical stoichiometryZ, and the degree of coupling
between the sodium transport and chemical reac-
tion as follows

1/2
7= [If ] (9D
Na
Knar
I Kk ) (92

For the general case we have for the degree of
coupling—1<¢g<1.

While the above model is useful, biological
membranes that transport various substances are
more complex. Such membranes are almost com-
posite membranes with series and parallel elements
[5]. A value of g<1 shows an incomplete cou-
pling, in which metabolic energy must be expend-
ed to maintain an electrochemical potential
difference of sodium even ify,=0.

compartment and are short circuited, the potential 5.4 aolecular evolution

difference(ys, _ s, ) is zero and an electrical current
I is allowed to flow across the membrane. If the

experiment is carried out at equal salt concentra-

tions in I and 11, so thatinc, —Inc,) =0, we have
A}lNaZO, A}10:0 (87

The only remaining driving force is the affinity
A of the metabolic reaction in Eq.84), so that
we have

 Kyar
KNa

Jna= J, (88)

Proteins are synthesized as linear polymers with
the covalent attachments of successive amino
acids, and many of them fold into a three-dimen-
sional structure defined by the information con-
tained within the characteristic sequenfElg).
This folding results largely from an entropic bal-
ance between hydrophobic interactions and config-
urational constraints. The information content of a
protein structure is essentially equivalent to the
configurational thermodynamic entropy of the pro-
tein, which relates the shared information between
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sequence and structuf@16—-118. Dewey [117] molecular complexes120-123. For example,

proposed that the time evolution of a protein pumps are commonly used for the transport of
depends on the shared information entrofy ions and molecules across biological membranes,
between sequence and structure, which can bewhereas the word motor is used for transducing
described with a NET theory of sequence—struc- chemical energy into mechanical work by proteins
ture evolution; the sequence complexity follows [123. Proton translocating ATP syntha$g,F,)

minimal entropy production resulting in a steady synthesizes ATP from ADP and phosphate, cou-

non-equilibrium statd¢2,3,103 pled with an electrochemical proton gradient across
the biological membrane. Recently, rotation of a

i[d_S] =0 (93) subunit assembly of the ATP synthase was consid-

aX;( dr ered as an essential feature of the ATPase enzyme

From a statistical mechanical model of thermo- mechanism and that,F,F as a molecular motor
dynamic entropy production in a sequence—struc- [124]. These motors are isothermal, and the inter-
ture system, a NET model was developdd . nal states are in local equilibrium. They operate
In the model, the shared thermodynamic entropy With a generalized force, which for the mofor
is the probability function that weights any filament system may be the external mechanical
sequence average; the sequence information isforce fe. applied to the motor and the affinity,,
defined as the length of the shortest string the Which measures the free-energy change per ATP
encodes the sequence; and the connection betweernolecule consumed. These generalized forces cre-
sequence evolution and NET is that the minimal ate motion, characterized by an average velocity
length encoding of specific amino acids will have v, and average rate of ATP consumptifnJulich-
the same dependence on sequence as the share@f et al. [1200 used the following LNET

thermodynamic entropy. Dewey and Donfiel 7] formulation

considered the entropy production of the protein W= pf ot J A (94)
sequence-structure system based on LNET. The '

change of composition with time is taken as the v=Liifext L1, (95)
flow, while the sequence information change with J,=Loy foxt Lo, (96)

the composition is treated as the force, which can . . o _ .

be interpreted as the chemical potential of the Here,Li; is a mobility coefficient, whileL,, is

sequence composition. Since the change of entropy@ generalized mobility relating ATP consumption

with time (dissipation is a positive quadratic —and the chemical potential difference, abg and

expression[Eq. (12)], Eq. (93) shows that when L2 are the mechano-chemical coupling coeffi-

regions of the sequence are conserved, the rest oftients. A given motoffilament system can work

the sequence is driven to a minimum entropy In different regimes. In a regime where the work

production and hence, towards the lower complex- is performed by the motor, efficiency is defined as

ity seen in the protein sequence, creating a stable of

state away from equilibrium. n=— =
The recognition that in the steady state a system A,

decreases its entropy production, and loses mini- For non-linear motors operating far from equi-

mal amounts of free energy led to the concept of librium velocity, reversal allows direction reversal

least dissipation, which is the physical principle without any need for a change in the microscopic

underlying the evolution of biological systems mechanisn12Q.

[9,119. A restoring and regulating force acts in

any fluctuation from the stationary state. 6. Conclusions

97

3.5. Molecular machines Most physical and biological systems operate

Some important biological processes resemble away from thermodynamic equilibrium. The dis-
macroscopic machines governed by the action of tance from equilibrium distinguishes between two
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important non-equilibrium thermodynamic states.
(i) The system is in a near-equilibrium state, and
the linear non-equilibrium thermodynamics for-
mulation with the phenomenological approach pro-
vides the working equations for coupled
irreversible processesii) The distance surpasses
a critical value after which the system may exhibit
structured states only maintained with a constant
supply of energy. These states are non-linear in
their flow—force relationships and sometimes are
called dissipative structures. Living systems oper-
ate along the linear and non-linear regions. Espe-
cially in the last five decades, non-equilibrium
thermodynamics has been used in bioenergetics
and membrane transport to describe the energy
conversion and coupling between chemical reac-
tion and diffusional flows. For processes of bioe-
nergetics not far away from equilibrium, the
formulation of linear non-equilibrium thermody-
namics and the use of the dissipation-phenome-
nological equation approach may be helpful,
because it does not need a detailed description of
the mechanism of the bioenergetic processes. For
those processes of bioenergetics far away from
equilibrium, the extended thermodynamics theory
may be a helpful tool. Other practical applications
of non-equilibrium thermodynamics are the ration-
al thermodynamics and network thermodynamics
in which the mechanism of the process can be
incorporated in the formulation. This review does
show that the theory of non-equilibrium thermo-
dynamics can be a tool to describe and formulate
the coupled phenomena of transport and chemical
reactions taking place in living systems without
the need of detailed mechanisms.

Acknowledgments

Y.D. thanks the Center for Molecular and Engi-
neering Thermodynamics of the University of Del-
aware for the hospitality during the visit to prepare
this work.

References

[1] O. Toussaint, E.D. Schenider, The thermodynamic and
evolution of complexity in biological systems, Comp.
Biochem. Physiol. A 121998 3-9.

(2]
(3]

(4]

[5

—_

[6

_

[7

—

(8]

[9

—_

[10]

(11

(12

(13

[14]

[15]

(16]

(17]

(18

[19]

Y. Demirel, S.I. Sandler / Biophysical Chemistry 97 (2002) 87-111

I. Prigogine, Introduction to Thermodynamics of Irre-
versible Processes, Wiley, New York, 1967.

D. Kondepudi, I. Prigogine, Modern Thermodynamics,
From Heat Engines to Dissipative Structures, Wiley,
New York, 1999.

J.S. Turner, Nonequilibrium thermodynamics, dissipa-
tive structures, and self organization: some implications
for biomedical research, in: G.P. scott, J.M. McMillin
(Eds), Dissipative Structures and Spatiotemporal
Organization Studies in Biomedical Research, lowa
State University Press, Ames, 1979.

S.R. Caplan, A. Essig, Bioenergetics and Linear None-
quilibrium Thermodynamics, the Steady State, Harvard
University Press, Cambridge, 1983.

J. Keizer, Statistical Thermodynamics of Nonequili-
brium Processes, Springer, New York, 1987.

D.J. Evans, G.P. Morris, Statistical Mechanics of None-
quilibrium Liquids, Academic Press, London, 1990.
B.C. Eu, Kinetic Theory and Irreversible Thermodynam-
ics, Wiley, New York, 1992.

A. Katchalsky, P.F. Curran, Nonequilibrium Thermody-
namics in Biophysics, Harvard University Press, Cam-
bridge, 1967.

S.R. De Groot, Thermodynamics of Irreversible Proc-
esses, North-Holland Publishing Company, Amsterdam,
1966.

U. von Stockar, J.-S. Liu, Does microbial life always
feed on negative entropy? Thermodynamic analysis of
microbial growth, Biochim. Biophys. Acta 1412999
191-211.

H.V. Westerhoff, Should irreversible thermodynamics
be applied to metabolic systems—yes-kinetics alone are
impracticable, Trends Biochem. Sci(2982 275-279.

S. Wisniewski, B. Staniszewski, R. Szymanik, Ther-
modynamics of Nonequilibrium Processes, D. Reidel
Publishing Company, Dordrecht, 1976.

P.M. Bisch, Nonequilibrium thermodynamics of biolog-
ical systems, Braz. J. Med. Biol. Res. 26993
417-424.

M. Rigoulet, A. Devin, P. Espie, et al., Flux—force
relationships in intact cells: a helpful tool for under-
standing the mechanism of oxidative phosphorylation
alterations?, Biochim. Biophys. Acta 13661998
117-124.

H. Rottenberg, Nonequilibrium thermodynamics of
energy conversion in bioenergetics, Biochim. Biophys.
Acta 549(1979 225-253.

H.V. Westerhoff, K. Van Dam, Thermodynamics and
Control of Biological Free Energy Transduction, Elsev-
ier, Amsterdam, 1987.

H.V. Westerhoff, P.R. Jensen, J.L. Snoep, B.N. Kholo-
denko, Thermodynamics of complexity—the live cell,
Thermochim. Acta 3091998 111-120.

L. Peusner, Hierarchies of irreversible energy-conver-
sion systems—a network thermodynamic approach. 1.
Linear steady-state without storage, J. Theor. Biol. 102
(1983 7-39.



[20]

[21]

[22)

[23]

[24]
[25]

[26]

[27]

(28]

[29]

(30

[31]

[32

=

(33

(34]

[35

=2

[36]

(37]

[38]

Y. Demirel, S.I. Sandler / Biophysical Chemistry 97 (2002) 87-111

D. Jou, Extended Irreversible Thermodynamics, Spring-
er-Verlago, New York, 1996.

0. Kedem, A. Katchalsky, Thermodynamic analysis of
the permeability of biological membranes to non-elec-
trolytes, Biochim. Biophys. Acta 271958 229.

O. Kedem, in: A. Kleinzeller, A. Kotyk (Eds),
Membrane Transport and Metabolism, Academic Press,
New York, 1961, pp. 87.

O. Kedem, S.R. Caplan, Degree of coupling and its
relation to efficiency in energy conversion, Trans. Far-
aday Soc. 6X1965 1897.

C.V. Jones, Biological Energy Conservation, Wiley, New
York, 1976.

C.A. Mannella, Introduction: our changing views of
mitochondria, J. Bioenerg. Biomembr. 2000 1-4.

C.B. Cairns, J. Walther, A.L. Harken, A. Banerjee,
Mitochondrial oxidative phosphorylation thermodynam-
ic efficiencies reflect physiological organ roles, Am. J.
Physiol. Regul. Integr. Comp. Physiol. 433999
R1376-R1383.

C. Tanford, Mechanism of free energy coupling in active
transport, Ann. Rev. Biochem. 52983 379-409.

Y. Hatefi, The mitochondrial electron-transport and
oxidative phosphorylation system, Ann. Rev. Biochem.
54 (1985 1015-1069.

M. Wyss, J. Smeitink, R.A. Wevers, T. Wallimann,
Mitochondrial creatine-kinase—a key enzyme of aerobic
energy-metabolism, Biochim. Biophys. Acta 1102
(1992 119-166.

H.V. Westerhoff, Nonequilibrium thermodynamic con-
sideration of the efficiency, control, and regulation of
microbial-growth, Pure Appl. Chem. 65(1993
1899-1906.

G.C. Brown, M.D. Brand, Thermodynamic control of
electron flux through mitochondrial cytochrome ;bc
complex, Biochem. J. 2261985 399-405.

M.P. Murphy, How understanding the control of energy
metabolism can help investigation of mitochondrial
dysfunction, regulation and pharmacology, Biochim.
Biophys. Acta Bioenerg. 1502000 1-11.

J. Castresana, Comparative genomics and bioenergetics,
Biochim. Biophys. Acta 450982001 1-16.

B. Kadenbach, M. Huttemann, S. Arnold, I. Lee, E.
Bender, Mitochondrial energy metabolism is regulated
via nuclear-coded subunits of cytochromeoxidase,
free radical, Biol. Med. 292000 211-221.

J.T. Edsall, H. Gutfreund, Biothermodynamics: to study
of Biochemical Processes at Equilibrium, Wiley, Chich-
ester, 1983.

0O.A. Candia, P.S. Reinach, Thermodynamic analysis of
active sodium and potassium-transport in the frog epi-
thelium, Am. J. Physiol. 2421982 F690-F698.

S. Nath, A thermodynamic principle for the coupled
bioenergetic processes of ATP synthesis, Pure Appl.
Chem. 70(1998) 639-644.

P.R. Territo, V.K. Mootha, S.A. French, R.S. Balaban,
Ca* activation of heart mitochondrial oxidative phos-

(39

[40]

[41]

[42]
(43

[44]

[45]

[46]

[47)

(48]

[49]

(50]

(51]

(52]

(53]

(541

(55]

(56]

(57]

109

phorylation: role of the F-0F-1-ATPase, Am. J. Physiol.
Cell Physiol. 278(2000 423-435.

M.V. Mesquita, A.R. Vasconcellos, R. Luzzi, Complex-
ity in biological systems, Contemp. Phys. 40999
247-256.

G. Lenaz, Role of mitochondria in oxidative stress and
aging, Biochim. Biophys. Acta 13661998 53-67.

D. Straub, Alternative Mathematical Theory of Non-
equilibrium Phenomena, Academic Press, New York,
1997.

V.A. Etkin, To the nonequilibrium thermodynamics of
biological systems, Biofizika 401995 668-676.

G.D.C. Kuiken, Thermodynamics of Irreversible Proc-
esses, Wiley, Chichester, 1994.

J. Kestin, Internal variables in the local equilibrium
approximations, J. Non-Equilib. Thermodyn. (8993
360-379.

K. Gammar, F. Markus, On the global symmetry of
thermodynamics and Onsager’s reciprocity relations, J.
Non-Equilib. Thermodyn. 181993 51-57.

N.W. Tschoegl, Fundamentals of Equilibrium and
Steady-State Thermodynamics, Elsevier, Amsterdam,
2000.

Y. Demirel, S.l. Sandler, Linear-nonequilibrium ther-
modynamic theory for coupled heat and mass transport,
Int. J. Heat Mass Transfer 42001 2439-2451.

G.A.J. Jaumann, Closed system of physical and chemi-
cal differential laws, Wien. Akad. Sitzungsberichte
(Math-Nature Klasse129 (1911 385-530.

P. Glansdorff, I. Prigogine, Thermodynamic Theory of
Structure, Stability and Fluctuations, Wiley, New York,
1971.

D. Jou, J.E. Llebot, Introduction to the Thermodynamics
of Biological Processes, Prentice Hall, Englewood
Cliffs, NJ, 1990.

D. Walz, Thermodynamics of oxidation—reduction reac-
tions and its application to bioenergetics, Biochim.
Biophys. Acta 505(1979 279-353.

D. Walz, Biothermokinetics of processes and energy-
conversion, Biochim. Biophys. Acta 10191990
171-224.

F. Baumann, The application of linear irreversible ther-
modynamics to biological growth, Acta Biotechnol. 11
(199D 3-8.

J.W. Stucki, M. Compiani, S.R. Caplan, Efficency of
energy-conversion in model biological pumps optimi-
zation by linear nonequilibrium thermodynamics rela-
tion, Biophys. Chem. 181983 101-109.

J. Lahay, A. Essig, S.R. Caplan, Thermodynamic degree
of coupling between metabolism and sodium-transport
in frog skin, Biochim. Biophys. Acta 4481976
389-392.

S. Cortassa, M.A. Aon, H.V. Westerhoff, Linear none-
quilibrium thermodynamics describes the dynamics of
an autocatalytic system, Biophys. J. G®91) 794-803.
J.W. Stucki, Optimization of mitochondrial energy con-
versions, Adv. Chem. Phys. 5§34984) 141-167.



110

(58]

(59]

(60]

[61]

(62]

(63

[64]

(65]

[66]

[67]

(68]

[69]

(70l

[71]

(72

Y. Demirel, S.I. Sandler / Biophysical Chemistry 97 (2002) 87-111

J.W. Stucki, The optimal efficiency and the economic
degrees of coupling of oxidative phosphorylation, Euro.
J. Biochem. 1091980 269-283.

B. Korzeniewski, Is it possible to predict any properties
of oxidative phosphorylation in a theoretical way?, Mol.
Cell. Biochem. 184(1998) 345-358.

J.J. Lemasters, The ATP-to-oxygen stochiometries of
oxidative-phosphorylation by rat-liver mitochondria—
an analysis of ADP-induced oxygen jumps by linear
nonequilibrium thermodynamics, J. Biol. Chem. 259
(1984 3123-3130.

S. Soboll, J.W. Stucki, Regulation of the degree of
coupling of oxidative phosphorylation in intact rat-liver,
Biochim. Biophys. Acta 8071985 245-254.

J.W. Stucki, in: G. Schaefer, M. Klingenbefgds),
Energy Conservation in Biological Membranes, Springer
Verlag, Berlin, 1978, pp. 264-287.

H.V. Westerhoff, B.A. Melandri, G. Venturoli, G.F.
Azzone, D.B. Kell, A minimal-hypothesis for
membrane-linked free-energy transduction—the role of
independent, small coupling units, Biochim. Biophys.
Acta 768(1984) 257-292.

B.H. Groen, H.G.J. Vanmil, J.A. Berden, K. Vandam,
The efficiency of oxidative-phosphorylation in potato-
tuber mitochondria is different for succinate and external
NADH, Biochim. Biophys. Acta 114@1992 37-44.

T. Pfeiffer, S. Schuster, S. Bonhoeffer, Cooperation and
competition in the evolution of ATP-producing path-
ways, Science 2922001 504-507.

J. Nielsen, Metabolic control analysis of biochemical
pathways based on a thermokinetic description of reac-
tion rates, Biochem. J. 3211997) 133-138.

F. Wagner, R. Falkner, G. Falkner, Information about
previous phosphate fluctuations is stored via an adaptive
response of the high-affinity phosphate-uptake system
of the Cyanobacterium anacystis-nidulans, Planta 197
(1995 147-155.

H.V. Westerhoff, C.J.A. Vanechteld, J.A.L. Jeneson, On
the expected relationship between Gibbs energy of ATP
hydrolysis and muscle performance, Biophys. Chem. 54
(1995 137-142.

A. Stephani, R. Heinrich, Kinetic and thermodynamic
principles determining the structural design of ATP-
producing systems, Bull. Math. Biol. 60(1999
505-543.

D. Walz, S.R. Caplan, Chemical oscillations arise solely
from kinetic nonlinearity and hence can occur near
equilibrium, Biophys. J. 641995 1698-1707.

K.J. Rothschild, S.A. Ellias, A. Essig, H.E. Stanley,
Non-equilibrium linear behavior of biological systems—
existence of enzyme-mediated multidimensional inflec-
tion points, Biophys. J. 301980 209-239.

A. Goel, J. Lee, M.M. Domach, M.M. Ataai, Metabolic
fluxes, pool, and enzyme measurements suggest a tighter
coupling of energetics and biosynthetic reactions asso-
ciated with reduced pyruvate kinase flux, Biotech.
Bioeng. 64(1999 129-134.

(73]
(74]

[75]

[76]

(77

(78]

(79

(80]

(81]

(82

[83]

[84]

(85]

[86]

(87]

(88

(89

[90]

R.M. Krupka, Coupling mechanisms in active transport,
Biochim. Biophys. Acta 11831993 105-113.

R.M. Krupka, Limits on the tightness of coupling in
active transport, J. Membr. Biol. 168999 35-41.

R. Heinrich, S. Schuster, The modelling of metabolic
systems. Structure, control and optimality, Biosystems
47 (1999 61-77.

J.W. Stucki, The thermodynamic-buffer enzymes, Euro.
J. Biochem. 10911980 257-267.

B. Korzeniewski, Thermodynamic regulation of cyto-
chrome oxidase, Mol. Cell. Biochem. 1741997
137-141.

G. Nicaolis, I. Prigogine, Self-Organization in Nonequi-
librium Systems, Wiley, New York, 1977.

G. Falkner, F. Wagner, R. Falkner, The bioenergetic
coordination of a complex biological system is revealed
by its adaptation to changing environmental conditions,
Acta Biotheoretica 441996) 283-299.

T. Uragami, R. Nakamura, M. Sugihara, Studies on
synthesis and permeabilities of special polymer mem-
branes, 53. Active transport efphenylalanine through
poly(styrenesulfonic acid membrane, Makromol.
Chem. Rapid. 331982 141-145.

H.H. Dung, C.-H. Chen, Energetics of active transport
in inverted membrane vesicles dsterichio coli, J.
Membr. Sci. 56(1991) 327-340.

S.I. Sandler, H. Orbey, On the thermodynamics of
microbial growth process, Biotechnol. Bioeng. 38
(1991 697-718.

E.J. Bormann, H.H. Grosse, J. Menz, Entropy balances
of microbial production formation, Biotech. Adv. 8
(1990 277-290.

H.V. Westerhoff, K.J. Hellingwerf, K. Vandam, Ther-
modynamic efficiency of microbial-growth is low but
optimal for maximal growth rate, Proc. Nat. Acad. Sci.
USA Biol. Sci. 80(1983 305-309.

J.W. Stucki, Nonequilibrium thermodynamic sensitivity
of oxidative phosphorylation, Proc. R. Soc. Lond. Ser.
Biol. Sci. 244(199)) 197-202.

V.P. Skulachev, Uncoupling: new approaches to an old
problem of bioenergetics, Biochim. Biophys. Acta 1363
(1999 100-124.

S. Soboll, Regulation of energy metabolism in liver, J.
Bioenerg. Biomembr. 271995 571-582.

P. Jezek, Fatty acid interaction with mitochondrial
uncoupling proteins, J. Bioenerg. Biomembr. @P99
457-466.

L. Woitczak, P. Schonfeld, Effect of fatty-acids on
energy coupling processes in mitochondria, Biochim.
Biophys. Acta 11831993 41-57.

P. Schonfeld, P. Jezek, E.A. Belyaeva, et al., Photomo-
dification of mitochondrial proteins by azido fatty acids
and its effect on mitochondrial energetics—further evi-
dence for the role of the ADFATP carrier in fatty-acid
mediated uncoupling, Euro. J. Biochem. 240996
387-393.



[o1]

(92

(93]

[94]

[95]

(98]

[97]

(o8]

[99]

[100]

(101

(102

[103

(104

(109

[106

(107

Y. Demirel, S.I. Sandler / Biophysical Chemistry 97 (2002) 87-111

J.W. Stucki, L.H. Lehmann, P. Mani, Transient kinetics
of thermodynamic buffering, Biophys. Chem. (1984
131-145.

B. Kadenbach, Regulation of respiration and ATP syn-
thesis in higher organisms-hypothesis, J. Bioenerg.
Biomembr. 18(1986) 39-54.

J.J. Tomashek, W.S.A. Brusilow, Stoichiometry of ener-
gy coupling by proton-translocating ATPases: a history
of variability, J. Bioenerg. Biomembr. 322000
493-500.

B. Korzeniewski, What regulates respiration in mito-
chondria?, Biochem. Mol. Biol. Int. 361996) 415-419.
J.J. Lemasters, R. Grunwald, R.K. Emaus, Thermody-
namic limit to the ATP site stoichiometries of oxidative-
phosphorylation by rat-liver mitochondria, J. Biol.
Chem. 259(1984) 3058-3063.

P. Jezek, A.D.T. Costa, A.E. Vercesi, Evidence for anion-
translocating plant uncoupling mitochondrial protein in
potato mitochondria, J. Biol. Chem. 2711996
32743-32748.

A.M. Diehl, J.B. Hoek, Mitochondrial uncoupling: role
of uncoupling protein anion carriers and relationship to
thermogenesis and weight control ‘the benefits of losing
control’, J. Bioenerg. Biomembr. 311999 493-506.

T. Yagi, A. Matsunoyagi, S.B. Vik, Y. Hatefi, Modula-
tion of the kinetics and the steady state level of
intermediates of mitochondrial coupled reactions by
inhibitors and uncouplers, Biochemistry 2@L984)
1029-1036.

D. Jou, F. Ferrer, A simple nonequilibrium thermody-
namic description of some inhibitors of oxidative phos-
phorylation, J. Theor. Biol. 1171985 471-488.

M.D. Brand, The contribution of the leak of protons
across the mitochondrial inner membrane to standard
metabolic rate, J. Theor. Biol. 248990 267-286.

S. Schuster, H.V. Westerhoff, Modular control analysis
of slipping enzymes, Biosystems 42999 1-15.

R.E. Nettleton, S.L. Sobolev, Applications of extended
thermodynamics to chemical, rheological, and transport
processes—a special survey. 1. Approaches and scalar
rate-processes, J. Non-Equilib. Thermodyn. (2895
205-229.

E.M. Popov, Protein folding as a nonlinear nonequili-
brium thermodynamic processes, Biochem. Mol. Biol.
Int. 47 (1999 443-453.

B. Korzeniewski, Regulation of cytochrome oxidase,
theoretical studies, Biophys. Chem. 6B996) 75-86.

M. Grmela, Bracket formulation of dissipative fluid
mechanics equations, Phys. Lett. A 1021984
335-358.

M. Grmela, H.C. Ottinger, Dynamics and thermodynam-
ics of complex fluids, development of a GENERIC
formalism, Phys. Rev. E 561997) 6620.

T.L. Hill, Free Energy Transduction in Biology, Aca-
demic, New York, 1977.

[108

[109

(110

(117

(112

(113

(114

(115

(116

(117

(118

(119

(120

[121]

(122

(123

[124

111

G. Meszena, H.V. Westerhoff, Nonequilibrium thermo-
dynamics of light absorption, J. Phys. A: Math. Gen.
32 (1999 301-311.

D.C. Mikulecy, Application of Network Thermodynam-
ics to Problems in Biomedical Engineering, New York
University Press, New York, 1994.

R. Paterson, Practical applications of network thermo-
dynamics and bond graph methods to the simulation of
membrane processes, Swiss Chem (1988 17.

D.C. Mikulecky, Eta-ports—what are they good for,
Math. Comp. Modelling 191994 99-118.

M. Rutgers, K. Vandam, H.V. Westerhoff, Control and
thermodynamics of microbial-growth—rational Tools
for bioengineering, Crit. Rev. Biotechnol. 111991
367-395.

K.R. Diller, J.J. Beaman, J.P. Montaya, P.C. network
thermodynamic modeling with bond graphs for
membrane transport during cell freezing, J. Heat Trans-
fer 110(1988 938-945.

H.V. Westerhoff, J.S. Lolkema, R. Otto, K.J. Helling-
werf, Thermodynamic of growth-nonequilibrium ther-
modynamics bacterial growth—the phenomenological
and mosaic approach, Biochim. Biophys. Acta 683
(1982 181-220.

R.C. De Freitas, K.R. Diller, C.A. Lachenbruch, FA.
Merchant, Network thermodynamic model of coupled
transport in a multicellular tissue—the islet of langer-
hans, in: K.R. Diller(Ed.), Biotransport: Heat and Mass
Transfer in Living Systems, The New York Academy
of Sciences, New York, 1998.

T.G. Dewey, M.D. Donne, Non-equilibrium thermody-
namics of molecular evolution, J. Theor. Biol. 193
(1998 593-599.

T.G. Dewey, Algorithmic complexity of a protein, Phys.
Rev. E 54(1996) R39-R41.

T.G. Dewey, Algorithmic complexity and thermodynam-
ics of sequence—structure relationship in proteins, Phys.
Rev. E 56(1997) 4545-4552.

B. Alberts, D. Bray, J. Lewis, M. Raff, K. Roberts, J.D.
Watson, The Molecular Biology of the Cell, Garland,
New York, 1994.

F. Julicher, A. Ajdari, J. Prost, Modeling molecular
motors, Rev. Mod. Phys. 6@1997) 1269-1281.

A. Katchalsky, A. Oplatka, Mechano-chemical conver-
sion, in: W.R. Loewenstei(Ed.), The Handbook of
Sensory Physiology, vol. 1, Principles of Receptor
Physiology, Springer Verlag, Berlin, 1971, pp. 1-17.

T. Kreis, R. Vale, Cytoskeletal and Motor Proteins,
Oxford University Press, New York, 1993.

P. Dimroth, G. Kaim, U. Matthey, The motor of the
ATP synthase, Biochim. Biophys. Acta Bioenerg. 1365
(1999 87-92.

Y. Sambongi, |. Ueda, Y. Wada, M. Futai, A biological
molecular motor, proton translocating ATP synthase:
multidiciplininary approach for a unique membrane
enzyme, J. Bioenerg. Biomembr. §2000) 441-448.



	Thermodynamics and bioenergetics
	Introduction
	Background
	Irreversibility
	Energy conservation and conversion in mitochondria

	Non-equilibrium thermodynamics (NET)
	Linear non-equilibrium thermodynamics (LNET)
	Proper pathways
	Multiple inflection points
	Coupling in bioenergetics
	Thermodynamic regulation in bioenergetics
	Extended non-equilibrium thermodynamics (ENET)

	Other thermodynamic approaches
	Rational thermodynamics
	Network thermodynamics (NT)

	Some applications of linear non-equilibrium thermodynamics
	Oxidative phosphorylation (OP)
	Facilitated transport
	Active transport
	Molecular evolution
	Molecular machines

	Conclusions
	Acknowledgements
	References


