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Chapter One
1. Thermodynamics of Energy Transduction in Biological

Membranes
W. A. Cramer and G. M. Soriano

1-1. Introduction

Thermodynamicsisaclassica areaof physics and chemistry for which there exists a large
number of mgjor treatises that form the background for this chapter. These include excelent
treatises that emphasize the application of thermodynamics to problems in biochemistry and
biophysics (Bloomfield, Biophysics Textbook On-Line ; Eisenberg and Crothers, 1979; Tinoco et
d., 1978). Other sources are (Hill, 1966; Mahan, 1964; Chandrasekhar, 1957). The present
treatment specifically emphasizes the application of thermodynamics to bioenergetics, or energy
transduction in biological membranes. This energy transduction involves (i) the transduction of
light and redox energy to "free energy” stored in a trans-membrane ionic eectrochemica potential

(Aw), and (ii) the use of this energy to synthesize ATP and to drive active transport across
membranes and the accumulation of needed solutes and metabolites in the cell. This present
discussion of a subset of the topics of thermodynamics in the context of biological membrane
energy transduction is derived from that in (Cramer and Knaff, 1991).

The laws of thermodynamics, obeyed by physical and chemical reactionsin living as wel as
inanimate systems, describe the energetic limitations on state changes of systems of molecules, the
relative molecular populations of energetically accessible states, and predict the direction of the
reactionsthat link these states. In the thermodynamic formalism, a"system” is described physically
and mathematicaly by a smal number of state properties or variables. (a) intensive variables
such as the dengity, dielectric constant, molar free energy or chemica potentia, pressure, specific
heat, and temperature, which are independent of the size of the system; (b) extensive variables,
such as the mass, energy, enthalpy, and entropy, and volume, which are dependent on system size.
The state of a system is said to be defined when al of its properties can be specified. A defined
state of a system isin equilibrium when (@) the values of its state variables are independent of
time and (b) there is no flux of mass or energy across the boundaries of the system. If the system
variables are constant, but thereis anet flux of mass or energy moving across the system, then this
system is not in equilibrium, but in a steady-state. Mathematica relationships between date
variables are called equations of state. One example of such an equation, relating the pressure, p,
volume, V, and temperature, T, istheided (dilute) gas equation,

pVvV =nRT (1-1

where the constants of proportionality, n, R, are, respectively, the number of molesin the system and
the gas constant, R (Table 1-1, Constants and Conversions). This equation of state applies to gases
at a pressure and concentration smal enough that molecular interactions can be neglected. The
same equation of state, with the variable, concentration (c), replacing that of pressure, can be used as
an equation of state for solutesin dilute solution, so that the dependence of the energy change of an
ided gas a congtant temperature on its change of pressure, dE = Vdp, is the same as the
dependence of the partial free energy of a solute in aqueous solution on its concentration, dG = Vdc
(cf., section 1-7 below.)

A summary of physical constants that are utilized in discussions of thermodynamics, their
valuesin the Standard Internationa (SI) and cgs (cm-gm-sec) systems of units, and the conversion
factors between the two systems, is presented in Table 1-1.
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Table 1-1. Constants and Conversions

A. Fundamental Constants
Constant Symbol SI Units Vaue cgs Units
Avogadro’s number N 6.02 x 10° mol™
Speed of light in vacuum c 310°ms* 3-10%cms*
Bottzmann's constant k 1.38.10 2 JK™* 1.38-10" erg K™
Gas congtant (NK) R 8.31 JK?* mol™ 1.99 cal K™ mol™
Elementary charge e 1.6-10™° coulomb 4.8 x 107™° statcoulomb
(giljzcmslz S—l)
Faraday constant (Ne) F 9.65-10°C mol™
Planck’ s constant h 6.63-10* Js 6.63-10% erg s
h="

2r

B. Inter-Conversion of Units

1 Joule (S1) = 10" ergs (cgs) = 1 coulomb-volt

1 electron-volt (eV) = 1.6 - 10 J= 23.06 kcal - mol™ = 96.48 kI mol™
1 calorie = 4.184 Joule

1 ampere = 1 coulomb - s = 6.2-10" charges - s™*

1 Siemen = 1 amp/volt

1 Einstein = 1 mole of photons

C. Useful Mixed Constants
2.3RT =1.36 kcal - mol™ = 5.69 kJ mol™ (25°C)
2.3RT/F =59.1mV (25°C)

Thought Problems:

1. Consider two systems: (a) hemoglobin and O,, each a a constant total concentration, in a sealed
test tube at constant temperature (isothermal) and pressure (isobaric), where the binding of O, is
described by Hb + O, & Hb-O,; (b) a suspension of bacterid cells in a solution of nutrient

(“chemostat”), amino acids, and salts in which the cells are diluted with fresh nutrient medium so
they remain at a constant cell concentration. Which system, (a) or (b), is at equilibrium and which
is at steady-state?

2. Consider the heat energy absorbed by a protein when it is heated a constant pressure in a
scanning calorimeter from room temperature, 20° C, to its melting temperature, T%— 60° C. The
average specific heat, C,, of the protein in this temperature range is 40 kJ mol K™ For wha
extensive variable s avalue needed to calculate the total amount of absorbed hesat energy ?

3. The hydrophobic interior of biological membranes is an energy barrier for transport across the
membrane of charged ions and metabolites. The hydrophobicity of the membrane bilayer semi-
continuum is described by the dielectric constant, €, which describes the polarity of the medium, and
hasthe value of 78 in water, and of approximately 3 in the center of alipid bilayer membrane. The
energy required to transfer anion of radius, r, and valence, z, from water with dielectric constant, ¢,
to the center of the membrane with dielectric constant, €, is the energy, E, = 695(z)°/r [Le,, - 1],
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in kJmol, that forms abarrier for the trand ocation of theion to the membrane interior. What is the
physical constant (Table 1-1) that allows one to calculate the energy barrier per ion?

1-2. The First Law of Thermodynamics

A fundamental aspect of the First Law, which states that the energy of an insulated
system is conserved, is that heat and work are both considered as equivalent forms of
energy. The energy leve of a system can be changed by (i) an increment or decrement of
mechanical work (dW), exerted by aforce (F) or pressure (P) acting, respectively, over a distance
dx, or an element of volume, dV, or by (ii) heat (dQ) transmitted through a temperature gradient.
The First Law, the law of conservation of energy, is wdl known from other branches of
chemistry and physics and states that the total energy of a system insulated from its surroundings
does not change. Thus, addition of amounts of heat (dQ) and work (dW) to a system that is
insulated from exchange of energy with its surroundings must be reflected in a change, dE, of the
energy of the system. That is,

dE = dQ + dW (1-2)

1-2.1 Properties of the energy, E:

1. E is an extensve property, whose units in thermodynamic problems are calories or joules
(1 cal =4.184 J or electron-volts (1 eV = 1.6 x 10™J).

e For anideal or dilute gas, the energy isafunction only of the intensive variable, temperature.

e Enegy isasdtate function. The vaue of the energy function is unique for a given gate, and
therefore its change, AE, between two states is independent of the pathway that links the states.
Because of the latter two properties, the infinitesma change of energy, dE, is a perfect
differential, i.e.,

2
AE = E(2)-E(1)= j dE (1-3)

1
for the change of energy, AE, between the vaue of E in the find date, “2,” and the initid Hate,
“1.” Thisisthe mathematical definition of astate function. In contrast, the integral of an arbitrary
mathematical function is dependent on the pathway between initid and finad states, and thus the
changeinitsvalue fromtheinitia to the fina stateis not unique.

1-2.2. Work & Heat.

Neither of the two components, work and hesat, of the energy defined in egn (1-2) is a tate
function because their changes are dependent on the pathway between states. This can be visudized
by comparing reversible vs. irreversible transitions between initid and fina states for various
processes. Thereversibletranstionisideally characterized by a pathway consisting of small steps
or changesin coordinates. The occurrence of each such step is infinitesmally more probable than
its non-occurrence. In the irreversible trandition, each state or sub-state states reached during the
trangtion is far more probable than that which preceded it. The probability that the reaction can
reverseitsdf in the latter case is then extremely small and the transition is considered irreversible.
A mechanica example of areversble and irreversible reaction is provided by a comparison of (i)
the dow reversble, and (ii) sudden irreversble, expansion of a gas, maintained under isothermal
conditions (Fig. 1-1). The reversble expansion may occur through many small consecutive
decreases of pressure (solid arrow pathway in Fig. 1-1A), mediated by apiston (Figure 1-1B). The
irreversible expansion is initiated by a sudden decrease of the externa pressure (multi-arrow
pathway, Fig. 1-1A). Inthereversible expansion, the system is a equilibrium during the trangition,
and it is possible to specify the pressure on, and the volume under, the piston during each small
step, and at any time, and thus to calculate the work done during the compression of the gas. In the
rapid expansion, the pressure on the gas cannot be specified, asit will depend on several parameters
including the magnitude of the pressure decrease and the velocity of the moving piston.
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Figure 1-1. (A) Pathway of areversble (R) and irreversible (I) isotherma (constant temperature)
expansion of agas by: (R) agradual decrease of pressure from p; to p,, and associated increase of

volume from V, to V,. For the transition, asudden decrease in the pressure on the piston would
be followed by an increase in volume. (B) Closed chamber with piston mediating expansion and
compression of an enclosed gas.

When the force of the piston is not in equilibrium with the reaction force from the gas
molecules, its effective pressure (p) on the gasis always smaller than in the reversible transition (p,
<pg)- Thus, morework will always be donein the reversible transition, and more heat generated in
that which is irreversible. Because the initid and final states of the reversble and irreversible
trangitions are the same, the sum of the work done and heat energy generated in the two transitions,
i. e, thetota energy change, isthe same.

The pressure-volume work accomplished by expansion (or compression) of a gas a
pressure, p, through avolume change, dV, asin the above example, is:

dw = —pdVv (1-4)

Note that the convention for pressure-volume work is to carry the negative sign (dW = -pdV); the
result of thissign isthat when expansion work is done by the system so that AV > 0 and the final
volumeis greater than that in theinitia state, asin an expansion experiment using the piston of Fig.
1, AW and AE of the system are negative, and the energy of the system decreases. Conversdly,
when compression work is done on the system, AV < 0, the find volume is less than the initid, the
work term will be positive, and the energy level of the system the energy of the system isincreased.

Then, from egn (1-1), the First Law of Thermodynamics can be written in terms of the
energy change due to work done on (or by) the system, and the change in its heat energy, as.
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dE = dQ — paV (1-5)
As noted above, for an ideal or dilute gas, the energy, E, isafunction only of its temperature, i. e, E
=E(T).

Returning to the isothermal (constant T) expansion experiment shown in Fig. 1-1, the
change in energy, AE, between initid and final states = 0 because T is congtant. Therefore, the
magnitude of the work done and change in heat energy level are equd, i. e, dQ = pdV = - dW, or
for non-infinitesimal changes, AQ = -AW.

Then, for the reversible pathway in Fig. 1, in which the pressure is decreased dowly and
continuoudly as the volume increases:

AW = —jvv pdV = —RTjVVZ dvv - —RTln%, (1-6)
1 1 1

where the equation of state (1) was used to substitute for the pressure, p. Because the work done by
the system in the expansion of the gasis negative, the heat change is positive, which means that heat
was added to the system to drive the expansion of the gas.

For the irreversible pathway in Fig. 1-1, agan AE =0 because the transition of the state
function, energy, occurs between initia (p,, V,, T) and fina (p,, V,, T) states that are a the same
temperature. Therefore, again, AQ = -AW. However, unlike the change in the state function, AE,
the values of AW and AQ are different in the irreversible, compared to the reversible, pathway
showninFig. 1-1A.

Homework problem 1. (a) Show that the work done by the system in the irreversible transition of
Fig. 1-1isAW = - p, (V, - V,). (b) By comparing the areas under the functions describing the
reversible and irreversible transitions in Fig. 1-1, show that more work is done in the reversible
transition.

Homework problem 2. Calculate the work done by a system such as that shown in Fig. 1-1 for
(a) reversible and (b) irreversible trangitions, for each of which AE = +20 kJ, but for which AQ =
+40 kJ and +30 kJ, respectively.

1-3. Different Kinds of Work.

The different kinds of work, chemical, eectrical, and mechanical, respectively, are each a product
of an intensve and extensve variable, i.e, udn, ¢dq, and pdV, etc., where |, ¢, and p, chemica
potential, electrical potential, and pressure, are intrinsic variables. The extringc variables, n, g, and V,
represent the number of moles of the chemical speciesand of the eectrica charge, respectively, and
V isthe volume available for the reaction.

1-4. Enthalpy
The state function, H, called enthapy, defined as

H=E+pV, a-7)
isuseful because there isasimple expression for the relation between the enthalpy and heat changes
of areaction under conditions that are common experimentally: i. e, where the only work done is
mechanical, p-V work (i.e,, no chemical or eectrical work), and the pressure is constant. Under these
conditions, the change in enthalpy, dH, equals the absorption of heat a constant pressure, dQ,. That
IS

dH =dQ, (1-8)

Homework problem 3. Derive egn. (1-8) for dH, using the expression for the First Law (egn 1-
5), substituting dW = -pdV for p-V work, rearranging terms to solve for dQ, and substituting for
dH.
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1-5. The Direction of Reactions and Events: The Need for the Second Law

The First Law of Thermodynamics expresses the impossibility of constructing a machine
that can create energy. However, the First Law places no limitations on the possibility of
transforming energy from one form to another, in particular on the conversion of heat energy to
work. The Second Law of Thermodynamics exists because: (i) The First Law does not predict
the direction of reactions arising from thermal motion, particularly the direction relaive to the
equilibrium state. (ii) Although heat and mechanical energy are equivalent in their fundamental
nature as forms of energy, there are limitations on the ability to convert heat energy into work. It
is, infact, impossible to have a physical or chemica process whose only result is: (i) to transform
heat extracted from a source at a single temperature into work, or (ii) to transfer heat from an object
at a given temperature to one at a higher temperature without performing work and consuming work
energy from an external source. The impossibility of the occurrence of these events relates to the
everyday experimental fact that heat energy is transferred spontaneously only down a temperature
gradient, from a higher to lower temperature. This transfer is in the direction toward the state of
thermal equilibrium.

1-5.1. The approach to equilibrium.

At temperatures low enough so that heat and molecular motion can be neglected, the
equilibrium state of a mechanical system is defined by the minimum in its potential energy, ¢. 0
will decrease (do < 0) until it reaches a minimum (do = 0). In al of these processes, energy is
conserved according to the First Law.

However, the First Law of Thermodynamics and the criterion for equilibrium, that potentia
energy decreases to a minimum, does not explain many intuitively obvious phenomena that occur in
the presence of heat and thermal motion. For example, it does not explain the ordinary observable
process of evaporation. Considering only the First Law, why should a liquid in an open vessel
evaporate, since the binding forces between liquid molecules are much stronger in the liquid than in
the vapor state? The answer is that evaporation is a result of the statistical tendency of the
moleculesto fill al available space. One can calculatethat it isextremely unlikely, to the point of an
impossibility, that in the absence of constraining forces, a large number of molecules would remain
confined to asmall fraction of the volume available to them.

Thus, one can calculate that the probability that one molecule would be found in one half of
abox (Fig. 1-2) with volume, V, is (U2V)/V = 1/2. The probability that n molecules would al be
found in that half is (1/2)". If nisabout 10% for areal box, this event will never be observed. The
most likely state is, intuitively, that in which the particles move freely about the box, and at any given
time are found to be spread evenly about the box, so that the number of distinct rearrangements of
the particlesin the box tends toward a maximum. This can be stated in terms of probability. The
Statigtical Statement of the Second Law of Thermodynamics is. (i) a system of particles or
molecules that undergoes an irreversible transition, in the absence of external forces, moves
toward a state of greater probability or greater disorder; (ii) In reversible processes, the system
remains in, or very close to, a state of maximum probability

1-6. Entropy and the Second Law of Thermodynamics

The entropy (from Gr., EMBED Equation.3 change, turn) is a state
function whose change in a reaction describes the direction of a reaction due to changes in
heat input or output and the associated molecular rearrangements. There are two ways to
describe the entropy function, S.

1-6.1. In the statistical formulation due to Boltzmann,

S=kInWw, (1-9)
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where k = Boltzmann’s constant, which equals R, the gas constant (8.31 J °K™mol™) divided by
Avogadro’s number, = 1.38 X 102 J°K. That is, Boltzmann's constant is the vaue of the gas
congtant, R, per molecule or atom. In the Boltzmann formulation, W is a probability function
associated with a macroscopic (large) state that consists of many molecules. The vaue of W in a
given state is determined by the number of arrangements of the molecules of which it is composed,
with each arrangement called a “microstate.” The larger the number of arrangements or
microstates associated with amacrostate, the greater the probability of the macrostate.

Because of the use of the logarithmic function in egn 8, the product W, x W, that describes
the joint occurrence of two different states characterized separately by independent probabilities, W,
and W, is converted to asum, In(WixWs5) = InW; +InW,. This property of additivity, possessed
by state functions such as energy, confers the properties of a state function to the entropy, S, as
defined by Boltzmann (egn 1-9). Then, the change in the entropy, AS, between some final date,
"2', andinitid state, "1", is

AS = S(2) — S(1) = kln% (1-93)

This formulation of the second law in terms of an entropy function that is determined by the relative
probability of molecular distributions emphasizesthat irreversible (1) transitions are associated with
increases of the entropy function, and reversilbe (R) transitions with no change of the entropy. That
IS

dsS >0 (1-109)
dS;=0 (1-10D)

1-6.1.1 Example of Calculation of Thermodynamic Probability, W:

Calculate the number of combinations, W, of four identical molecules, N = 4, contained in
a box, on two distinguishable sides, j and k, of the box (Fig. 1-2). The number of independent
arrangements W, , resulting from placement of N; molecules on one side and N, on the other, with
the two sides of the box havi ng the same volume, each subset with the same number of molecules
weighted equally, and no preferred arrangement on each side of each subset, is:

|
Wi = N (1-11)
’ N:IN!
j Nk
where NI = N(N — 2)(N - 2) ...(1).
_ _ _ 4 .
ForN;=3,N, =1, W, = ET 4, as seen by:
A.
| bcd _acd_ | _abd_| _abc_ |
a b C d
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!
The number of rearrangementswith N, = N, = 2isW,, = % = 6, as shown below.

B.

ab ac ad bc bd cd

Figure 1-2. Description of possible arrangements of four identical molecules between two sides of
a box, with (A) 3 molecules on one side and 1 on the other, and (B) 2 on each side. The third
combination would have 4 on one side and none on the other, for which there is only one
arrangement, W, , = % 1. The 4 identical molecules are labeled a b, c,d for purposes of

discussion.

Thus, the state or combination with the largest number of different arrangements is the one
with equal numbers of molecules on each side of the box. The reative probability of the state
Wone With N, = N, becomes increasingly greater with increasing N, and becomes
overwhelmingly more probable compared to arrangements with N>>N, or N>>N; when the
particle number islarge or macroscopic, i.e., ca. 10%.

1-6.2. Second Formulation of the Entropy Change; Relation between Heat and
Entropy Change.

The 19" century physicist, Clausius, proposed that the differential entropy change, dS, is
proportional to the heat absorbed,dQ, ,, for arevers ible process, with 1/T [(absolute temperature)™]
asthe constant of proportionality. 1/T is an “integrating factor” for dQ that makes the function,
dQ/T, aperfect differential, asrequired for a state function. [An integrating factor isa coefficient
for afunction that makesit a perfect (i. e, integrable) differential]. It should be emphasized that a
theorem in the mathematics of the integral calculus statesthat if an integrating factor exists, then it is
unique (Chandrasekhar, 1957).

With dQ,,, as the heat energy reversibly absorbed by the system, the entropy change, dS,
from Clausius, Is:

_ erev -
ds = e (1-12)
and
2
AS= | dc?rﬂ =5(2) - S(1) (1-12a)

1-6.2.2. Statement of the Second Law of Thermodynamics Using the Clausius
Formulation of Entropy.

() Thereisastate function called entropy. (ii) The entropy of any isolated system increases
when an irreversible process takes place in the system, dS, > 0 (egn. 1-10). In an isolated system,
when dQ = 0, the entropy remains constant (and maximum) in al reversible processes, where the
probability of the system configuration remainsthe same. That is,
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ds >0, (1-133)
ds; =0 (1-13b)
as stated above (Egns. 1-10a,b) in the Boltzmann formulation.
For irreversible processes in a non-isolated system,

ds > dQ/T (1-14)

1-6.2.3 Brief Mathematical Summary of Second Law of Thermodynamics

I. Isolated system (dS> 0)
A.Reversible: dS; =0
B. Irreversible: dS >0

I1. Non-Isolated System (dS > d?Q)

A.Reversible: dS; = d?Q
dQ

B.Irreversible: dS, > T

It can be seen from formulae (1-8) and (1-11 to 1-13) that the units of entropy are ca °K™ or
Joule°K™,
1-6.3. Application of the Second Law to Heat Flow and Temperature Gradients.

Consider an isolated system that consists of two subsystems, “1” and “2.” If an amount
of hedt, dQ, is transferred from subsystem 1 at temperature T, to subsystem 2 at temperature T,,
then “2” absorbs dQ and “1” loses dQ. If there are no other configuration changes in the
system, and the subsystems are at equilibrium, then

dS,, = dS, +dS, = -dQ/T, + dQ/T, (1-15a)

We know that heat transfer is only possible from system “1” to “2” if T, > T,. Therefore, from
(1-13) and the temperature inequality,

dSga >0, (1-15b)

and heat transfer can only occur from a higher temperature to a lower temperature system, which is
aspontaneous, irreversible processthat is readily associated with a positive entropy change.
1-6.4. Relationship between Boltzmann (eqn 1-9) and Clausius (eqn 1-12)

Expressions for the entropy change can again be illustrated by the "molecules in the box™"

problem: Consider particles initidly confined to one side of a box by a piston (Fig. 1-3A) or a
diding partition (Fig. 1-3B):
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Initial State

Final State
C

Figure 1-3. Two experiments on an isothermal (constant temperature, dE = 0) expansion of a dilute
molecular population in an enclosed vessdl. Initia dtate for (A), a reversible expansion through
absorption of heat, dQ, that exerts a pressure on the piston, performing work, dW = -dQ # 0 on the
system, and dS,,, = dQ/T; (B) initial state for irreversible expansion caused by remova of a
partition dividing the chamber, withdW = dQ = dE = 0, and dS,, > O; (C) the identical final state
that is reached in experiments (A) and (B), with the final volume = twice initid volume. Note: The
expansion of the gas defined by (A, B) could be one phase of the complete cycle of a heat engine,

sometimes called a Carnot cycle.

There are two paths to the fina state, in which molecules fill the box, either by pushing the
piston (Fig. 1-3A), or by removing the partition (Fig. 1-3B). The final state achieved through either
path is shown in Fig. 1-3C. The entropy change will be shown below to be AS = RIn2 for both
trangitions, independent of path asis required for a state function.

1-6.4.1. In the first experiment (Figs.1-3A/C), the change in piston position and molecular
distribution is a result of the absorption of heat. The temperature is held constant by placing the
system in contact with aheat sink. The entropy change from the initial (Fig. 1-3A) to the fina (Fig.
1-3C) dtateis:

dS= d—Q

T
for an incremental change of added hest. If the energy, E, is a function only of temperature, using
the First Law, dE = dQ + dW, for constant temperature (dE(T) = 0), then dQ = -dW, and from

egn. (4),
_dW _ pdv

T T

dsS =

For 1 mole of adilute molecular population, from egn (1-1),

pV=RT
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Then, asin the discussion of thereversible transitionin Fig. 1-1,

dgs= RTavV _pdv.
T V Vv
and
S dv V.
AS = Rj— =RIn-2=RIn2 (1-16a)
v v,

snceV,=2V, (Fig. 1-3C).

Homework problem 4. Caculate the entropy change for a reversible expansion of 10 mol of an
ideal gasfrom aninitial volume of 0.1 L to afinal volume of 100 L at 27 ° C.

1-6.4.2. In the second experiment, the partition is removed to dlow a redistribution of
particles into the entire volume of the box. For a large number of particles (e. g., 1 male), this
redistribution can never be reversed. If there are N identical molecules, and N; and N, in each
compartment, then the relative probability of having a given number N, and N, on each side of the
partition is proportional to the number of different ways, W, ,, in which this may occur, as written
abovein egn (1-10).

N!

NN

Wj,k
For the problemin Fig. 1-3A, theinitia statehasall N particles on one side before remova
of the partition. Therefore,

N!
Wj,k :WN,OZWO!:W]_E].

(the symbol “=" means, “equivaent by definition”).

After the partition isremoved, thereare N /2 particles on each side. Then,
N!

B

From the Boltzmann expression (egn.1- 7) for S,

Wik =Wn/2N/2 =

|
AS=KIn2 —kin—1
)
5!
snce W, =1. One obtains a vaue of the argument of the logarithm by using "Stirling’s
approximation” for large values of N,

INNI=NInN-N

Then, substituting in the expression for AS,
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AS = k N|nN—N—2(ﬁ|nﬂ_ﬂ)
2 "5

= kN In%: kNIn2

2
the gasconstant R = kN (i. e, Boltzmann's const x Avogadro's number, the number of molecules
inamole, 6.02 x 10%; then for 1 mole,

AS =RIn2 (1-16b)

Thus, the entropy change is the same when calculated from “ particle in the box”
experiments based on the view of Clausius (section 1-6.4.1; Figs. 1-3A,C) or (ii) that of Boltzmann
(section 1-6.4.2, Figs. 1-3B,C). These experiments described:

(i) areversible isothermal change involving the input of heet, the performance of work by
the system to drive the piston, anet dE =0, and dS,,, = dQ/T,;

(i) an irreversible isothermal change involving a redistribution of particles with dQ =dW
=dE = O, but dS,, > dQ/T. The conclusion from the above caculations, that AS for the two
experiments (pathways) connecting the same initid and final states is the same, supports the
concept that entropy is a state function.

Homework Problem 5. (a)What is the entropy change associated with ice (18 g) melting to water
a 0° C, if the heat of mdting is 5.98 kJmol. (b) What fractional volume change of this molar
quantity of water vapor would yield the same entropy increase?

6.5. Second Law Implies < 100 % Efficiency of Heat Engines. The smplest heat engine in
which heat can be converted to net work would involve a four step cycle of reversible changes of
pressure, volume, and temperature that is described in the p-V plot (Fig. 1-4) smilar to that
described above in Fig. 1-1. Fig. 1-4 describes a cycle made of two isotherma (constant
temperature) trangitions, the A—B expansion & temperature T, and C—D compression &
temperature T,, with T, > T,. The cycle is completed and the isotherms connected, by the two
adiabatic (AQ = 0) transitions, the B—C expansion and the D— A compression.

Figure 1-4. P-V-T plot of of areversible (Carnot) engine. The direction of the engine cycle, as
described in the text is along p-V coordinates, A - B — C — D. The A-B and C-D curves
describe isotherms at constant temperatures T, and T,, and the adiabatic (AQ = 0) transitions, B—
C and D —A, connect the two isotherms.
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1-6.5.1. Work Done by System, () Isothermal Transitions
In the A—B transition at temperature T,, from egn. (1-6) the work done by the system

AW, = —nRT, Inx—B (1-174)
A
and, since AE = 0 at constant T, an amount of heat, AQ,, of equal magnitude but opposite sign (for

purposes of energy book-keeping) is absorbed by it in this expansion. Smilaly, in the
compressive C— D transition, work done on the system,

AW, = —nRT, In-D. (1-17b)
Ve

and an equal amount of heat, AQ,, isreleased by it.

1-6.5.2. (Il) Adiabatic Transitions, B—C and D— A: The critica features of the two
adiabatic trangitions, B—C and D—A, are: (i) AQ =0, (ii) the work done in the B—C and D—A
transitionsis equal and opposite and cancels out because, since AQ = 0, AE;. = - AW, = - AE,,
= AW,,; (iii) theratios of the volumes linking the two adiabatic transitions (Fig. 1-4) are equd,
i.e, VIV =V /V,, andVJ/V,=V/V, (1-18)
Then, the net work done by the system,

AWgone = AW, + AW, = —nRT> Inx—B - nRTlan—D

A Ve
VB VC
=—nRT, In—= 4+ nRT, In—=, and from (1-18),
VA VD
= —nRInV—B(T2 -Th) (1-199)
VA

Because AQ, = —AW, the heat absorbed is (1-17a):

AQups = AQ, =nNRT, |nx—B (1-19b)
A

The efficiency, €, of thisidea “Carnot” heat engine is defined as the magnitude of the net work

done, AW, .. (formula 1-19a), divided by the heat absorbed, AQ, (formula 1-19b), and

_q_T1). ]
e—( sz' (1-19¢)

Note: because T, > T,, € < 100 %. Thisisaresult of the work that has to be done on the system &
the lower temperature, T,, to return the engineto its original starting position.

1-6.5.3. The Entropy Change, AS, for the Carnot Heat Engine Cycle Equals
Zero. Theresult (1-19c) for the efficiency < 100 % for the idea (Carnot) engine could aso have
been derived from assuming that the entropy change for the whole cycle must be zero, AS, . = 0,
sinceit returns to its starting position and entropy is a state function. As an alternative approach, we
will use the information given above for the heat changes in the steps of the cycle to prove that
AS, .= 0.

™ The entropy change for one complete cycle of the heat engine described in Fig. 1-4 is:

AScycle = ASpg + ASpc + AScp + ASpp (1-203)
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Because AQ;. = AQ,, = O for the adiabatic transitions, AS;. = AS,, = 0, and
ASeyele = ASpg + AScp = AQag/ T2 + AQcp/Ty . (1-20Db)

From thefirst law (egn 1-2), and dE = O for constant T, the heat absorbed in the A—B isothermic
transition at temperature T,, AQ,; = - AW, = nRT,In(Vg /V, ), and the heat released inthe C— D
isotherm at T, = AQ., = nRTyIn(Vp / V) = —nRTyIn(Vg /V, ). Therefore,

AS

cycle

= AQug/ T, + AQ/T, =nRIN(Vg/Va) - nRIN(V/Va) =0 (1-20c)

Thus, the heat engine problem demonstrates that the factor (1/T) is unique in its ability to
make a state function out of afunction proportiona to AQ or dQ.

1-7. Free Energy.

The entropy inequality dS > dQ, /T specifies the direction of reactions in which only the
heat change and temperature are specified. Inequalities specifying the direction of chemica
reactions in non-isolated systems are useful. From the first law, dE = dQ + dW, where dW can
include chemical and electrical work aswell asthat arising from pressure-volume changes.

If dW =dW,, = -pdV for pressure-volume work, then,

dE = dQ- pdVv
dQ = dE + pdV
dQp = d(E + pV),

at constant p, where dQ, = d(E + pV), =dH, the heat change at constant pressure (eqn. 1-8).
From the second law, dS> dQ/T, and by substitution,
TdS>dH,

the statement of the 2™ law for anon-isolated system. Rearranging terms,
N dH — TdS < 0
Rewriting,
d(H-TS)pr< 0

or defining the Gibbs Free Energy, G, isdefinedasG =H - TS,
dGpt =dH - TdS (1-21)
The second law of thermodynamicsis then reformulated to describe reactions at constant
temperature and pressure:
dG, 1 <0. (1-22)
Thereaction is at equilibrium and reversible if
dGp,1 =0 (1-229)

Thisis illustrated in a graph of the free energy, G, of an isolated spontaneously reacting
system, e. g., reactant “A” < product “B”, as a function of the quotient (q = n,/n;) of the
number of moles of A, to those of B (Fig. 1-5). At equilibrium, the free energy, G, is a a minimum

and c;—i =0, 1. e, thedope of G asafunction of qiszero at the position of the minimum of G, for
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small displacements of G in either direction on the g-axis. At dl other points on this graph away
from equilibrium, the second law says that the tendency of G will be to decrease, i. e, dG <0, to a
minimum value.

na/npg

Fig. 1-5. Free energy, G, of the reaction “A” < “B”, as a function of the quotient, g, of the
molar quantity, n, and n,, of compounds A and B. Note that the equilibrium value of G for the
system, G, = G,;,. The directions toward equilibrium, marked by arrows, of reactions with G >
G, a coordinates (G, n,/n;) marked by open circles, are shown.

min?

1-7.1. Separation of AG into AH and TAS terms. In biochemica and chemica systems
that do not perform any mechanical work, it is useful to consider the nature of the contributions of
the AH and TAS components to AG = AH -TAS for reactions in which AG # 0. The AH term
includes the components of the binding energy and intra- and inter-molecular interactions;, AS
includes effect of molecular rearrangement. At low temperatures, statistical effects in the
contribution from ASwill have rdatively little weight and the AH term will be a major determinant
of the AG. However, a high temperatures, the direction of the reaction is dominated by the TAS
term and the effects of statistical rearrangements, so that the sign of AG will tend to be negative.

1-7.1.1. For example, protein denaturation in agueous solution tends to occur at somewhat
elevated temperatures (> 60°C) where the TAS term that expresses the increase in configurationa
space occupied by the protein in the denatured state carries more weight and offsets the large
positive AH required to break the hydrogen bonds and favorable hydrophobic interactions that are
responsible for favorable packing of the protein in the native state. Thus, at high temperatures, AG
tends to assume more negative values, favoring a high population of the denatured state (Fig. 1-6A).
The “melting” temperature, T,, of the protein in a calorimetry experiment (Fig. 1-6B), will be
defined by the temperature of the equilibrium, i. e, AG = 0, between the native and denatured states,
where there can be areversible transition between them. Therefore,

_AH

== 1-23
m= s (1-23)

For a discussion of the determination of AH and AS from differential scanning
calorimetry, see V. Bloomfield, Thermodynamics and Statistical Thermodynamics, section 1.7.
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(A)

Glu

(B)

150
130
110

90

Cp, kJ/mol K

-10
0 10 20 30 40 50 60 70 80 90

Temp (°C)
Fig.1-6. Protein denaturation. (A) Schematic diagram of the initid and fina final states of a native
— denatured transition; (B) Endothermic transitions associated with thermal denaturation of the 3
functional domains of colicin E1 modified from (Griko et d., 2000); deconvolution of the mgor
endotherm into two melting transitions is shown. A representative vaue of AS® for protein
denaturation is~100 cal/mol-"K.

Homework Problem 6. If the free energy and enthalpy of denaturation of myoglobin are
+13.6 kcal/mol and +42 kcal/mol at 25°C, (@) calculate the associated entropy change; (b) discuss
briefly the reason(s) that the free energy for transfer from the protein core to the bulk aqueous
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phase of the side chains of “hydrophobic” amino acids, for example, valine, leucine, and isoleucine
IS positive.

1-7.2. Concentration Dependence of the Free Energy.

An expression for the dependence of the free energy, G, on the concentrations of reactants
and products in solution can be obtained by using the identity of the equations of dtate for ided
(non-interacting) gases and dilute (non-interacting) solutions. There is an identica dependence of
(i) the free energy of an ideal gas at constant temperature on its partia pressure, dG, = Vdp, and (ii)
the partial free energy, dG or du, of asolute"i" in agueous solution on its concentration, dG = Vdc..

Because G=H-TS=E+pV —TS, itisclear that G isafunction of pressure. Then, from
the differential expression for a reversible non-isolated transition (dQ = TdS) involving only p-V

work:

dG = dE + pdV + Vdp -TdS— &dT,
and dE = dQ —pdV; cancelling terms,

dG =Vdp—-SdT; p, T not constant.

showing that G isafunctionof pand T, i. e, G=1(p,T).

In anisothermal (dT = 0) transition, dG = Vdp; (1-24a)
and by analogy with dilute solutions
dG =Vdc (at constant p) (1-24b)

Integration of express on (1-24b) between |n|t|al state 1 and final state 2 for n molesyields:
AG = jdG G(2)-G(1) = ndec = nRTj— =nRT In-2 (1-25)

1

Then, from (1- 25) with G(1) = G° and G(2) = G
G-G° = nRTIn{} and

e}
G =G’ +nRTIn {{ }} G° + RTIn{c}" when C° = 1M (1-26)
where G(2) = G, and G(1) = is the standard free energy, c° is the concentration under standard

conditions ( ¢® = 1M), and the brackets refer to partial activitiesin the event that the concentration, c,
is not dilute.

1-7.3. Dependence of AG on concentrations of reactants and products.

Considering the reaction,
nA + ngB -n.C + nyD,

where the coefficients, n,, n;, etc., refer to the number of moles of compounds*“A, B, C, and D” that
participate in the reaction, the free energy, G,, of reactant “A” at concentration, c,, is:

AG° + RTIn{c, }"; ¢ =1M

and combining the free energy expressions for each compound, yields the total free energy change:
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AG = AG? + RT In_L(products) (1-273)
[(reactants)
AG = AG® + RT IntCet A6} ° (1-27b)

{c )" {c}"

where AG = (G, + G, ) — (G, + Gy), and AG® = (G .+ G,°) — (G,°+ G;°), and the quantities,
Cy, G, EC., in curly brackets are the concentrations or activities of compounds A, B, C, and D. At
equilibrium, AG =0, and therefore

GO - _RT ln[{cC}“c{cD}”D }
{ca} *{cg}™ eq

where the subscript, “eq,” refers to evaluation of the concentrations or activities at equilibrium.
The quotient of products to reactants evaluated at equilibrium is defined as the equilibrium constant

Keq Then,

AG® = —RTInKgq =—2.3RTlogKeq; AG*<OwhenK > 1 (1-28)

and AG° > 0 when Kg <1l

1-7.4. Using AG°to predict reaction direction near its mid-point

AG° isthe free energy change for conversion of a standard amount of reactant [1 molar for
solutes, 1 atmosphere of pressure [1.013 x 10° Pascal (Pa)] for gases, at 25°C] to the same standard
amount of product. The complete conversion of a standard amount of reactant to product may be
regarded as involving (i) a conversion of the reactant to an equilibrium mixture (with negative AG
because the reaction goes toward equilibrium), and then (ii) conversion of the equilibrium mixture
to products (with a+ AG since the reaction is going away from equilibrium). If K, > 1, then the
negative AG step outweighs that with positive AG.

In addition, the sign of AG® can indicate the direction of the reaction a or near its midpoint,
where the concentration of products, “p”, equalsthat of the reactants, “r” [i.e, [m(p)/ [m(r)] = 1,
In [r(p)/ [m(r)] =1In1 =0, and AG = AG® in Eq. (1-20)]. However, when the activities of
reactants and products are not equd, it is the sign of AG, and not that of AG° that
deter mines the direction of the reaction.

Homework problem 7. (a) Applying the relation, AG® =-2. 3RTlog,K, to acid-base reactions,
AH — A™+H’, for which the pK = -og, K, and AG°=23RT e (pK) 'What is the difference in
the AG® at 25°C for an acid with apK of (i) 4 and (ii) 7? (b) What isthe changein AG’ of a
reaction that accompanies a 100-fold increase in K, at 25°C? (c) What is the effect on the K, of a
decrease of 1.36 kcal/mol in the AG at the same temperature?

Homework problem 8. Given the reaction, r(reactant) <> p(product) proceeding at 25°C with a
AG° = -1.36 kca/moal for the direction r — p, in what direction does the reaction tend to proceed
when it operates between concentrations or activities of {r} and {p} that are: (a) 0. 91 and 9.1 uM;
(b) 5and 5 uM; (c) 9.1 and 0.91 uM; (d) 9.91 and 0.09 uM?
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Homework problem 9. The hydrophobic nature of amino acids has been determined from the
following kind of experiment: The AH® and AG® for the transfer of pure benzeneto H,O at 18°C is
0 and 19.4 kJmol. What isthe AS’ for thisreaction? Explain the sign of the AS’.

1-7.5 Additivity or Lack of Additivity of AG, AH, and AS.

Thermodynamic additivity of changesin free energy, enthalpy, and entropy is implicit in the
nature of these quantities as state functions. However, a requirement of additivity is that the
processes for which AG, AH, or AS are being added must be independent. Thus, if two
components, A and B, contribute to a net process, the free energy change, AG = AG, + AGg, isa
vaid expression only if components A and B are independent (Dill, 1997). It is, in fad,
experimentally difficult to establish this requirement. One example cited by (Dill, 1997) is the
transfer free energy, AG,, of glycine from oil to water. It has been found that AG, = 1.270 or
0.895 kcd/mal if AG, |s caculated, respectively, as the difference in the transfer AG of (i) the
tripeptide minus the dlpeptlde or (ii) the dipeptide minus glycine. The explanation of this
difference is that the environment around the different Gly peptides is variable. Such experimenta
variability, in homogeneity, sometimes arising from conformational change, implies that additivity
of thermodynamic state function parameters cannot be taken for granted.

1-8. Other Kinds of Work

Thefree energy change, dG, in areversibletrangition a constant (p,T) is equa to the work
done exclusive of p-V work. Other kinds of work commonly encountered in biochemistry and
biophysics are chemical, dectrical, and eectrochemical, denoted by dW_. It can be shown by
substituting (dW —pdV) into the expression for the First Law,

dE = dQ + dW = dQ + (dW_, —pdV)
into the expression for
dG = d(H-TS)],; = [dE + pdV + Vdp -TdS-SdT] ,; = dQ + (dW_~pdV) + pdV —TdS, that

dG,, = dW,

ce*

(1-29)

When it is specified that this work is done in a reversible transition, the work done is the
maximum that can be done under the conditions of thistransition. As discussed above, when dW is
negative and postive, respectively, work is done by or on the system and the free energy of the
system will correspondingly decrease or increase.

A logical extension of the equality/inequality relationships discussed above (Egns. 1-22, 1-
223) isthat AG = AW, = 0 a equilibrium for dW_, work. The physical-chemica formaism for

dW,, also requiresthat dG < O for irreversible or spontaneous reactions.
1-8.1. Electrical, Chemical Work

Electrical work is carried out by moving a charge (units, coulombs, "C") across a potentia,
AE or Ay, involts). The charge is equd to the Faraday constant (molar vaue of the eectronic
charge (9.6487 x 10* coulombs/mole, or 23.06 kca mol™ V™), multiplied by the vaence of the
charge, z, the sign of the charge, e (£1), and the number, n, of moles transferred. Then,
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where ze is the charge on the ionic species, and AE is the dectrical, or oxidation-reduction potential
difference, in volts. The other common mode of electrical energy storage is in the trans-membrane
electrica potentia difference, Ay, which is typicaly approximately 100 mV. Then, for eectrical
work, the free energy level, G, ., corresponding to apotentia E or v, is,

elec?
Gelec =NjzeF o E (1-314)
and, Gelec = njzeF o ¥ (1-31b)

The differential free energy change corresponding to asmall change, dn;, inn, a an
electrical potential of E or y, is:

dGglec = dnjzeF o E (1-32a)
and, dGglec = dnjzeF o ¥ (1-32b)

1-8.2. Chemical Work and Chemical Potential

The chemical potential, L, of compound i isthe free energy per mole,

oG

72 = 1-33

|: on Ui ( )
T, p,nj ;tni

The symbol o stands for partial derivative, the derivative with respect to n, with T, p, with the other

n; # n, held constant.

Figure 1-7. Transport of solutesi, j, k from the outside compartment O to theinside, I.

Problems concerning the movement of solutes, dn,, across membrane boundaries define the
field of transport. When the solute is accumulated against its concentration gradient, one speaks
of active transport because this process requires energy. The chemica potential, p, is an
important parameter for transport problems because it represents the AG per mole of component
transported in or out of the membrane-enclosed system.

Consider a two-component system [outside, O; inside (e.g., cytoplasm), 1]. Then, the free

energy, G = c'+GO0.if dn;, dn;, dn, moles of componentsi, j, and k are transferred from the
solution outside, O, to theinside of thecell, | (Fig. 1-7), then
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dn' = dn, = moles of i gained by phasel, (1-34a)
dn; = dn, =molesof j gained by phasel, etc.
dn® = —dn, = moles of i lost by phase O, (1-34b)

dnf = —dn; = molesof j lost by phase O, etc.
The change in free energy of the system, dG; cpe, for the chemica work done on it through
movement of only dnj is:

dG; e = dG° +dG' (1-35)

2w o]
i [%) _(%) }d”" (1-369)

From Egns. 1-33a, b above,
dG, = (.uiI _.Uio) -dn;,

from the definition given above for chemica potential. Thus,
AG, ey = D 4 -, (1-36b)

where the chemical potential of component i issummed (" ) over the compartments O and |.

For net transport, u° # u'. The reaction proceeds then in the “forward” (inward) direction

if u° > u!'. This corresponds to the concentration of component “1” being greater in the outside

compared to the inside component. Therefore, this spontaneous flow of solute from higher to lower
concentration, like that of heat from higher to lower temperature is characterized by dG < 0.

At equilibrium, u° = u' and dG; = 0.
In generd, the free energy change arising from movement of dn; at chemical potential y; is:
dGi = uidni (1-36¢)

The combined free energy change for dectrical (Eqns. 1-32ab) and chemical work (Egn. 1-36¢)
arising from movement of dn; from chemical potential p; and electrical potential, E (or \P) is

dG;j = dnjzeF e E + y;dn; (1-37)
Dropping the subscript i, the sum of the electrica (e) and chemica (c) terms in the free energy is the
electro-chemical (ec) free energy dGg.

dG,, =pedn+zeFEedn=j1edn (1-38)
where the eectrochemical potential, it = u + zeF  E = dG,, /dn.

The significance of dGg. is that the accumulation or escaping tendency of an ion is
determined by both chemical and electrical potentia gradients.

1-8.3 Electrochemical Work; The Electrochemical Potential.
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The dependence of the chemical potential, ., on concentration has the same form as does the
free energy, G (Egn. 1-26):

{ } = u° +2.3RTlog,, % (1-39)
where 1, ¢® are the chemical potential and concentration (1M) under standard conditions.

Then, from (1-37), the complete expression for the electrochemical potentia of a charged
soluteis

u=pu’ +RTIn

fi= u+RTIn +zeF-(E—E°), (1-40)

where E° isthe electrical potential in the standard state.

Asthe differencein chemical potentid is a measure of the escaping tendency of uncharged
molecules due to a concentration gradient, the electrochemical potential describes this tendency of
charged molecules due to both a concentration gradient and an electrical potential. When applied to
H* or Na" gradients across energy transducing membranes, Egn 1-38 underlies the chemiosmotic
framework for energy coupling (Mitchell, 1966)

1-8.4. Thermodynamics of lon Gradients

Consider the application of the eectrochemical potentia (eqn 1-40) to proton (H™)
trand ocation driven by a membrane potentia , with the protonic charge, ze=+1,

f=u’+RTeln{H'} +Fe V¥ (1-41)
omitting the standard concentration, c,, and standard or reference potential then,

fi=u®+23RTelogjp{H} +Fe P (1-42)

fi=u®—23RTepH+FeV¥ (1-424)

sincepH=-log{H"}.

The gradient of the electrochemical potential for protons, Aft,,-, from oneside

of amembrane, for example, initial state, “outsde” = “O” to the final, “inside,” = “I”, is:
+
Afly-[(Find —Initid)]= RT e In%+ F(Y¥, - ¥o), inkdJmol, or (1-43)
0
" H
Aji=2.3RT e |og10H—'++ F(¥, - ¥o) (1-433)
0
= 5.69e(pH, - pH,)+ F(¥, - '¥,) a 25°C, (1-43b)

where 2.3RT = 5.69 kJ/mol at 25°C, and (-log H*) = pH. Then,
Allyy- = F-Ay —2.3RT - ApH (1-44)
where AY =¥, — ¥, and ApH = pH, -pH,.

Egn (1-44) is the fundamental formula that describes energy transduction in energy-
transducing proton-trans ocating membrane proteins in the ‘chemiosmotic” framework (Mitchdll,
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1966). In this framework, energy is stored in (i) the pH gradient that is generated by eectron
transport or ATP hydrolysis, coupled to the pumping of protons across the membrane, and (ii) the
trans-membrane electrical potentia arising from eectrically uncompensated transfer of electrons or
protons across the membrane. It isassumed in Eqn (1-44) that the membrane isimpermeable to the
movement of protons except through pathways mediated by the energy transducing membrane
proteins (i. e., electron transport, ATP synthase/ATPase, transport proteins).

Some organisms may adternatively utilize sodium to generate the trans-membrane
electrochemical potential. Thus, for an analogous eectrochemica gradient involving the
translocation of Na’ from itsinitial, “1”, toitsfinal state, “F,”

~ (Na")e
Allyas = F-Aw +2.3RT -logjg—>—, 1-45
UNa v J10 (Na'), (1-45)
with Ay = (\PF -V )

1-8.4.1. Proton-Motive Force.

Using the same convention and notation for defining Ay and ApH that form the basis for egns
(1-44, 1-45), the term “ proton-motive force”, Ap, the “pmf”, is defined as
AL .
Ap=%:A‘P—¥-ApH, (1-46)

with units of electrical potential, in volts or millivolts, substituting 59 mV for 2.3 RT/F evauated
at 25°C.

Ap =AY - 59- ApH inmillivolts (1-463)

The utility of formulation (1-46) for chemiosmotic energy transduction is that it makes clear that
every change of one pH unit in the ApH is equivalent to a59 mV change in the membrane potentid,

AY¥Y. On the other hand, it should be noted that the term “pmf” is a bioenergetics jargon
incorrectly describes the dimensionality of expressions (1-44, 1-45).

1-8.5. Formation of Aﬁw Across the Inner Membranes of Bacteria and
Mitochondria, and Chloroplast Thylakoid Membranes

1. Chloroplasts (Fig. 1-8A). The Ay,,, formed by H* movement driven by photosynthetic electron
transport from the chloroplast stroma on the outside of the membrane (initial state) to the internal
compartment of the lumen (final state), so that the designation of initia and fina states for the

formation of the AL, is:
Afl,,, = FAy - 2.3RT - ApH (1-47)

AY = Vin = Vour»
ApH = pHjn — pHoyt,

and A,[tH+ = (,&H+ )in - (,aH+ )out
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ADP + Pi

[,

H(H+)n

L(H+)p

ATP

(A) (B)

Figure 1-8. Vectorid proton pumping by the eectron transport chain (“out” — “in”) in (A)
chloroplast thylakoid, sub-mitochondrial, and chromatophore (sub- photosynthetic bacterid)
membranes; (B)“in” — “out” proton transfer in intact mitochondria and bacteria cells. H* flow
through ATP synthaseis also shown. ETC, electron transfer chain

2. Bacterial Cells and Mitochondria. In contrast to chloroplast thylakoid membranes, H*
movement occurs from “in” to “out” in the energization of the inner mitochondria or bacteria
cytoplasmic membrane by electron transport or ATP hydrolysis. Then, it is important to keep in

mind that the Aft,,- associated with this energization, referenced to the difference between final and
initial states, “out” minus “in” has a sign opposite to those in egns (1-44,47). That is, asin (1-
47),

Afl,,. = FAy —2.3RT - ApH ; however,

AV/ =Vt =~ Vin (1-48)
ApH = pH pH

out in?

and A[LW = (U, o — (1, )in» foOr the differences between initial and final states.

1-8.5.3. Comments on the Impermeability of Biological Membranes to lons; the
Born Energy.

Itisimplicit in figures 8A,B that the only pathways for protons to cross the membrane (a) to
generate the trans-membrane potentia or pH gradient, and (b) to utilize the electrochemical gradient
for the synthesis of ATP, or the accumulation of solutes in active transport (see below, Fig. 9), are
through specific integral membrane proteins. As a consequence of the apolar nature of the lipid acyl

chain core of membranes, the lipid part of the membrane is essentially impermeable to the
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penetration and trandocation of charged ions. The apolar nature of membranes can aso be
described in terms of the low vaue of the dielectric constant (¢ = 2) of the acyl chains. The
dielectric constant, denoted by €, of amedium isameasure of its electrical polarizability. Asa result
of the low dielectric constant, an ion that is inserted into the bilayer will find no counter charges to
balanceit. In the absence of counter charges, the ion will thus generate a high eectric field intensity
and dectric field energy density inside the gpolar medium. Thus, the difficulty in inserting an ion
into a “greasy” medium of low didectric constant is explained by the relative absence of counter
charges or of the barrier created by the necessary generation of a high internal eectric field energy.
The barrier is cdled the “Born energy”, after the physicist, Max Born, who described it. The
energy barrier or Born energy, E,, the difference in the energy of the ion electric field in the

membrane and in weter, is:

2
Eb=6952—[i— ! ),inkJ/moI,
r&n €no

where z and r are the vaence and radius (A) of theion. For the fully charged group of the Arg,
Asp, and Gluion, ZZandr are 1 and 2.5 A, respectively (Krishtalik and Cramer, 1995). ¢_and €,
are the didectric constants of water and the lipid bilayer, which are 78 and approximately 2,
respectively. The energy barrier can be calculated from the above formulafor the Born energy to be
135 kJmol = 32 kca/mol. This barrier can be thought of as an activation energy, AG*, for
trandocation of a single charge. From reaction rate theory, the effect of this AG* on the rate of

—AGH -185

proton tranglocation is then e AT = e2%® = ¢®=10%. This implies that the rate a which a

single charge will penetrate a lipid bilayer membrane is very small, and the lipid bilayer membrane

can be thought of asimpermesable to single charges including protons.

8.54 How isthe Membrane Potential Generated?
The generation of the membrane potential and pH gradient by the movement of the

positively charged proton across the membraneisillustrated in Figs. 8A,B. If we know the relation
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between electrica charge moved across the membrane per unit area, and the resulting eectrica
potential, we can know the number of protons, ions, or eectrons that must move across this area to
generate a physiologically meaningful membrane potential.

The physical relation between charge (Q) moved and the potential AW is a constant of
proportionality caled the capacitance. Thus, Q = C x AY, or AY= Q/C. Thus, the larger the
capacitance, the more charge has to be moved across the membrane in order to generate a given
valueof AY. For aplanar electrical capacitor that can be viewed asa small segment of a biological
membrane (Figure 8C), the specific capacitance, i. e., the capacitance per unit area, is proportiona to
the dielectric constant, €, and inversaly proportional to the distance, d, between the two sides of the
capacitor. That is, C per unit area= &/d. Because the distance between the two sides of the biological
membraneis small, approximately 35 A, the specific capacitance of such membranes is large, ca. 1

uFarad per cm?, even though the dielectric constant is small.

—35 A«

Figure 1-8C. A ssimple planar capacitor as a model for aloca segment of a biologica lipid bilayer
membrane.

Relation between AWand charge transfer across a membrane. The ability of membranes

to sustain an energeticaly significant AWas a result of the movement of a smal number of
electrons or ions across the membrane is a consequence of the large value of the specific membrane

capacitance. The difference in the charge, Q, trandocated to one side from the other results in a

potential (AW) acrossthe dielectric. With
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Q=Cx A¥

and C = 1 yFarad/cn?, if the potentid across the membrane is A¥= 100 mV, the number of
transferred charges is approximately 1 per 10* A2 i. e, approximately (a) 1 charge per membrane
protein complex subtending an area (100 A x 100 A) of this size, or (b) per 160 lipid molecules in

the membrane monolayer if the area subtended per lipid moleculeis 60 A,

1-9. Thermodynamics of Aji.-Linked Active Processes
1-9.1. Active transport; Symport

anion- Ht cationt

anion-

A B C

Fig. 1-9. Diagramatic representation of a neutral or charged solute into a cell by symport (A) or
antiport (C) mechanisms, and of a charged solute S', e. g., K*, by a uniport mechanism (B).
Modified from (Cramer and Knaff, 1991).

The uptake of solute S™ (charge z) from an initid Stete, “out,” in the extracdlular milieu
outside the cdl to afina date, “in,” when the solute has been transported into the cytoplasm, is
accompanied by the uptake (symport) of n protons (Fig. 1-9A), that is driven by a proton flux

down the gradient of the proton electrochemical potential, A[LHJrom the side of the podtive to that
of negative ji;-. The uptake resultsin a Afig-= for substrate accumulation. If al of the Aj,.
generated by electron transport and ATP hydrolysis is utilized by proton uptake into the cell
associated in the active transport process, then this free energy change, nA/fLHH equals the Ajig.

per mole of solute, S, that is accumulated, from an initial extracellular state to a fina cytoplasmic
compartment:
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AGSZ+ = nA/ftW + Al =0, (1-49)
where n is the number of moles of H* that would have to move down the Afiy,- gradient from
outside to inside to generate the accumulation. Note that Ay is positive for active transport for
which the solute accumulation ratio is > 1, andAf,y-for the utilization of the eectrochemical

potential initially generated by electron transport and ATP hydrolysis must then be negative in egn
(1-49). Then, for the utilization of the Af1,- asdescribed in Fig. 1-9A,

Afl,. = FAY - 2.3RTApH (1-50)

where ApH = pH, — pH, and AY =¥, - ¥,.

By analogy with egns (1-43a,1-44),

{S,*%}
{So™%}

Afls = 2.3RT e logg +ZF e Ay (1-51)
Substituting (1-50) and (1-51) into (1-49),

+z
23RT o101 2" I 1 2F o Ay + N[ FAW — 23RT » ApH] =0,

{So™}
- , , . {4
dividing by 2.3RT, and solving for the accumulation ratio, 10g;q (557"
0
log,, % =nApH - (n+2)- ATW (1-52)

0

with 2.3RT/F =59 mV = Z at 25°C, expressed in millivolts. Thisisthe expression for accumulation

of solute S with charge z by a symport mechanism. The solute uses n protons (n-H™") per solute
molecule, with the transport driven by a transmembrane pH gradient (ApH) and membrane
potential (Ay).

Lactose is an example of a solute whose accumulation is driven by a symport
mechanism (Ramos and Kaback, 1977) for which n =1 (West and Mitchell, 1972) for transport by
the lactose permease.

1-9.2 Special Case; Uniport.

For n =0, The mechanism is called uniport (Fig. 1-9B), isdriven only by Ay because the
proton flux does not participate in the transport mechanism. Setting n=0in egn (1-52) leads to:

log,, S -z Ay (1-53)

S, z

This is the formula that describes accumulation of solute through active transport by a Uniport
mechanism. To achieve an accumulation ratio of 100 for asingly charged species, a AY =¥, — 'Y,
of -118 mV would be required a 25°C. Note that negative sign for Y, -¥, implies that the

potentia is negative on the inside of the membrane relative to the outside or external side. Thisis
the sign of the trans-membrane electrical potential in amost al biological membranes, including the
bacteria cytoplasmic membrane and the mitochondria inner membrane, which are discussed below.
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One major exception is the chloroplast thylakoid membrane (also, see below).

1-9.3. Antiport mechanism

For an antiport transport (e. g., Na" - H* exchange) as described in Fig.1-9C, in contrast to
symport and uniport (Figs. 1-9A,B) the initia and final states for solute movement are, respectively,
the inside, “1” and outside “O”, of the membrane. The initid and final states for proton transfer
and utilization of the energy stored in the proton electrochemical gradient are independent of the
transport mechanism and are the same for the antiport as for the symport and uniport mechanisms.
Then,

+Z

Afig- = 2.3RT -logyg % ik Ay, (1-54)

Si+z -

with signs reversed from Eqn. (1-51) because of reversal of initial and final states for solute
transport, and Ay =y, — W -
Using A, asin the symport case above, with ‘n’protons utilized per solute molecule
-tz
transported, combining Aji,- and Afig-:, and solving for Ioglos(')T,
S_+Z Al//
lo L _—=(n-2z)-———n-ApH. 1-55
J10 5.7 (n-2) > p (1-55)

Thisisthe formulathat describes the accumulation of solute through an antiport mechanism. If n
=z, then the charge movement would be neutral, Ay has no effect, and

S_+Z
|00, # =—n- ApH. (1-56)

(o]

1-9.4. A mechanigtic problem arises when the mechanism of proton trandocation through the
transport protein that is embedded in the membrane bilayer is considered. Carboxylate residues
have been shown to be intraprotein and intramembrane H* carriers.  Whereas the pK of Asp in
solution is nominally about 4, the pK in the membrane environment is commonly 7-9. This reflects
the energetic tendency of the residue to retain the neutra protonated, as opposed to the charged
unprotonated, form in the low dielectric membrane. The pK of 7-9 facilitates H* transfer reactions
in the membrane. However, to achieve such atered pK vaues, energy would be required in the
assembly and biogenesis of the membrane protein.

Homework problem 10. Calculatethe AG at 25 C for the protonation and neutralization a pH 7
of half the amount of aspartic acid (A" + H* —AH) in a membrane protein, if the effective pK of
thisresidue in the membraneis (a) 4.0, and (b) 8.0. It may be helpful to derive the formula AG = -
1.36 (pK-pH).

Homework problem 11. (a) What is the accumulation ratio of a monovalent anionic species
transported by E. coli through a proton symport mechanism, if AW=-118 mV and ApH = +1? (b)
What isthe ratio of accumulation under the same conditions of an uncharged sugar, e. g., lactose?
The number of protons, n, translocated in (&) and (b) = 1. (c) Consider transport of Cl- into inside-
out membranes, AW positiveinside. (i) Derive an expression for the log of the accumulation ratio
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according to a uniport mechanism. By how much does the ratio change when AWisincreased from
+59to + 118 mV?

1-10. Thermodynamics of A, -Linked ATP Synthesis

The synthesis of ATP coupled to membrane energy storage is aso linked to the utilization
of the proton electrochemica gradient across the membrane, again from the side of positive (p)

[LH+,to thesidethat has a [LHJhat is more negative (n). The “p” sideisin the inside or lumen

side of the chloroplast thylakoid membrane (Fig. 1-8A), and the outside of the mitochondria inner
membrane or bacteria cytoplasmic membrane (Fig 1-8B). Thus, synthesis of ATP from ADP and

orthophosphate that is coupled to a proton flux through the Aﬁw , With n protons required per mole
of ATP synthesized, can be written:

ADP +PB +nH;" — ATP + H,0+nH,*, (1-57)
for which the free energy for ATP synthesisis:
{ATP}
{ADPHR}’

with AGRtp for synthesis of ATPis =~ 8 kcal/mol = 33.5 kJ¥mol (pH 8, Mg*).
If dl of the free energy stored in the proton eectrochemica potentia is utilized (Aﬁw <0) for
ATP synthesis, the total free energy change would be zero. Thus,

substituting for AG,;» and using (1-57a),

- o {ATP}
-n-Au,,. = AG°+2.3RT -log,, ——— 1-59
then,
logy, ATP} _ -1 (AG°+n-AfL,,.) (1-60)

[ADP}P} = 23RT

1-10.1 ATP Synthesis in Chloroplast Thylakoid, Sub-Mitochondrial and
Chromatophore Membranes.

A positive (A‘&H+ )p is generated in the chloroplast thylakoid lumen from protons pumped

into the interna space by the photosynthetic electron transport chain or ATP hydrolysis. The
discharge of this positive potential fromthe “inside” (initia state) to the “outside” (find state) is
coupled to the synthesis of ATP by the ATP synthase (mushroom-shaped structure in Fig 1-8).

These membranes have atopology, with respect to the direction of proton pumping and the
orientation of the ATP synthase that is the opposite of right side-out bacteria and mitochondria
membranes.  Considering the energy badance, a in (1-58) and  with
Ay =yo -y ; ApH = pHg — pH,, one obtains the expression,

(AT 1
{ADP}{P} 2.3RT

log,, (AG°+n-AfL,,.) (1-61)

Copyright by Cramer and Soriano, 2002



BTOL-Bioenergetics 31

with Aup- = F- Ay —2.3RT - ApH, from Eqgn (1-44).

Using the parameters that are typical for the energized thylakoid membrane, one may estimate the
poise (ratio) of ATP/ADP: Ay = 0 mV, ApH = pHyna - PHinitiar = PHout - PHi, =+ 2.5, and from
the latest data on the proton:ATP stoichiometry in ATP synthesis, n = 3-4. If AGyqp is 8 kea/moal
and the orthophosphate concentration (P) is 10 mM, and n = 4,

{ATP}
{ADP}{P} 23RT 2.3RT

{ATR} (8  (Ea_10)
OglO{ADP}{Pi}_ (1.36 n ApH)_ (5.9-10)=+4.1

log,, (AG°+n-AjL.) = [+8+ n(F-AY — 2.3RT - ApH)]

Substituting { Pi} = 0.01 M,

{ATP}

| L J
o {ADP}

= 2.1, theratio of concentration of ATPto ADP (ATP.ADP) = 126.

1-10.2 ATP Synthesis in Mitochondria and Bacteria.

A postive (ﬁw)pin the periplasmic (bacteria) or inter-membrane (mitochondria) space is

generated by H* pumped out of the membrane by the electron transfer chain or the ATPase. This
also generates a relatively negative ([LH+)n in the cytoplasm or mitochondrial matrix (internal)
gpace. Energy requiring synthesis of ATP from ADP and orthophosphate again results from the
downhill discharge of the A[lH+ through the ATP synthase enzyme in which the proton flux is
utilized enzymatically. Inthiscase, for ATP synthesis, theinitial and final states are “outside” (O)
and “inside” (1), respectively (Fig 1-8B).
Example: Caculate the {ATP}:{ADP}{Pi} poise with AGRtp = +8 kca/mol (pH 8), for
physiological values of AW and ApH, eg., Ay= -118 MV = yi,—Wou; APH=+05 =
pHi,, — PHoyt; assume that the number of H* that pass through the ATP synthase per molecule of
ATP synthesized is 4 (n =4 ). These vaues for AW and ApH are typicd for bacterid and
mitochondrial membranes. From (1-60),

{ATP} -1 o .
0 = AG” +n-Au . )=
%0 [ADP}{Pi} 2.3RT( Hi )

-1
+8+n(F-AY - 2.3RT - ApH
2.3RT[ ( PH)I

:_[i+n(—) nApH] [59+£n OSn] where Z =2.3RT/F
1.36 59

=—[5.9 —2(4) —(0.54] = - (59-10) = + 4.1
If {Pi} = 10 mM, then {ATP}:{ADP} = 126. The identica results obtained in the
calculation of Section (1-10.1) for ApH = 2.5, and in (10.2) for AY = -118 mV and ApH = +0.5

illustrate that these two sets of conditions generate the same Aji,- (Eqn. 1-44) or proton-motive

force (Egn. 1-46). That is, the ApH and AY are thermodynamicaly exchangeable in the energy
transduction of biological membranes.

Homework problem 12. (a) Solve problem 11aforz=1,n=1, A¥Y =-177 mV, ApH = 0.
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(b) Solve problem 11bforz=0,n=1, A¥ =-59mV, ApH = 2.

Homework problem 13. What is the concentration of Na' ion in the E. coli cytoplasm if it is
transported from the cytoplasm via a Na' - H* (n = 1) antiport exchange mechanism, the Na’
concentration in the periplasm = 100 mM, and ApH =+ 1?

Homework problem 14. Calculate the value of the membrane potentia, Ay, needed to drive ATP
synthesis to an effective equilibrium (AG = 0) if the required AG,,, for ATP synthesis, AG,, =
+12.25 kcal/mol in (i) chloroplasts, (ii) mitochondria, if the ApH associated with ATP synthesis is
+3 and +1, respectively. Assume that the number of protons required for synthesis of one ATP
molecule by the ATP synthase = 4.

Homework problem 15. (a) What value of the ApH is needed in chloroplast thylakoids to sustain
an {ATP}/{ADP}{Pi} poise of 1000 if A¥Y= 0, and n = 4?7, (b) what vaue of the A¥Yin
mitochondriaif the ApH = 0? AG®,;» = +8 kcal/mol for (a) and (b).

Homework problem 16. Calculate the ATP/ADP ratio that can be obtained from the A, = + 4
kcal/mol that has been generated by an electron transport chain and whose complete discharge will
release —4 kcal/mol for coupling to ATP synthesis. n(ATP) = 4 (a) for the mitochondria or
chloroplast ATP synthase, and (b) n(ATP) = 1 for the vacuolar ATPase of the mold, Neurospora

crassa. Assume AG°arp =+ 8 kcal/moal, and {P} =10 mM

1-10.3. Summary of Tenets of the Chemiosmotic Model for Energy Coupling in
Biological Membranes. (Mitchell, 1966)

1. Energy transducing membranes are sealed and impermeable to coupling ions except for the
pathways involved in redox- and protein dependent ion trandocation. The ions that have been
documented to couple energy transduction are H* in most studies, and also Na'.

2. The high energy intermediate in membranes that can be used to sustain active transport or ATP
synthesis is the ion electrochemical potential, which for protons, is written as Afi,,.. AfL,,.is
determined by the trans-membrane pH gradient and membrane potential, which are energeticaly
equivdent forms of energy storage. The dependence is written quantitatively as
Afly,, = F- Ay —2.3RT - ApH with the actual sign of the AW and ApH dependent on the initia
and final statesfor the ion movement.

3. The ATP synthase/ATPase activity, along with the transmembrane H+ flux, is reversble
ADP+PB +nH," — ATP+H,0+nH,", (i) with H" flux from the p-side to the n-side of the
membrane coupled to ATP synthesis, and (ii) H* flux from the n- to the p-side coupled to ATP
hydrolysis.

4. Non-protein uncouplers of membrane energy transduction that de-energize the membrane are
lipophilic (membrane-soluble) weak acids or bases that catalyze the equilibration of H* or OH
across the membrane.

Homework problem 17. How many protons must be trandocated across (a) a small spherical
liposome (diam. = 300 A)-neglect membrane thickness, and (b) a sphericad E. coli cel of 1 um
diam., in order to generate atrans-membrane potential of 100 mV? Assume both membranes have
the same specific membrane capacitance, 1uF/cm?.
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1-10.4 Experimental Tests of the Chemiosmotic Hypothesis;

1-10.4.1 Proton Movement

H* or Na" movement driven by eectron transport or ATP hydrolysis across a closed and

non-leaky organelle or bacterial membrane is dways associated with formation of a A+ across

that membrane. Proton efflux (asin Fig. 1-8B) driven by an O, pulse delivered to anaerobic E. coli
cellsisshown (Fig. 1-10).

(a) (b) ()
o 001 pH %0 — 2.5 nequiv. H*

l Ht/0 =231

+ . 5 nequiv. H*
H*/O =0.65 _{

MY
H¥0 < 0.20 "”"1
t1/2 = 11sec PRI NONS i
LY PP i

| |

Figure 1-10. H" efflux induced by an O, pulse (upward arrows) of air-saturated buffer in E. coli
cdls, (a) untreated, (b) in the presence of uncoupler to short-circuit the H™ flow, and (c) in the
presence of thiocyanate (SCN) as a lipid-soluble counter anion to prevent polarization of the
membrane (Gould and Cramer, 1977). A common pH scae, determined by adding known
equivaents of HCI to the cell suspension, is shown for (a, b). The dow irreversible responses in (g,
b) are dow"artificial background" responses that are not associated with redox-linked H* pumping.

1-10.4.2 ATP Synthesis by an Artificial Ap,+
A. The energetic ability of a trans-membrane ApH to support ATP synthesis was demonstrated by
incubation of chloroplast thylakoid membranes in the dark a pH 4 in the presence of a permeant

acid, followed by transfer to asolution containing ADP and P, & pH 7. The membranes catalyzed
the synthesis of 140 nmol ATP/mg chlorophyll ATP in the dark acid-base transition compared to 5
— 10 nmol ATP/mg Chl in controls without ADP, phosphate, or (Jagendorf and Uribe, 1966).
Synthesis of ca. 150 nmol ATP/mg Chl corresponds to ~ 1 ATP per 6-7 chlorophyll molecules,
approximately 100 times the content of the chloroplast electron transport chain components
(stoichiometry approximately 1:600 Chl). Neither the presence of electron transport inhibitors, nor
the redox state of the chloroplasts, affected the amount of ATP synthesized during the dark acid-
base trangition.
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B. Artificial ATP Synthesis in Submitochondrial Particles (SMP)

SMP subjected to a ApL,+ generated by an acid-base transition and a potassium diffusion
potential in the presence of ADP and **P, can generate 2-3 nmol ATP/mg protein compared to 10%

of this amount in the control. The Ap,,+ including the diffusion potential is generated by diluting
SMP at pH 5.0 without potassium into amedium at pH 7.5 containing 100 mM K™ in the presence
of the lipophilic K*—specific ionophore, vainomycin, MW = 1,110.0; cydlic peptide made of
repeating units of (L-lactate)-(L-valine)-(D-hydroxyvaerate)-(D-vaine) (Fig. 1-11A). The
facilitated inward flow of K* provides aAwy to drivethe H efflux (Thayer and Hinkle, 1975).

C. Reconstitution of Bacteriorhodopsin in Membrane Vesicles that Catalyze H*
Uptake and ATP Synthesis

Recongtitution of the purified bacteriorhodopsin pigment-protein from halophilic bacteria
into arttificid membrane vesicles catalyzes H® uptake (Racker and Stoeckenius, 1974).
Simultaneous incorporation of the mitochondrial ATP synthase into the vesicles (20 nmol ATP:mol
bR) catayzed light-dependent ATP synthesis (15 mol ATP. mol bR), compared to 0.5 mol
ATP.mol bR in the control. The light-dependent ATP synthesis was sensitive to uncouplers (see
below) of membrane energy transduction.
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(A) (B)
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Fig. 1-11. (A) Schematic view of the ionophore, valinomycin (MW = 1,110, three repeating units
of [(L-lactate)-(L-valine)-(D-hydroxy isovaerate)-(D-valine)], as a mobile carrier for a dehydrated
monovalent cation. The vainomycin dodecamer can be thought of as a "doughnut,” hydrophobic
outside with a central polar niche into which the cation can fit. Theion sdectivity isRb"> K* > Cs’
>Ag" > NH," > Li*. (B) Structure of the protonated form of the weak acid lipophilic uncoupler,

FCCP; (C) model for uncoupling action of wesk acid anionic uncouplers that catalyze H* flow in

the membrane from the side of positive [+ to negative 11, [modified from (Benz and McLaughlin,
1983)].

D. Mechanism of Action of Uncouplers of Phosphorylation

It was proposed in the chemiosmotic hypothesis (Section 1-10.3) that weak acid lipid-
soluble uncouplers of ATP synthesis (e.g., carbonyl cyanide p-trifluoromethoxy-phenylhydrazone,
FCCP, pK,, 6.2in 10% ethanol; Fig. 1-11A) act by increasing the conductance or permeability of
the membrane to protons.

Uncouplers increase the proton conductance of planar bilayer membranes by 2 — 3 orders

of magnitude, with the maximum increase occurring near the uncoupler pK, suggesting that the
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unprotonated form of the uncoupler (e.g., FCCP) is trand ocated across the membrane in a shuttle-

like mechanism and thereby dissipates the Ap,+ (Fig. 1-11B). Uncouplers stimulate the rate of
respiratory and photosynthetic electron transport that is coupled to ATP synthesis by afactor of 2 —
10, depending on ambient pH and the tightness of coupling of the membranes. This phenomenon
iscalled “respiratory control” in mitochondria. The absence of mitochondria respiratory control
and the presence of high respiratory electron transport rates are a frequent manifestation of human
mitochondrial myopathies (Luft et a., 1962).

Homework problem 18. ApH = 0 a pH = 7.5 in isolated right side-out E. coli membrane
vesicles. At this pH, the source of al of the free energy available for active transport and ATP
synthesis from a positive electrochemical potential gradient (Afi,;, = + 4 kcal/mol) generated by
respiration residesin the AW. However, the ApH can be solely responsible (AW = 0) for transport
of some solutes at lower pH, e g., pH 5.5. This is one indication that the ApH and AY are
thermodynamically and enzymatically interchangeable. Calculate the vaue of the A ¥ and the ApH
that can drive active processes at pH 7.5 and 5.5, respectively. T =25 °C.

D. Mechanism of Action of Uncouplers (continued)
A
Mila B

* T

i
Exirs Oy
t1l-1I L1 ADP * FCCP
* aﬁlqi::t _..I 20 sec I.._ aclinle

100 pM

a, Production

0  Consumplion

2 min

Fig. 1-12. Effect of ADP and uncouplers on rates of (A) respiratory electron transport and oxygen
consumption in mitochondria, and (B) photosynthetic el ectron transport and oxygen evolution in
chloroplasts.

1-11. ATP and “High-Energy” Bonds

The definition of a “high-energy” bond in biochemidtry is that it is unstable and readily
hydrolyzed with a AG® a pH 7 (= AG®) more negdive than that of the mgjority of simple

phosphate esters, i.e, AG® < —7 kcal/mol (Table 1-2). Most high-energy compounds involve
phosphate or sulfur anhydrides. High-energy compounds other than the phosphate anhydride
compounds shown in Table 1-2 include thiol acyl esters, sulfonium compounds, acyl imidazole, and
acyl amino acids. ATP occupies a centra position in the hierarchy of high energy phosphoryl
compounds. Thus, the ADP/ATP couple can mediate phosphate flow from phosphorylated
compounds with very negative AG® (i.e., phosphoenolpyruvate, 1,3-diphosphoglycerate, creatine
phosphate) and can act as a phosphoryl donor or acceptor.

CTP, GTP, and UTP, which have free energies of hydrolysisvery similar to that of ATP, are
preferentially used as the energy source for different biosynthetic pathways. They are the genera
precursors, respectively, for biosynthesis of lipid, protein and cellulose, and polysaccharides.

The origins of the high-energy nature of ATP are: (i) the negative AH® from electrogtatic
repulsion caused by the negative charges on the termina 3—y phosphate groups, and (ii) the positive
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AS° arising from the increased number of substates or arrangements available in the phosphate
product due to resonance, and a decrease in the amount of H;O solvated (and ordered) in the
products. The net charge is affected by the pK for HATP* — H" + ATP*, which is approximately
6.8.

Table 1-2. AG” for hydrolysis of phosphate anhydride and ester compounds

Compound AG® (kcal/mol)*
Phosphoenol pyruvate -14.8
1,3-Diphosphoglyceric acid -11.8
Creatine phosphate -10.0
Acetyl phosphate -10.0
Phosphoarginine (pH 8.0) -38.0
ATP — ADP + P(+Mg™) 7.7
ATP — ADP (pH 8.0) -84
ATP — ADP (pH 9.5) -10.4
Glucose-1-phosphate -5.0
Pyrophosphate 4.0
Fructose-6-phosphate -3.8
Glucose-6-phosphate -3.3
Glycerol-1-phosphate 2.2

*H = 7.0, except where noted.

The contribution of entropy or resonance stabilization to the large AG®° of hydrolysis is a
consequence of the atomic properties of phosphorous, i.e., large bond lengths with weaker binding
energies. This leads to a partia double bond character of the orthophosphate P-O bonds. The
average P-O bond length in orthophosphate is 1.54 A compared to 1.73 A expected for a single P-
O bond. The gresater electron delocalization is associated with resonance stabilization and a positive
contribution to the AS° of hydrolysis (Table 1-3). Another mgor contribution to the large postive
AS° and negative AG° of hydrolysis of phosphate anhydride compounds arises from differential
solvation by H,O of products and reactants. The solvation energies of H,PO,”, HPO,*, and PO,*
are 76, 299, and 637 kca/mole (25°C). This implies that the large AS° of ATP hydrolysis arises
from a smaller amount of solvated or ordered water in the products because they carry a smaller
average charge than the reactants.
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Table 1-3. Factors contributing to large negative AG° of hydrolysis of phosphate anhydrides such
as adenosine 5’ -triphosphate (ATP)

Factor —AH° or +TAS°
1. Electrogtatic charge repulsion —A H°
2. Large number of resonant forms of orthophosphate +TAS®

3. Smaller amount of solvated or ordered water in less highly +TAS®

charged products

1-11.1 Experimental determination of the AG° for ATP Hydrolysis

At pH 8, in the presence of 102 M Mg*, AG° = -9 kca/mol, and K_, > 10°, which is too
large to be measured accurately through only the ATP hydrolysis reaction, ATP + H,O - ADP +
P, (See problem 19). Therefore, the K, for ATP hydrolysis must be measured in two or more
coupled reactions such as the glutamine synthetase and glutamine hydrolysis reactions [Eqns (i)
and (ii)] below (Rosing and Slater, 1972). Thus,

(i) Glutamic acid + NH," + ATP —KL s Glutamine + ADP+P; K, =700

(i) Glutamine+ H,0 —IL s Glutamic acid + NH,"; K, =230
The sum of reactions (i) and (ii) is:

ATP+H,0 — ADP+P; withK; =KK,; Ky=1.6x10°. Then,

AG,° = AG,;y’ =AG’ + AG,° = - RT1nK, = 2.3RT-log K, = -30.5 kJ/mal.
Homework problem 19. (a) If 1 mM ATP isadded to asolution at pH 8 in which it can be
hydrolyzed to equilibrium, calcul ate the concentration of ATP at equilibrium if it is assumed that
Kg, = 10°. (b) Briefly describe amethod that could be used to determine the K, for ATP
hydrolysis more accurately.
1-12. Oxidation-Reduction Reactions
1-12.1. Direction of redox reactions
Asdiscussed in section 1-8.1, afree energy change, AG, results from movement of electrical
charge, nzF, through an electrical potential gradient. Thus,

AG = + nzF AE = —nF AE, (1-62)

for the free energy change in areversible reaction associated with electrical work driven by achange
in oxidation-reduction potential, AE , with z = —1 for electrons, and

AG° = —nF AE® (1-62a)
for the changes in standard free energy and standard potential. Then, AG;, , - AG, 44 =

AG®=-RTInK,,  and (1-63)
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El - E} =AE°= % e InK,, = 23% log;, Ky = 59100, K, (1-64)
(i.e, AE" =59log K )inmV whenn=1; 23RT/F=59mV a 25°C.
Using the criteriathat reactions at their midpoint go forward if AG® < 0 and away from the
midpoint when AG < 0 with AG = —nFAE, the criterion for the forward or spontaneous direction of
an oxidation-reduction reaction is, respectively,

AE>0, or AE°>0 (1-65)
ThecriteriaK > 1, AE°> 0, AE > 0 are used to predict the direction of aredox reaction.
1-12.2 Properties of Oxidation-Reduction Potentials
A. Electron transfer tends to proceed in the direction of more positive E and E°.

B. A strong reductant results from a redox couple with a negative oxidation-reduction potential,
and arelatively strong oxidant from aredox couple with a positive potential.

C. Absolute values of the oxidation-reduction potential, like the absolute value of the free
energy, have no meaning in nature. The absolute values are set by the reference or

standard that is chosen, which in this case is the potential of hydrogen half-cell reaction:
2H" +2e” > H,(g); E°=0.0V; pH =0 (1 M H").

D. Oxidation potentials, E and E°, are not state functions. A consequence isthat these
functions are not necessarily additive. That is, for aseries of sequential redox reactions
A—B—C—D,

AE,p # AE,; + AE,. + AE, (1-664)

although the free energy, as astate function, is additive,

AG,p = AG,; + Gy + AG. (1-66Db)
E. The oxidation-reduction reaction of a single redox-compound iswritten as a“half-cell”
reaction:
[A(ox) + € — A(red); or for a pH-dependent reaction, (1-67a)
A(ox) +2e +2H" — AH,] (1-67Db)
The free energy changes associated with half-cell reactions are:
AG® = —nFE®, (1-6849)
and
AG =-—nFE (1-68Db)

1-12.3. The hydrogen half-cell. One can see from the hydrogen half-cell reaction,

2H" + 2e & H (g); E°=0.0V, that itsequilibrium constant and E° are both pH dependent. The
E, standard potential (inmV)atpH=7 E = E, — 7(59.1) = is —414 mV at 25° C (cf.,
pH dependence of midpoint potential, section 1-12.9 below). Using the hydrogen
electrode as the standard, a short list of half-cell redox reactions of interest to membrane energy
transduction is shown in Table 1-4.
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Table 1-4. Oxidation-reduction potentials of some redox couples or half-cell reactions
important in bioenergetics

Midpoint potentials (mV)

Half-reaction E°(pH = 0) E® (Eq)
Ferredoxin (ox) + € — Fd (red) [2Fe-25] —-432

2H" + 2e” — H,(0g) [Reference] 0.0 -414

NAD* + H" + 26 — NADH -113 -324
FMN(ox) + 2e + 2H* — FMNH, +209 -205

O,(1) +& - 0, _ —160
UQ+e - UQ~ _ -150
cytochromeb + e — cytochrome b (red) _ —-150 - +50
ubiquinone + 2e” + 2H" — ubiquinol _ + 60
plastoquinone + 2 + 2H*— plastoquinol + 90
cytochrome c, +e — cytochrome c,,(red) . +220
cytochrome ¢ + e — cytochrome c(red) . +250
cytochromef + & — cytochrome f(red) . +370
plastocyanin + € — plastocyanin(red) _ +370
Rieske [2Fe-2S](ox)+ € — Rieske [2Fe- +390
2S](red)

cytochrome a + € — cytochrome a(red) . +250-+400
Photosystem I-Chl (ox) +& — Chl(red) L +500"

O, +4H" + 4 — 2H,0 +1,230 +815
Photosystem 11-Chl (ox) +& — Chl(red) L +1,200¢

Photosystem I, “photosystem |1 reaction center Chl in oxygenic photosynthesis.

1-12.4 Oxidation-Reduction Potential as a Group-Transfer Potential,
Comparison of Standard Potentials and pK Values

The standard potential is ameasure of the tendency to donate or accept electrons. The more
negative the potential, the greater the tendency of the reduced compound in a half-cell reaction (1-
654a) to donate (reducing ability), and the more positive, the greater the affinity for the eectron of the
oxidized compound (oxidizing ability). Thusin Table 1-4, reduced ferredoxin and NAD(P)H are
strong reductants, and molecular O, is a strong oxidant. Strong reductants and oxidants are good
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electron donors and acceptors, respectively, just as strong and weak acids are good proton donors
and acceptors. The standard potential, E°, of an oxidation-reduction reaction is analogous to the pK
of an acid-base reaction (Table 1-5). AsthepK isthe pH at which an acid is half-protonated, the E°
isthe redox potentia under standard conditions at which an electron donor-acceptor is 50%
reduced. For this reason, the notation E,, is often used instead of E° to designate the midpoint
potential. The E,, becomes E° under standard conditions.

Table 1-5. The oxidation-reduction potential as a group transfer potential.
Proton-transfer potential Electron-transfer potential
(acid-base) (redox potentia)
Reaction A +H"—> HA AT+e > A
Measure of transfer Koo AG?° £0_ AG?°
potential P = S 3RT T nF

1-12.5 Dependence of AE on Reaction Pathway: Reduction of O, to H,O
AE |, unlike AG, is not a state function and depends on the path of the reaction. As an
example, consider the four different pathways for reduction of O, to H,O involving the

intermediates, superoxide (O;) and hydrogen peroxide (H,0,), A->B—C—D (Fig 1-12). One
path would be the four-electron reduction:

O, +4€e + 4H" — 2H,0, with the midpoint potential a pH 7, E_, = 0.82V.
The relationships between the E,, vaues for the different reactions can be determined from Eqgns

(1-66a) and (1-68a). The value for one of them [e.g. E,; = Em7(02/0;)] can be solved from the E,;
and n values for the O,/H,0 (E,, = 0.82V, n = 4) and O, /H,0 (E,, = 1.20 V, n = 3) couples. E,,

(O, - O;) can be obtained from E,, (O, — H,O) and E;, (Ozl_a H.,O) because AG,, = AG,;
+ AG,,. One can writethe half cell reactions as:

O,+e -0, Epp =7 (1€ reaction)
O, +3e +4H" — 2H,0 Egp =+1.20V  (3€ reaction)
O,+4e +4H" - 2H,0 E.o =1+0.82V  (4e reaction)

From
AG}, = AGy; + AGg,, substituting for AG

—4F - ES, = —(1)F-ES, — (3)F - ES,; solving for ES,

E0 = OF 3)(0-821) ~0GA2) _ 3y
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+0.31
-0.33 - +0.94 i +1.33
02 — OZ — H202_> H20
| +1.20
+0.82

Figure 1-12. Standard reduction-oxidation potentials for the intermediates involved in the reduction

of O,to H,O at 25 C and pH 7.0. The pathway, O, — O, — H,0, — H,O is designated A — B
— C — Dinthetext.

1-12.6 Reduction of compound B by A
A(ox) + n,e- —> A(red), E°=E,% G’ =G,° (1-69a)
B(ox) + n,e- — B(red), E°=E;% G’ =Gy° (1-69Db)
with n, # n, the charge balanced reaction is,

n n
(n—z)A(red) + B(0x) - (n—z

1

)A(ox) + B(red),

1

for transfer of n, electrons from A to B. The standard free energy change, AG,;°, for transfer of the
n, electrons from A to compound B that requires 2 electrons for reduction is:

AGZ, = GS - (%)GX . (1-70)
1
Using Egn 1-60, and substituting into egn. (1-70),
“n,F-AES, = —n,F - E2 - %(—nllr ER),
1

it follows that:

AES; = Eg — ER, (1-718)
which isthe standard potential of electron acceptor minusthat of the donor. Similarly,

AE,g = Eg — E,, (1-71b)

so that the change of standard potentia in a complete redox reaction is the difference of the
standard potentials for the two half-cell reactions, as discussed in section 1-12.1. For the reaction
to proceed in the forward direction, AE >0 and E;° > E,°, i.e, in the direction of more positive E°
and higher electron affinity.

1-12.7 Concentration dependence of the oxidation-reduction potential

From G=G° +RT In[ﬂ],

e}
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AG=AG°+RT Inw, where the brackets indicate activities; then,
IT{reactants}
because AG = -nF - AE, and

AG® = -nF - AE®
for thereaction, [ox] +ne™ — [red], involving the transfer of n electrons, it follows:

AG°® RT n I1{ prod}

AE =—
nF  nF TI{react}

_pgo - RT |, Hprody
nF  TI{react}

_Apo_23RT 100, I1{ prod}
nF - °TI{react}’

For ahalf-cell reaction, one would write:

(1-72)

E=E°-23 RT log,, [T prod}
nF IT{react}

(1-73)

From (1-72), since 2.3RT/F=59.1mV at 25 C,

59 I1{ prod}

AE(mV)=AE°-—lo 1-74
(mV)= n %o ° T1{react} (1-74)

and for ahalf-cell reaction,

. {red}
E=E | loﬁm} (1-75)
The fact that the E° values can be considered midpoint potentials when there is no pH or
ligand dependence of the E,,,, and at dilute concentrations of reactants and products, is illustrated in
Egns. (1-73) and (1-74). 1t can be seen that E = E° and AE = AE° when the activities of the products
or reduced species equals those of the reactant or oxidized component of the half-cell. Thus,

AE = AE, - 9)oq, THLPrOd} (1-744)
n o °TI{react}
d}
E=E, -2jog, 1 1-753
n 10 {OX} ( )

As discussed above (Section 1-7.4) for AG, the direction of an oxidation-reduction reaction is
determined by the concentrations of products and reactants aswell asby the AE,, i.e., by the AE.

Note: In the context of the group transfer potentia (section 1-12.4), compare (1-75a) to the

Henderson-Hasselbach equation for H* buffering: pH = pK + log———= TART
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1-12.7.1 Concentration dependence in donor-acceptor reactions
For the reaction A(red) + B(ox) —A(ox) + B(red); 1 e- reaction (n = 1),

AE = AE_ —59l0g-~(@%)  Blred) (1-75b)
" A(red) B(ox) '

for every 10-fold increase in theratio of A(red)/A(ox), or B(ox)/B(red), the AE will increase by +59
mV, and the AG for the reaction will be more negative by —5.69 kJmole.

1-12.8 Graph of titrations of the oxidation-reduction reaction

For a half-cell reaction involving transfer of onee (n = 1), e.g. cytochromec,
cyt c(ox) +e~ — cyt c(red)

Note that for every 10-fold increase in c(red)/c(ox), E decreases by 59 mV. (Note the analogy with
acid-base problems). Then,

E=E_, —59log 1_1 ; {c,}+{c,} ={c;}, thetota concentration (1-76)

o)
CT
forn=1a 25C, inmV, c; = tota cytochrome concentration (reduced + oxidized), c/c; = fraction
cytochrome reduced.

Two aids in graphing the titration are: (i) ¢, = ¢, and c/c;, = 0.5 when E = E,, (ii) c/c,
changes by afactor of 10 for every change of 59 mV in the potential. Thus, c/c; =0.5andc/c, = 1,
whenE=E,.c/c;=091andc/c,=10whenE=E_ —-59mV;c/c; =0.09 and c/c,= 1/10 when E
=E,+ 59 mV (Fig 1-13A). The actud titration involves measuring changes in absorbance a a
convenient wavelength (e.g. 550 nm) of the cytochrome asit is progressively reduced and oxidized.
The spectrum of the reduced protein, with sharp peaks at 417 and 550 nm, and that for the oxidized
cytochrome, relatively flat in the region of 550 nm, of horse heart cytochromec, are shownin Fig 1-
13B.

For a redox titration of compound “X” using visble spectroscopy, the titrations are
commonly made in a stirred cuvette specidly fitted with (a) a redox combination eectrode (Pt-
Ag/AgCl), (b) a port to dlow addition of a strong oxidant and strong reductant to change the
potential (analogous to addition of acid and basein apH titration, and (c) an entry and exit port for
N, or Ar gas for anaerobic titrations of reducing systems with a negative (reducing) potential that
can be readily oxidized by O,. The solution in the cuvette with compound “X” will contain redox
buffers (Table 1-6) whose E,, values cover the range of E vaues over which the titration wil be
measured. Redox buffers are analogous to the need for pH buffers when performing pH titrations.
AsapH buffer that undergoesa 1 H* protonation-deprotonation will buffer over arange of +1 pH
unit around its pK, aredox buffer undergoing al e oxidation-reduction will buffer over a range of
+59 mV around its E.
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Figure 1-13. (A) Determination of the midpoint potentia of cytochrome c by titration of the
ambient potentid. The Fe* -heme < Fe** - heme titration of cyt ¢ involves the transfer of one

electron (n = 1) in the Nernst equation (egns 1-72 to 76). An n = 2 titration, e. g., for the H,
electrode or quinone < quinol is also shown. (B) Reduced (pesks a 417 and 550 nm) and

oxidized spectraof horse heart cytochrome c.
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Table 1-6. Some redox buffers and their midpoint potentials.

Redox buffers E.; (MV)
Anthraguinone-2-sulfonate -220
2-OH-1,4 naphthoquinone -140
2,5-dihydroxy-1,4-benzoquinone -60
1,4-naphthoquinone +65
1,2-naphthoquinone +135

Homework problem 20. (A) Using values of R and F in appropriate units, evauate the coefficient
2.3RT/nF (in millivolts) at 5°C and 25°Cforn=1and n=2.
(B) Consider the half-cell oxidation-reduction reaction, of redox compound, r: r(ox) + € + H* —
r(red). If the midpoint potential, E,, for thisreaction=0.0V at pH 7,
(8 What isthe value of the potential, E, for the reaction at pH 7, when the quotient of concentrations
(activities) is:
i D _ g, iy "D 1000 ity "D g0 ) D g2

r(ox) r(0x) r(ox)

(b) What isthe E,, for the haIf ceII reactionat pH 47?

r(red)

Homework problem 21. The half-reactions of cytochromesb and c are (n = 1):

b(ox) + e« — b(red) E°=-0.035V
c(ox) + e — c(red) E°=+0.26 V.

(@ If thesetwo redox centers are electronically connected, what is the equilibrium constant for
(a) the reduction of cytochrome c by cytochrome b ;(b) For reaction (a), what isthe
potential change, AE, for the reaction when the ratio of reduced to oxidized cytochromeis:
b(red): b(ox) = c(ox): c(red) = 10:1, or (d) = 1:10? T =25 °C.

Homework problem 22. How much energy, in eV and kJ, isstored at pH 7 in reducing
equivalents when two electrons are transferred from the specia pair bacteriochlorophyll (E,, = +470
mV) of the bacterial photosynthetic reaction center to the secondary quinone, Qg, whose E,, = + 50
mv?

12.9 Half-cell Potential for a Reaction Involving e (n =2) and H" transfer;
e.g., Reduction of Quinone to Quinal

The half cell-reaction for the reduction of the aromatic quinone to quinol (Fig. 1-14A) is:

Quinone + 2e” + 2H" — Quinol (QH,); n=2 (a-77)
Using the standard potential at pH O asareference, (from 1-75, 1-75a)
{QH,}
E=E°- —Iog , (2-78)
2 {QH{HY
or
59 {QH }
E=E°+ —Iog{H - ==
2 {Q}
then,
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E=(E°-59 pH) — @Iog{—QHZ}

2 {Q
and
E=E.,— @Iog{Qiz}, where (2-79)
2 {Q
(E,,=E°-59pH), and (1-80)

E.., isthe midpoint potential at a particular pH value. Notes: () The standard potentia, E°, of the
hydrogen electrode is defined as 0.0 V at pH 0, 1 atm pressure, and 20°C. (b) The dope of then =
2, Q &> QH,, titration is steeper than that for n = 1. Thus, whereas the potentials (in mV), relative to

the E,, a which the n = 1 compound is ~90% oxidized or reduced are (E,, + 59) and (E,, — 59),

respectively, the corresponding potentials for the n=2 compound are (E.;, + 29.5) and (E, —
29.5) [cf., Fig. 1-13A].

+2HY +2¢- <>

OH
(A)

O OH

R Ry HaC 3
CH3
CH,-CH=C-CH H3C

R3 (CHp-CH=C-CH3) hH 3

®) OH

(B) ©

Fig. 1-14. (A) Reduction of benzoquinone to hydroquinone.
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(B) Structure of the lipophilic ubiquinone (n = 6-10; R; = CHj; R,, R; = CHJ0),
found in mitochondrial and bacterial membranes, or plastoquinone (n=9; R, = H;

R,, R; = CH,) found in chloroplast and other oxygenic photosynthetic membranes.
(C) Thetetramethyl-substituted quinol (duroquinol) with an E, = +480 mV.

1-12.9.1 Total pH dependence of E,, of a redox prosthetic group

The above expression (1-80) for reduction of a quinone to quinol is vaid throughout the

physiological range. However, at extremes of low and high pH, the E,,, will not obey egn (1-80) and
will become pH-independent (Fig. 1-15). This is because a the low and high pH extrema,
respectively, () the oxidized form of the redox compound is protonated, or (b) the reduced form in
deprotonated. Thus, at thelow and high pH extrema, the E,, reaches asymptotic constant vaues of
Enacg @d E g (F10. 1-15). At intermediate pH values, the E,;, depends on pH as in egn (1-80).
The protonation-deprotonation of the oxidized and reduced forms at low and high pH, respectively,
is described by pK values, pK,, and pK, .

500

450

400

350 |

mh

300 |

250

200

150 | | | | | | |
-2 0 2 4 6 8 10 12 14

Fig. 1-15 pH dependence of E,, of redox prosthetic group including effects of pK , and pK
(pK, > pPK,,) [modified from (Dutton, 1978)].

The pH cycle of proton and electron transfer reactions can then be described by the scheme
inFig. 1-16.
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Red - H -H

F\Ed<\

49

Fig. 1-16. Cycle of pH-dependent electron transfer reactions. The top and bottom lines in the cycle
describe the redox reaction at the extreme of low and high pH, respectively. The pH-dependent
reaction in the diagonal operates at intermediate pH values. Some groups whose protonation-
deprotonation are linked to an oxidation-reduction are histidine ligands of hemes and iron-sulfur

proteins, and the heme propionate side chain. (modified from (Dutton, 1978).

The analytical expression for the complete pH dependence of the E,,, can be derived as

follows:

{ox}{H+} k- {red}{H+} ~

foxH} {redH} red

{total ., }
{total,, }

{red +redH}
{ox +oxH}

E, =E,, —59log

=E,, —59log

since {total .} = {red} + {red- H'}, and
{total .} ={ox} +{ox«H"}; then, from (1-81),

{redH}
{red} Kred
H}

{ox} =K, {{OST}} then, substituting into (1-81b),

redH '—K”j’f' +redH

oxH - —% + oxH
H

K
redH (d+ rid
oxH (1+|:|0:-()

then, factoring, E, = E,, —59log
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dH 1+ red
+
=E,, —59log re —59log E (1-81e)
oxH 14 —ox
H+
For pH << pKox1 pKred’ [H+]>> Kox’ Kred’ Eh = Emacid - 59|Og {rEdH} and
{oxH}
redH L
—59Iogﬁ = E;, — E,.iq; Substituting into (1-81e)
1+ K—ref
E, = E, + Eyy, — By —59l0g—H (1-81f)
1+
H+
Then, rearranging terms in (1-81f):
1+ K—’j‘f‘
Emn = Enaa + 99109 KH ; (1-819)
1+
H+
1+ K—Oj
Emh = Emacid —59'09 ||<-| (1—82)
e

Formula (1-82) describes the complete pH dependence of the E, (Dutton, 1978). It can be
seen that E,,, has the following values or pH dependence for the three regions of pH (a— below)

(a) pH < pKox << pKred: Emthmacid (1—82&)
(B) PH>> PK ey >> PRt Eny = Engig — 591092 (1-82)
red
K
(C) pKox << pH <<pKred: Emh = Eacid - 59|Ogﬁ = Emacid - 59pH - 59|09 Kox (1'82C)

Homework problem 23. If the pK,, and pK, of cytochrome x are 3 and 10, respectively, and
Ernacia = 1300 mV, what is the E,; of the cytochrome?

Homework problem 24. (A) If E,; = +65 mV for the mitochondrial n = 2 ubiquinone/ubiquinol
couple, what is the value of E a pH = 7 a which it is (a) 50% reduced, (b) 90% reduced, (c) 9%
reduced? (B) If the E,, = +260 mV of benzo-hydroquinone (fig. 1-14A), what isits E°?
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Homework problem 25. (a) Calculate the E_, of the two semiquinone redox pairs that interact on
the p-side quinone binding niche of the mitochondrial membrane if the semiquinone formation
constant = 10 and the E_, of the UQ/UQH,, couple is =65 mV. (b) What is the semiquinone
formation constant that will allow formation of a semiquinonewhose E, , at pH 7 equals that of one
of the hemes with E_, = -112 mV of the integra membrane b cytochrome in which the quinone
niiche is embedded? [Thus, the semiquinone can readily reduce the b heme, which is a
demonstration of “oxidant-induced reduction” ].

Homework problem 26. If the redox span of the mitochondria respiratory chain extends from
-320mV [E,, (NAD*/NADH)] to + 815 mV [E,, (O,/H,0)], (8 cdculate the AG made available
from the transfer of 2 electrons from NADH to O, with the electron donor and acceptor operating
at their mid-point potentials. (b) Calculate the number of ATP molecules that can be synthesized
per pair of electrons transferred down the respiratory chain from NADH to O, if AG® ,;, = 33.5
kJmol, the ATP/ADP ratio = 100, and the phosphate concentration is 102 M.

1-12.10 Redox Properties of Semiquinones

In addition to the two-electron oxidation-reduction of quinines (1-77), one-electron
reactions involving the half-reduced semiquinone form of the quinone-quinol couple aso occur
(Rich and Bendall, 1980).

If the two electron quinone reaction is.

Q + 2e7+ 2H" « QH, for theneutra quinol, and (1-83a)

Q + 2+ H' <> QH~, for theanionic quinol (1-83b)
with midpoint potential = E_;, then the reactionsinvolving the semiquinone are:

Q+e +H" © QH?*; neutral semiquinone (1-83c)

Q + e <« Q ;anionic semiquinone (1-83d)

with midpoint potential, E_,, and
QH® +e” + H" < QH,, (1-83¢)
Q +e +H & QH” (1-83f)
with midpoint potential = E,,..
The other reaction linking the fully reduced (quinal), oxidized (quinone), and half-reduced

(semiquinone) components is that of semiquinone “dismutation” into the oxidized quinone, Q,
and the reduced quinol, QH.:

Q + QH, <> 2QH", (1-83g)
Q+QH <2Q +H" (1-83h)

The equlibrium constant, K, for semiquinone formation,

o2
K = {M} ,or (1-83i)
eq

(Q(QH,)
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N2/
QT (H)
L @eH) |
isameasure of the stability of the semiqui noqne.

The pK vadues of (QH, - QH™ + H") and (QH™ — Q-+ H") are approximately 11 and
5-6 respectively, for duroquinol and durosemiquinone (Fig. 1-14c).

The midpoint potential of the two electron quinone reduction is, in genera, not equa to
those of the individual one electron reactions, i. e,, ,E,, # E,; # E,,, for the different quinone redox
reactions because the affinity of the quinone (Q) for one eectron reduction to the semiquinone

(QH’) isdifferent from its affinity for cooperative reduction to the quinol (QH,) by two eectrons,
and also different from the affinity of the semiquinone for one electron reduction to the quinol. If

the E,, of the (Q/QH") reaction decreases, then that of the (QH/QH,) reaction must increase to
balance the free energy change for the net (Q/QH,) reaction. This follows from the fact that the
pathway from the quinone through the semiquinone to the quinol is a second route for quinone
reduction to the quinol through two one-electron reactions, from acommon initia state (quinone) to

the same final state (quinol). In addition, the more unstable the QH" (smaller value of K), the

stronger the reducing nature of QH" or Q— and therefore the more negative the E, of Q/QH".
Thus, there should be some definite relations between E, ., E.,, E,, and K.,

To derive the relationshipsbetween E_, E ., and K., let E, and E, be the working potentials
of the one electron reactions reactions (1-83d) and (1-83f). Then,

(1-83))

_ 9}
E, = Em1—59logﬁ

N

Using a condition at which arelationship can be found between the constants, at equilibrium, E, =

1]

Q}

1987
Q1)

212004
Eml-Em2:59Iog{Q%$ =59logK;, (1-84)

and, E,,—59log =E., —59log

eq

; rearranging terms,

€q

Where K is the semiquinone formation constant.

If Kg > 1, indicating that the semiquinone species is stable, E,, > E_,, and the couple

m2?
(Q/ Q_) operates a a more oxidizing (more positive) potentia than the couple QH'/QH..
However, if Kg <1, and the semiquinone is unstable, then E., < E_,, and the (Q/ Q;) couple
provides a stronger reductant than the QH/QH, couple. In the case of semiquinone species
thought to interact with proteins, the K¢ has been found to be 10™-107 in mitochondria and
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chromatophores, which correspondsto E,,—E,, = —60 to —120 mV and a significant concentration
of semiquinone.

1-12.10.1 Relationship of Midpoint Potentials of the Quinone/Quinol n = 2
Reaction (E,,) and the Semiquinone n = 1 Reactions (E,, E,.,)

To determine the relationship of the midpoint potentials of the reactions described in Egns. (1-83a
f) , note that free energy changes, AG, and AG, are associated wih the one electron reactions,

Q+e ©Q (1-83d)
Q +e +H < QH, (1-83f)

Because the two electron reaction described in Eqn (1-83b) is the sum of (1-83d) and (1-83f),
Q+ 267+ H" <> QH" (1-83b)

AG(Q/QH™) = —nF-E(Q/QH™) = —2F-E(Q/QH")
=—F-E(Q/Q)-F-E(Q /QH")
= AG(Q/IQ")+AG(Q/QH")

_ 2] or ]
__F[Eml—sglogm@]—F Em2—59logW{Q__} ,

and combining the arguments of both log terms,

H-
-2F-E(Q/QH")=-F(E,; + E,,) + S9F Iog{{Q—} ; dividing both sides

QHH'}
by -2F,
-
E(Q/QH‘):M—E’—glogM; (1-85)
2 2 T {QHH*}
The relation between the different midpoint potentialsis then:
En(Q/QH,) = w; (1-86)

the midpoint potential of the two electron reaction is then the average of the two one-electron
semiquinone reactions.

Then, egns. (1-84) and (1-86) are the two equations that dlow determination of the two
unknowns, E., and E_, in terms of E_, the midpoint potential of the 2-electron quinone reduction,
and K, the semiquinone formation constant. The two cases are:

(A) Ks<1,thenfromEq. 71, E , <E_ <E, (1-87)
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so that the strength of the reductant in the semiquinone/quinone couple > that of quinol/quinone >
that of quinol/semiquinone. Similarly,

(B)Ks>1, E ,>E, >E, .. (1-88)

From Eqns. (1-84) and [1-(86-88)], it can be seen that the splitting of E,, and E,, around
E,, issymmetric, so that the two cases described in Eqns.[1-(88-89)] can be arranged in an E,, leve
diagram (Fig. 1-17). The more reducing potentia of E, , for the (Q/Q™)couple when Ks < 1 (Fig
1-16A) has biological importance because such a reducing semiquinone species is generated when

ubi- or plastoquinol is oxidized by the cytochrome bc, or b complex in respiratory and
photosynthetic electron transport (Mitchell, 1976).

(A) (B)
Em1 Em2 ©)
Emh Emh
Em2 Em1
(+)

Figure 1-17. Relative E, valuesfor K¢<1 (A) and K> 1 (B); K¢ thesamein (A), (B).

Homewor k Problem 27. Determine the midpoint potential of amitochondria cytochromeb heme
if it was found through titration of its optical spectrum at 25 °C to be 90 % and 99 % reduced at
potentials of =150 mV and — 209 mV, and 90% and 99 % oxidized at —-32 mV and +27 mV.

Homework Problem 28. Calculate the E,; of the two semiquinone redox pairs that interact at the
p-side plasto quinone binding site of the chloroplast membrane if the semiquinone dismutation
constant = 10 and the E, , of the PQ/PQH, redox couple is + 80 mV; temperature = 25°C.

Will the E,,; of the PQ/PQ- be favorable for reduction of the p-side heme of cytochrome by
whose E,, = -50mV?

Homework Problem 29. The synthesis of ATP in mitochondrial membranes can be coupled to the
oxidation of the anionic quinol [E,, (QH/QH™) = + 209 mV] by the high potential iron-sulfur
protein, and subsequent electron transfer to ametal center of cytochrome oxidase, [E,, = 491
mV]. If al of thefree energy made available in the electron transfer from the quinol to the
oxidase is converted to a proton electrochemical potentia, Ai,,,

0] What is the value of the AG for consecutive transfer (n =1) of two electrons, with aratio
of reduced: oxidized quinone = 10:1, and of reduced: oxidized oxidase = 1:107?

(i) Calculate the efficiency for conversion of redox energy to ATP synthesis at 25° C, made
available from the transfer of two electrons, if the ATP/ADP poiseis 100, the phosphate
concentration is 10* M, and AG®,, = + 8 kcal/mol.
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1-13. Free Energy of Activation for Electron Transfer

Consider the transfer of an eectron from a donor, D, to an acceptor, A:

D+A—>(D-A)—> (D-A") > D+ A", where the docked donor (reactant) and acceptor
(product) complex marked in parentheses are included in thereaction. An activetion energy for the
electron transfer arises because (a) the electron in the donor complex has a different potential and
free energy than the acceptor complex; (b) the transfer of the electron results in a change of the
internuclear distances in the atoms that surround the eectron, and (c) a “reorganization energy”.
As shown in Fig 1-18, the reorganization energy, A, is the energy that is required to change the
average internuclear distance, X;°, of the reactant, to that X,°, of the product complex without
electron transfer. This can be described in a diagram showing the energy of the electron in the
donor and acceptor complex, which moves in the eectrogtatic field created by the nucle, as a
function of the average internuclear distance in the donor (D) and acceptor (A) complex (Figure 1-
18).

The G, and G, curves in Fig 1-18 are assumed to be equal parabolae corresponding to
oscillators with the same frequency. The equation of the two curves are (DeVault, 1984):

2
(X-x?)
GD = kH TD + Gg (1‘893.)
(x-x)
GA = kH TA + GX, (1‘89b)
with k,, = force constant (Hooke' s law) of the parabolae. From Figure 1-18, measuring from X°
_ (ax°)’
) A=k (1-90)
' e ()
and (i) AG™ =k > ; (1-919)
| . (axe-axiy
then, measuring from X ,°, (iii) AG'=ky~——+AG° (1-91b)

with AG = G — Gg3. Combining (i), (i), and (iii) gives

(A+AG°)2.

i AG* =
) 47

(1-92),

the activation energy, sometimes called the Franck-Condon term.
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Average Inter-Nuclear Distance

Figure 1-18. Free energy of the electron in the donor (D) and acceptor (A) complexes as a function
of the average internuclear distance. X,°, X,° are the inter-nuclear distances for the donor and
acceptor complexes a equilibrium, and AX*, the distance change associated with the gain of

activation energy, AG*, by the donor complex. (XK—XB):AXO; A = reorganization energy.
(modified from (DeVault, 1984)).

Activation-less electron transfer. It can be seen from Eqgn (1-92) that AG* = 0, and the dectron
transfer is activation-less, when AG® = -A. In principle, A can be determined by measuring the rate
of electron transfer asafunction of AG® that gives the maximum rate.

“Inverted region.” When -AG° > A, AG* % 0, and the cross-over coordinate X,, of the G, and G,
energy curvesisat aposition X° < X,°.

Under conditions where the eectronic coupling between donor and acceptor is relatively
week, the rate constant for electron transfer, k,, is proportiona to (a) the “Franck-Condon” term
that includes the effect of the activation energy, Eqn (1-93), and as wdl (b) to a proportionality
factor A(T) that is a function of temperature, and a function e, that describes the dependence on
donor-acceptor distance, d. The distance decay constant, 3, depends upon details of local structure.
Thus,

ke = A(T) - exp(—d) - exp(~AG* / k5 T) (1-93)
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where k, = Boltzmann's constant, 1.38 x 10%° J K™*. Further reading on the above aspects of
intraprotein eectron transfer (Marcus and Sutin, 1985; Gray and Winkler, 1996; Page et al., 1999).

Homework Problem 30. Tabulate or graph the dependence of the relative rate of electron transfer

between electron donor and acceptor as afunction of the AG® for the transfer between them, varied
from +0.1 eV to 1.0 eV, with the reorganization energy, A, = 0.6 eV. Assume dl other parameters

of the electron transfer, including donor-acceptor distance, are constant. For what vaue of AG® is
the rate a maximum? Sketch approximate Marcus potentia energy diagrams for reactant (R) and

proguct (P) states for AG° = + 0.1 eV, — 0.6 €V and — 1.0 eV. (The main parameter of interest is
AGY).

Homework Problem 31. Calculate the activation energy for electron transfer (a) from the quinone,
Q,, to quinone, Qg, if the AGY/F for the reaction = +0.1V; and from bacteriopheophytin to Q, if the
AG’/F =—0.7 V. Assume that the reorganization energy, A, in both cases=+0.6 V.

References:

1. Benz, R, and S. McLaughlin. 1983. The molecular mechanism of action of the proton
ionophore FCCP (carbonylcyanide-p-trifluoromethoxyphenylhydrazone). Biophys. J. 41:381-
398.

Chandrasekhar, S. 1957. An Introduction to Stellar Structure. Chap. 1, Dover, New Y ork.

Cramer, W. A, and D. B. Knaff. 1991. Energy Transduction in Biologicd Membranes.

Springer-Verlag, New Y ork.

DeVault, D. 1984. Quantum-Mechanical Tunneling in Biologica Systems. Cambridge

University Press, Cambridge.

Dill, K. A. 1997. Additivity principlesin biochemistry. J. Biol. Chem. 272:701-704.

Dutton, P. L. 1978. Redox potentiometry: determination of midpoint potentials of oxidation-

reduction components of biological e ectron transport systems. Meth. Enz. 54:411-435.

Eisenberg, D. S, and D. M. Crothers. 1979. Physical Chemistry with Applications to the Life

Sciences. Benjamin Cummings, Menlo Park.

Gould, J. M., and W. A. Cramer. 1977. Relationship between oxygen-induced proton efflux

and membrane energization in cells of Escherichia coli. J. Biol. Chem. 252:5875-5882.

9. Griko, Y., S. D. Za&haov, and W. A. Cramer. 2000. Structura stability and domain
organization of colicin E1. J. Mol. Biol. 302:941-953.

10. Hill, T. L. 1966. Lectures on Matter and Equilibrium. W. A. Benjamin, New Y ork.

11. Jagendorf, A., and E. Uribe. 1966. ATP formation caused by acid-base trangition of spinach
chloroplasts. Proc. Natl. Acad. Sci. USA. 55:170-177.

12. Krishtalik, L. 1., and W. A. Cramer. 1995. On the physical basis for the cis-positive rule
describing protein orientation in biologica membranes. FEBS Lett. 369:140-143.

13. Luft, R, D. Ikkos, G. Pamieri, L. Erngster, and B. Alzdlius. 1962. A study of severe
hypermetabolism of non-thyroid origin with a defect in the maintenance of mitochondria
respiratory control: a correlated clinica, biochemica, and morphologica study. J. Clin. Invest.
41:1776-1804.

14. Mahan, B. H. 1964. Elementary Chemical Thermodynamics. W. A. Benjamin, New Y ork.

15. Mitchdl, P. 1966. Chemiosmotic coupling in oxidative and photosynthetic phosphorylation.
Biol. Rev. Cam. Phil. Soc. 41:445-502.

16. Mitchell, P. 1976. Possible molecular mechanisms of the protonmotive function of cytochrome
systems. J. Theoret. Biol. 62:327-367.

17. Racker, E., and W. Stoeckenius. 1974. Reconstitution of purple membrane vesicles catalyzing
proton uptake and adenosine triphosphate formation. J. Biol. Chem. 249:662-663.

© N oo A~ WD

Copyright by Cramer and Soriano, 2002



BTOL-Bioenergetics 58

18. Ramos, S, and H. R. Kaback. 1977. The relationship between the eectrochemical proton
gradient and active transport in Escherichia coli membrane vesicles. Biochemistry. 16:854-859.

19. Rich, P, and D. Bendall. 1980. The kinetics and thermodynamics of the reduction of
cytochrome ¢ by substituted p-benzoquinolsin solution. Biochim. Biophys. Acta. 592:506-518.

20. Rosing, J., and E. C. Sater. 1972. The vadue of AGO for the hydrolysis of ATP. Biochim.
Biophys. Acta. 267:275-290.

21. Thayer, W. S, and P. C. Hinkle. 1975. Synthesis of adenosine triphosphate by an atificidly
imposed electrochemical proton gradient. J. Biol. Chem. 250:5330-5335.

22. Tinoco, |., K. Sauer, and J. C. Wang. 1978. Physical Chemistry: Principles and Application in
the Biological Sciences. Prentice-Hall, Englewood.

23. West, 1., and P. Mitchell. 1972. Proton-coupled 3-galactoside trand ocation in non-metabolizing
Escherichia coli. J. Bioenerg. 3:445-462.

Copyright by Cramer and Soriano, 2002



