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Thermodynamics of Protein Structure
Formation and Function

Dan W. Urry
Bioelastics Inc., Vestavia Hills, Alabama
USA

1. Introduction

1.1 The birth of thermodynamics with the development of the steam-powered heat
engine

Thermodynamics was born of the need to improve efficiency of the steam-powered heat
engine in order that flooded salt mines of England could become more productive. The
water-to-vapor phase transition provides the physical property whereby the steam-powered
heat engine functions. Heat flows into the engine at the 100°C of the phase transition to
effect a dramatic volume expansion. For the steam-powered heat engine, heating causes expansion
to perform mechanical work. Principal contributors to the initial development of
thermodynamics were Nicolas Léonard Sadi Carnot (1824), French physicist and military
engineer who died of cholera in 1832 at the age of 36 and William Thomson (Lord Kelvin), a
physicist and engineer of the University of Glasgow, whose contribution was in the period
of 1840 to 1855 (Smith, 1977).

Looking back at this remarkable development, Prigogine and Stengers (1984a) state, under the
section heading of “Heat, the Rival of Gravitation” that “Out of all this common knowledge,
nineteenth-century science concentrated on the single fact that combustion produces heat and
that heat may lead to an increase in volume; as a result, combustion produces work. Fire
leads, therefore, to a new kind of machine, the heat engine, the technological innovation on
which industrial society was founded.” Heating water at 100°C converts water to steam, a
phase transition, to an increase in disorder (in entropy). Perhaps Lord Kelvin's statement of
the Second Law of Thermodynamics is most relevant to our concerns, which is “It is
impossible to convert heat completely into work in a cyclic process.” Greater efficiencies in the
conversion of heat into work become possible when heat is poured into a system at the
temperature of a transition. Biology utilizes a unique and unfailing two-component phase
transition of protein-in-water, and biology does so with a particularly empowering twist made
possible by the accuracy and diversity of its protein sequences.

1.2 The aqueous protein-based heat engine of biology

The heat engine of biology comprises a two-component system of protein-in-water. Heating
the fully hydrated (soluble) protein effects a phase separation of hydrophobic association
(an association of oil-like side chains) that results in contraction. As depicted in Figure 1A, a
model protein of the repeating pentamer sequence, (glycyl-valyl-glycyl-valyl-prolyl),s;, in
water (cross-linked by y-irradiation to form a transparent elastic-contractile sheet) is swollen
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4 Application of Thermodynamics to Biological and Materials Science

below the temperature of the transition and contracts on heating to raise the temperature
from below to above the that of the phase transition. As seen in Fig. 1B, on heating the strip
becomes transiently opaque, while contracting to lift a weight in the performance of
mechanical work. For the protein-in-water heat engine of biology, heating causes contraction to
verform mechanical work.

Fig. 1. An aqueous protein-based heat engine of biology, a water swollen sheet and a
contracting strip of the cross-linked (GVGVP)251, which is the basic elastic-contractile model
protein of our study

A. Water-swollen transparent sheet below the temperature of the onset of the phase
transition.

B. Upper: Aqueous chamber at a tilt containing a thermocouple and a strip, the heat engine,
stretched by an attached weight. Lower: As the temperature is raised through that of the
phase transition, the protein in water heat engine performs the work of lifting a weight by
contraction. From Urry, 1995 with permission of Ann States Photography.

For warm-blooded animals, however, temperatures change very little. Importantly in these
cases, the protein-in-water heat engine does not require heating to raise the temperature
from below to above the temperature of the reversible phase separation of hydrophobic
association in water to drive contraction. Instead contraction by hydrophobic association
occurs by lowering the transition temperature from above to below body temperature, as
attached biological functional groups are converted to their more hydrophobic states. The
transition temperature is lowered by means of chemical or electrochemical energy inputs
that convert a functional group from a more-polar to a more-hydrophobic state, such as
occurs on charge neutralization or otherwise removal of charge. In mammals, when the
temperature of the phase separation is lowered from above to below 37°C, contraction
occurs as low entropy hydrophobic hydration becomes higher entropy bulk water (See
section 9: Summarizing Comments).

In your author’s view, only when this increase in entropy (of pentagonal rings of
hydrophobic hydration becoming less-ordered bulk water) is explicitly taken into
consideration, can treatments of biological energy conversion involving changes in
hydrophobic association in water be consistent with the Second Law of Thermodynamics.
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Thermodynamics of Protein Structure Formation and Function 5

That this performance of work, seen on charge neutralization, still represents an underlying
protein-based heat engine is easily demonstrated. Here we note a family of model protein
compositions that is considered in more detail below in Section 6. At pH 7.5 in phosphate
buffered saline, the glutamic acid (E, Glu) residue in Model protein i, (GVGVP GVGVP
GEGVP GVGVP GVGVP GVGVP)3sGVGVP, is ionized as the carboxylate (-COO"). This
designed ECMP contracts when the temperature is raised from 55 to 70°C. For Model
protein i lowering the pH to 3 forms the uncharged carboxyl (-COOH) and under this
circumstance contraction occurs on raising the temperature from 15 to 30°C. Thus, at pH 7.5
Model protein i is a protein-in-water heat engine that contracts with a transition centered
near 60°C, and at pH 3 Model protein i is a protein-in-water heat engine that contracts with
a transition centered between 20 and 25°C. Thus, at pH 7.5 Model protein i performs thermo-
mechanical transduction at elevated temperature, and at pH 3 Model protein i performs
thermo-mechanical transduction below physiological temperature.

Also, Model protein i, at physiological temperature (37°C) and physiological pH, dissolves
in water or occurs as a swollen cross-linked matrix. At 37°C, on lowering the pH to 3 the
dissolved solution phase separates by hydrophobic association and the swollen cross-linked
matrix contracts by hydrophobic association, with release of water, to perform chemo-
mechanical transduction. Numerous functional groups of biology, attached to designed
ECMP, drive contraction on conversion from their more polar state to their more
hydrophobic state. Neutralization of charge results in formation of more hydrophobic
hydration (See Figs. 10C and 12), with a negative SAH and a larger positive 5[-TAS] (See Eqn.
4 of section 6.1.1 and associated discussion). This requires that the phase transition, where
AH; = T\AS,, occurs at a lower temperature. This AT-mechanism of energy conversion
derives from input energies that shift the onset temperature, Ty, of phase transitions. The T;-
based Hydrophobicity Scale, of all amino acid residues in their different functional states (as
applicable) and of additional functional groups, allows for the phenomenological design of
ECMP capable of performing diverse free energy transductions (Urry, 2006a).

Experimental evaluations - 1) of the change in Gibbs free energy for hydrophobic
association, AGua, to obtain a AGua-based Hydrophobicity Scale (Urry, 2004), 2) of an
apolar-polar repulsive free energy of hydration, AG,,, where charge disrupts hydrophobic
hydration, and 3) of the mechanism of protein elasticity - allow insight into protein
function, design of ECMP as transductional drug delivery/diseased cell targeting vehicles,
and of many other medical and non-medical applications (Urry, 2006a; Urry et al., 2010).

1.3 Biology’s inverse temperature transition, the rival of gravitation

Thus, for the biological world we note the Prigogine and Stengers (1984a) assertion that for
the industrial world “Heat, the Rival of Gravitation” drives the phase transition of a more-
ordered, condensed state of bulk water to the more-disordered, expanded gaseous state of
steam to achieve mechanical work by expansion. And we extend it here to the biological world
and argue that “Heat, the Rival of Gravitation” drives a phase transition to increased protein
order by association of hydrophobic (oil-like) groups within and between protein chains to
achieve mechanical work by contraction, (Urry, 1995; 1997; 2006a; Urry et al, 2010).

Central to understanding this phenomenon is that hydrophobic hydration is low entropy,
structured water. Before the protein-in-water transition occurs, structured water arranges as
pentagonal rings in association with hydrophobic groups (Stackelberg & Miiller, 1951; 1954;
Teeter, 1984), as may be seen in Fig. 2. During the phase transition of hydrophobic

www.intechopen.com



6 Application of Thermodynamics to Biological and Materials Science

Wall-cyc pair Cross-cyc pair

Fig. 2. Stereo views of residual pentagonal rings of hydrophobic hydration in association
with hydrophobic moieties of L18 (leucine) and R17 (arginine) residues, after hydrophobic
association of the small protein, crambin. From Teeter, 1984 with permission of M. M. Teeter.

association, the pentagonal rings of water of hydrophobic hydration become more-
disordered as pentagonal rings of water become higher entropy bulk water (Urry et al,,
1997). This decrease in order of water, i.e., increase in entropy, overwhelms in magnitude
the increase in order on protein association, i.e., decrease in entropy, as hydrophobic groups
of protein associate in the process of contraction (See section 6.1.3). To emphasize this
distinction, the ECMP-based phase transition to greater order of the model protein on
raising the temperature is called an inverse temperature transition, (ITT). This is protein
ordering on heating through the ITT of the ECMP, which ordering can be seen
microscopically as the formation of twisted filaments that associate to form fibrils and fibers
(Urry, 1992) and can even be seen with cyclic analogues of the model proteins as reversible
crystallization on heating (Urry et al. 1978; Cook et al. 1980).
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Fig. 3. Representation of endothermic phase transitions of (GVGVP)zs:- in-water. From
Figure 5.2 of Urry, 2006a.
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Thermodynamics of Protein Structure Formation and Function 7

Thus, without explicit consideration of water, which goes from being more-ordered to being
less-ordered on raising the temperature from below to above the phase transition, the ITT of
the protein-in-water heat engine of biology would seem to contradict the Second Law of
Thermodynamics. But in fact, the heat driven increase in disorder (in entropy) as pentagonal
rings of hydrophobic hydration become less-ordered bulk water is greater than the increase
in order (decrease in entropy) as the model protein associates. Thus, in spite of the increase
in order of the protein component, the ITT of ECMPs, is endothermic like those of the other
transitions of water-to-vapor and ice-to-water, as water goes to a state of higher entropy of
Fig. 3.

In summary, the water-to-vapor phase transition results in a dramatic increase in entropy of water
and thereby enables the steam engine of the 19t Century Industrial Revolution to perform work by
expansion. More profoundly, in your author’s view, biology’s inverse temperature transition results
in a remarkable increase in entropy of water as pentagonal rings of hydrophobic hydration become
higher entropy bulk water - whether driven by thermal energy input to raise the temperature through
the phase transition or by chemical and other energy inputs that lower the temperature of the phase
transition to hydrophobic association from above to below the operating temperature. This enables the
diverse protein-based machines that sustain living organisms to perform work by contraction (Urry,
1995, 1997, 2006a; Urry et al., 2010).

1.4 Contrast between the arrow-of-time for the universe and the arrow-of-time for
biology

Expressing his high esteem for the Second Law of Thermodynamics Eddington (1958)
stated, “The law that entropy always increases - the second law of thermodynamics - holds,
I think, the supreme position among the laws of Nature.” With entropy measuring the
increase in disorder, i.e., the increase in randomness, Eddington put forth the concept of
“times arrow,” (now commonly referred to as the arrow-of-time) using the argument, “Let
us draw an arrow arbitrarily. If as we follow the arrow we find more and more of the
random element in the state of the world, then the arrow is pointing towards the future; if
the random element decreases the arrow points toward the past. That is the only distinction
known to physics. I shall use the phrase ‘times arrow’ to express this one-way property of
time which has no analogue in space. It is a singularly interesting property from a
philosophical standpoint.”

Considering the arrow-of-time, Toffler (1984), in the Forward to “Order Out of Chaos: Man's
New Dialogue with Nature,” (Prigogine & Stengers, 1984), addressed the dichotomy
presented by biology with, “Imagine the problems introduced by Darwin and his followers!
For evolution, far from pointing toward reduced organization and diversity, points in the
opposite direction. Evolution proceeds from simple to complex, from ‘lower” to ‘higher’
forms of Life, from undifferentiated to differentiated structures. And, from a human point of
view, all is quite optimistic. The (biological) universe gets ‘better’ organized as it ages,
continually advancing to a higher level as time sweeps by.” The Toffler Forward set the
stage for the Prigogine & Stengers thesis from the discipline of non-equilibrium
thermodynamics, under which circumstances less-ordered systems may spontaneously give
rise to complex more-ordered systems. Again quoting from Prigogine & Stengers, (1984b),
“We can speak of a new coherence, of a mechanism of ‘communication” among molecules.
But this type of communication can arise only in far-from-equilibrium conditions. It is quite
interesting that such communication seems to be the rule in the world of biology. It may in
fact be taken as the very basis of the definition of a biological system.”
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8 Application of Thermodynamics to Biological and Materials Science

Your author has previously argued (See the Epilogue of Urry, 2006a) that, while the energy
required to produce the great macromolecules of biology is very large, the macromolecules
themselves are not-so-far-from-equilibrium, due to discarding of 8 kcal/mol-residue with
the addition of each residue. Yet repulsive free energies within complementary protein
sequences can drive association between them. For further discussion of this issue see
section 2.

1.5 The components of this paper

Our perspective of the thermodynamics of protein structure formation and function unfolds
below in seven parts: 1) Description of a key step in the biosynthesis of biomacromolecules,
the nucleic acids and proteins, whereby biology achieves order out of chaos. The key step
simply exemplifies an energy-fed reversal of biology’s otherwise vaunted exception to the
universal arrow-of-time. 2) Development of a model system of elastic-contractile model
proteins (ECMPs) with which to establish the thermodynamics of hydration and of elasticity
in protein function. 3) Phenomenological demonstration of a family of 15 pair-wise energy
conversions achievable by designed ECMP capable of a thermally driven inverse
temperature transition (ITT) to increased order by hydrophobic association. Thereby
numerous inputs of intensive variables of the free energy - mechanical force, pressure,
chemical potential, temperature, electrochemical potential, and electromagnetic radiation -
act on different functional groups to change the temperature of the ITT. 4) Development of
the thermodynamics of protein hydration (AGua and AG,p) and of elasticity (the internal
energy, fg, and entropy, fs, components of force) as established by designed ECMP. 5)
Noting how the Genetic Code (which is common to all characterized life on earth) facilitates
protein-based machine evolution, new energy sources and improved machine efficiencies
are, thereby, shown to be accessible at no increase in the energy required to produce new
and/or more efficient protein machines. 6) The thermodynamics of protein hydration (AGua
and AG,p) and of elasticity (fg and fs) are shown to be operative in biology’s protein-based
machines. 7) Application of the thermodynamics of Eyring’s Absolute Rate Theory to the
essential functions of trans-membrane transport processes of biology allows that the single
image of the Gibbs free energy profile for ion passage from one side to the other of a cell
membrane through a conduit of protein is sufficient to calculate trans-membrane ion
currents as a function of ion activity and trans-membrane potential. This means of analysis,
extrapolated to an array of essential biological trans-membrane transport processes, points
to a future of a remarkable Eyring legacy, even to the trans-membrane transport processes
of the energy factory of the living cell, the mitochondria of the animal kingdom and the
chloroplasts of the plant kingdom.

2. How does biology reverse the universal arrow-of-time to achieve its order
out of chaos?

In an early consideration relevant to biology’s reversal of the universal arrow-of-time,
Schrodinger (1944a) reasoned, “... we had to evade the tendency to disorder by ‘inventing
the molecule’, in fact, an unusually large molecule which has to be a masterpiece of highly
differentiated order....” Almost a decade later Sanger (Sanger, 1952; Sanger & Thompson,
1953a; 1953b) demonstrated that proteins have specified sequences. The means whereby
biology achieves specified sequences for large chain molecules and the Genetic Code (See section 5)
provide the solution as to how biology reverses the universal arrow-of-time, given sufficient energy
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Thermodynamics of Protein Structure Formation and Function 9

supply. Anticipating construction of biological molecules different from anything as yet
characterized by 1944, Schrodinger (1944b) further reasoned, “...from all that we have learnt
about the structure of living matter, we must be prepared to find it working in a manner
that cannot be reduced to the ordinary laws of physics.” With remarkable foresight, he then
went on to say, “... not on the grounds that there is any ‘new force” or what not, directing
the behaviour of the single atoms within a living organism, but because the construction is
different from anything we have yet tested in the physical laboratory.”

Indeed, a protein, in general, is in the words of Schrodinger (1944a) “an unusually large
molecule” and always “a masterpiece of highly differentiated order.” For a protein is a
polymer, a polypeptide, in which each peptide unit may be formed of any one of 20
chemically and structurally diverse amino acid residues. So differentiated is the order that a
100 residue protein with the possibility of any one of twenty amino acid residues in each
position gives the probability of a particular sequence as one in 10131,

The key process in biology’s reversal of the universal arrow-of-time resides within the
synthesis of the magnificent macromolecules of biology, the nucleic acid and protein chain
molecules of biology. These polymers exhibit precise sequences of subunits. The repeating
units derive from four distinct nucleotides in each of the deoxyribonucleic acids (DNAs) and
the ribonucleic acids (RNAs) and from 20 distinct amino acid residues of proteins. Once
these remarkably accurate sequences of diverse amino acids are obtained, three dimensional structure
and function follow. The primary structure, for example the accurate sequence of diverse
amino acids of a protein, dictates protein folding and assembly, i.e., dictates three-
dimensional structure (Anfinsen, 1973). Also, by the analysis reviewed here, the changes in
structure that result in function, arise out of discrete energy inputs acting on biological
functional groups attached to protein to bring about changes in hydrophobic association
and often coupled with elastic deformation. Accordingly, an understanding, of how biology
achieves order out of chaos and reverses the universal arrow-of-time, has as its basis an
understanding of the thermodynamics whereby precise protein sequences are obtained, the
Genetic Code, and the thermodynamics of protein function. In your author’s view, central to
understanding the energy conversions that constitute protein function are knowledge of the
thermodynamics of hydrophobic hydration, elasticity, and Eyring Rate Theory.

2.1 A common key step whereby biology achieves order out of chaos in the
biosynthesis for each of its great macromolecules — DNA, RNA, and protein

During construction of the nucleic acids and proteins of biology, the growing polymers are
not-so-far-from-equilibrium. While protein and nucleic acid biosyntheses do require a very
large amount of energy, the completed chain is never-very-far-from-equilibrium. The
addition of each single amino acid residue for protein synthesis or of a triplet nucleotide
codon of nucleic acid synthesis per amino acid, consumes ~24 kcal/mol of free energy.
Discarding 24 kcal/mol to the environment, on adding each triplet codon to the growing
nucleic acid and each amino acid residue to the growing protein chain, reproducibly
produces accurate sequences. A precise sequence dictates the three-dimensional structure of a
protein in water for a given state of the functional groups of the sequence and of functional groups
otherwise bound to the protein. And changes in state of the associated functional groups result in
structural changes that give rise to function.

In the biosynthesis of protein the activation of each amino acid (AA) and transfer to tRNA
by aminoacyl-tRNA synthetase is given as follows: AA + ATP + tRNA = AA-tRNA + AMP +
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10 Application of Thermodynamics to Biological and Materials Science
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Fig. 4. Free energy profile for the reaction of amino acid (AA) plus ATP plus tRNA to
produce the activated amino acid, i.e., AA-tRNA, ready for selective addition to the growing
protein chain. The reaction may be seen in two steps: 1) The formation of AA-tRNA + AMP
+ PP, which is perfectly reversible with an equilibrium constant of one and the ratio of
reactant to product of 1:1, 2) The enzymatic breakdown of pyrophosphate, PP — 2Pi + 8
kcal/mol, results in an irreversible overall reaction, i.e., K~ 5x105. This very large cost of 800
kcal/mol-residue activation for production of a 100-residue-protein provides the free energy
required for the peptide bond formation. There is yet another 1500 kcal-mol-(AA-tRNA) to
bring the 100 AA-tRNA molecules out of disarray into alignment (see Eqns. 3b and 3c).
Thus, some 2300 kcal/ mol-residues added to take 100 amino acids (AA) out of chaos and to
form a 100-residue protein of specified sequence.

PP(pyrophosphate), where AA stands for amino acid, ATP for adenosine triphosphate,
tRNA for transfer-RNA, AA-tRNA for the activated amino acid as aminoacyl-tRNA energy-
wise readied for addition to the growing protein chain, and PP for pyrophosphate. The
equilibrium constant for this reaction required for attachment of each amino acid residue to
tRNA is of the order of 1, i.e, K ~ 1. The reactants and products occur at a ratio of
approximately one. Due to the presence of an abundance of pyrophosphatase, catalytic
breakdown of pyrophosphate immediately ensues, i.e., PP — 2Pi (inorganic phosphate) +
8kcal/mol. At each step of residue activation, a free energy of 8 kcal is released per mole of
residue activated. As shown in Figure 4, this lowers the free energy of products by 8
kcal/mol. Based on this activation step alone, only one error would be made during the
addition of some 500,000 residues. The free energy of pyrophosphate hydrolysis of 8
kcal/mol-residue-activated for addition to the growing chain immediately dissipates into
the environment and is no longer associated with the process of chain growth. (For further
discussion see Chapter 4 Likelihood of Life’s Protein Machines: Extravagant in Construction
Yet Efficient in Function of Urry, 2006a).
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Thermodynamics of Protein Structure Formation and Function 11

“Thus, (rather than employing far-from-equilibrium conditions) biology produces its macromolecules
by means of an energetically extravagant, step-by-step, methodical march out of chaos” (See the
Epilogue of Urry, 2006a).

2.1.1 Replication of DNA by G-C and A-T base pairings

Three steps lead to the biosynthesis of protein. These are: replication, wherein the strand of
DNA that encodes protein sequence is duplicated for a daughter cell; transcription, the
conversion of DNA into the equivalent sequence of RNA, and translation, the conversion of
the ribonucleic acid sequence into the specified protein sequence. Beginning with replication
of DNA, i.e.,

parent DNA — replication - DNA of daughter cell 1)

An overall expression for DNA replication may be written as,

pATP + qGTP + rTTP + sCTP = DNA + (p+q+r+s)PP (1a)

where A (adenine), G (guanine), T (thymine) and C (cytosine) are the four bases, and the
nucleotides - AMP (adenosine monophosphate), GMP (guanosine monophosphate), TMP
(thymidine monophosphate), CMP (cytidine monophosphate) are the repeating units added
one-by-one to form DNA. This applies to the synthesis of each strand of DNA to duplicate the
DNA double helix. For biosynthesis of a 100-residue protein, the sum, (p + q + r + s) = 300.

A codon, which is a specific sequence of three bases, in general, encodes for one of the 20
amino acid residues, and there is a redundancy of codons for most amino acids. For
example, there are four codons that encode for G (glycine, Gly) and a different four codons
encode for V (valine, Val), and yet another set of four codons encode for P (proline, Pro), for
A (alanine, Ala), and for L (leucine, Leu). On the other hand only one codon encodes for W
(tryptophan, Trp) and six codons encode for R (arginine, Arg). The Genetic Code is a table
that lists the codons that encode for each amino acid. As discussed in Section 5 below, the
Genetic Code is arranged remarkably well for evolution of diverse and efficient protein-
based machines that utilize modulation of inverse temperature transitions for function.
Again reaction (la) occurs at near equilibrium for each nucleotide addition, but an abundant
pyrophosphatase by way of reaction (1b) catalyzes the breakdown of pyrophosphate, PP,
into 2 inorganic phosphates, 2Pi, and in the process releases 8 kcal/mol of energy to be
dissipated into the environment, including heat that is no longer to be associated with the
growing biomacromolecule.

(p+q+r+s)PP — pyrophosphatase > 2(p +q+1r+s)Pi +(p+q+1+s)x8kcal/mole (1b)

Thus, when encoding for a 100-residue protein, which requires a sequence of 300 nucleotides,
there would be a free energy of (300 x 8) kcal/mol-residue released into the environment, that
is, 2400 kcal/mol-300 base daughter cell DNA, which by transcription gives a 300 base strand
of RNA, see Eqns. (2), as required for production of a 100-residue protein.

2.1.2 Transcription of DNA to produce RNA by G-C and A-U base pairings

The four bases of RNA are - adenine (A), guanine (G), uracil (U), and cytosine (C) - and the
added nucleotide residues are - adenosine monophosphate (AMP), guanosine
monophosphate (GMP), uridine monophosphate (UMP), and cytidine monophosphate
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12 Application of Thermodynamics to Biological and Materials Science

(CMP). The reaction constitutes transcribing a strand of deoxyribonucleic acid, DNA, into a
strand of RNA. The statement of which may be given as Eqn. (2), i.e.,

DNA — transcription - RNA ()

The stoichiometry of the reaction may be given as,
pATP + qGTP + rUTP + sCTP + DNA = DNA + RNA +

2(p+q+r+s)Pi+ (p+q+r+s)x8kcal/mol (2a)

Again, to encode for a 100-residue protein would mean (300 x 8) kcal/mol, or again 2400
kcal/mol being released to the surrounding solution.

2.1.3 Translation of RNA to produce protein
The translation of an RNA sequence into protein of n =100, i.e.,
RNA — translation — protein 3)

stated in terms of four reactions: a) The activation of an amino acid residue, AA,, to its
specific tRNA;, discussed above, wherein AA;, ATP, and tRNA; react to give AA;-tRNA;,
AMP, and 2Pi with release of 8 kcal/ mol-residue, i.e.,

n AA; + N tRNA; + n ATP — n AA-tRNA; + n AMP + 2n Pi + (n x 8) kcal/mol-residue. (3a)

Eqn. (3a) represents a selectivity step where the correct amino acid is attached to its
appropriate tRNA that contains the correct triplet codon for the amino acid being attached
in an activated state. The amino acid selectivity process continues in the following reactions.

n AA-tRNA; + n ribosome(position 1) + n GTP —

N AA-tRNA;j-ribosome(position 1) + nGDP + nPi + (n x 7.5) kcal/ mol-residue, (3b)

transfer to ribosome (position 2)
1N AA;-tRNA;-ribosome(position 1) + n ribosome(position 2) + nGTP —
n ribosome(position 1) + n AA;-tRNA;-ribosome(position 2) + nGDP

+nPi + (n x 7.5) kcal/mol-residue (3¢)

and finally the activated amino acid, AA;-tRNA;, bound at ribosome position 2, is added to
the growing protein chain in its designated position in the sequence, i.e.,

N AA-tRNA;j-ribosome(position 2) — n tRNA; + n AA; in protein (3d)

The cost in terms of Gibbs free energy to add a single amino acid to the growing protein
chain is (8 + 2 x 7.5) kcal/mol-residue, and the cost of producing a 100-residue protein
would be 2300 kcal/ mol-100-residue protein.

As given above, the probability for a precise sequence of a 100-residue protein, with the
possibility of one of 20 amino acid residues in each position, i.e., (1/20)100 = 10 131, When the
equilibrium constant is one, i.e., K = 10-AG/23RT = ], AG is 0, and there is the probability of an
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Thermodynamics of Protein Structure Formation and Function 13

equal number of reactants and products. When the probability of a product is one chance in
107131 for the occurrence of the product, one may write that K = 10-4G/23RT = 107131, or
AG/2.3RT = 131. Solving for the Gibbs free energy, AG= 131 x 2.3RT = 186 kcal/mole-100-
residue protein. Calculated in this manner the efficiency of the synthesis of the 100-residue
protein becomes 186/2300 = 0.08, i.e., an efficiency of the order of some 8%.

As will be noted below, protein-based motors can function at very high efficiencies. The Fi-
ATPase (the Fi-motor of ATP synthase acting in reverse) has been calculated as approaching
100% (Kinosita et al., 2000). This has led to the exclamation that Life’s protein machines are
extravagant in construction yet efficient in function (See Chapter 4 of Urry, 2006a). (Some of
the 1500 kcal/mol pays for a repulsive free energy between hydrophobic and charged groups.)

2.2 Precise primary structure, i.e., sequence, dictates three dimensional structure and
function!

As argued above, a high price in terms of Gibbs free energy is paid in order to obtain
polymers of precise sequence. Consequences of this severe price for precise sequence are the
beautiful functional structures of biology. The more diverse the “side chains” of the
repeating sequence, the more diverse are the functional capabilities. This is why the nucleic
acids with but four similar repeating nucleotides each with the capacity of base pairing, i.e.,
A-T and G-C of poly(deoxyribonucleic acid) DNA and U-T and G-C of poly(ribonucleic
acid), RNA, are suitable for sequence replication and transcription as considered above in
terms of free energy required to produce precise sequences in Eqns. (1) and (2).

At the root of the structuring that becomes a living organism is the primary structure of
DNA, the poly(deoxyribonucleic acid). DNA provides the sequence of bases that ultimately
specify the precise sequence of protein. Protein sequence utilizes 20 structurally diverse
residues that may be broadly classified as aromatic and aliphatic hydrophobic residues, as
negatively and positively charged residues, and as neutral residues with non-ionizable polar
functional moieties, capable, for example, of hydrogen-bonding. Overlapping with the
latter two groups is cysteine with its -SH functional group that is commonly used in
disulfide, -5-S-, cross-linking on formation of cystine.

Again, the probability of a precise sequence, with the possibility of one specific residue out
of 20 residues in each position of even a relatively small 100-residue protein, becomes
(1/20)100 = 10 131, that is, one out 10131 sequences (See Chapter 4 of Urry, 2006a). This truly
enormous number of possible sequences allows for an extraordinary number of protein
three-dimensional structures with which to perform the diverse work (functions) required
to sustain a cell.

2.2.1 Protein performs the work of constructing and maintaining the cell

The precise sequence of a protein, under physiological conditions, dictates the three-
dimensional structure of the protein itself and whether it associates with like subunits to
form an oligomeric protein comprised of symmetrically related subunits and/or with unlike
subunits to form more complex protein structures. A remarkable example is ATP synthase
of more than 20 subunits (10a, 2b, 3a, 3, vy, €). This rotary protein motor combines ADP
(adenosine diphosphate) and Pi (inorganic phosphate) to make 32 of the 36 ATP (adenosine
triphosphate) molecules on complete oxidation of a single molecule of glucose to 6 CO; plus
6 H»O. Recall, ATP is the biological energy currency utilized to perform the work that
sustains and propagates the living cell.
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14 Application of Thermodynamics to Biological and Materials Science

Assemblies of subunits, such as those of the three-fold rotary Fi-motor of ATP synthase, are
dominated by hydrophobic inter-subunit interactions (Privalov, 1990) under the control of
temperature and biological functional groups that can occur in two or more functional
states. The more polar (e.g., charged) state, disrupts hydrophobic association and the more
apolar (the more hydrophobic) favors hydrophobic association, each in a cooperative
manner.

2.2.2 Familiar insights into the changes in hydrophobic associations that give rise to
function

Insight begins with the familiar adage, “Oil and water don’t mix!” Of course, they simply
phase separate. But if oil-like and polar (e.g., water-like) groups are constrained to coexist
along a polymer chain, they can’t phase separate. Instead, the oil-like groups, dispersed
along the polymer chain, self-associate by chain folding and by association with other chain
segments, and, thereby, separate from water. But once the most favorable, the lowest free
energy state, is obtained at a given temperature and pressure, only substantial changes in
solvent or such as phosphorylation can change the state.

A related and more interesting adage becomes, “Oil and vinegar don’t mix!” The solute of
vinegar is principally acetic acid, which can exist in two states, i.e., CH3-COOH S CHs-
COQO™ + H, the very polar charged state, CH3-COO", and the less-polar (more-hydrophobic)
uncharged state, CH3-COOH. Again as for oil and water, phase separation dominates the
mixture of oil and vinegar. When hydrophobic and ionizable groups are forced by sequence
to coexist as demonstrated with certain designed ECMP, it has been shown by means of
substantial physical characterization of ECMP containing a glutamic acid (E, Glu) residue
with the R-group of -CH,-CH»-COOH that the formation of the more polar state of ~-CH»-
CH>-COO™ disrupts hydrophobic association (See for example Urry et al., 1997). It will be
seen below, using the crystal structure of the closed conformation of the full-length KcsA
potassium ion channel (Uysal et al., 2009) that the absence of carboxylate is seen associated
with hydrophobic association that opens the channel, whereas the presence of carboxylate is
seen associated with hydrophobic dissociation (Urry et al., 2010) and a closed channel. And
the pH dependence of the conductance of the KcsA K+*-channel of Thompson et al. (2008)
demonstrates conductance to turn off on the titration of glutamic acids to form charged
glutamates.

Particularly, when the oil-like and charged groups are constrained to coexist by protein
structure, they can be shown to reach out for hydration unperturbed by the other, that is,
there is a competition for hydration between hydrophobic and charged residues (See for
example Urry et al., 1997). This results in an apolar-polar repulsive free energy of hydration,
AGgp. (See Section 6.2.6 below and Urry, 1992; 1997).

2.2.3 Biological polymers of reproducible precise sequence add a nhew wrinkle to the
“laws of physics”

Anticipating construction of biological molecules different from anything as yet
characterized at the time, Schrodinger (1944b) further reasoned, “...from all that we have
learnt about the structure of living matter, we must be prepared to find it (living matter)
working in a manner that cannot be reduced to the ordinary laws of physics.” With
remarkable foresight, he then went on to say, “... not on the grounds that there is any ‘new
force’” or what not, directing the behaviour of the single atoms within a living organism, but
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because the construction is different from anything we have yet tested in the physical
laboratory.” Different constructions arise due to the capacity of biology to synthesize long
proteins of precise sequence. This is because near physiological temperature the
fundamental activation reaction, essentially independent of amino acid structure, has an
equilibrium constant, K, of 1057. This translates into the order of one error in a half a million
residue additions. Again, assuming that the twenty different residues possible at each
position had an equal probability of being added, there would be 103! different sequences
possible for a 100-residue protein. This results in protein constructions that were simply
inconceivable prior to the elucidation protein sequences and protein biosynthesis.

Again as Schrodinger (1944a) stated, "... living matter, while not eluding the 'laws of physics'
as established up to date, is likely to involve 'other laws of physics' hitherto unknown,
which, however, once they have been revealed, will form just as integral a part of this
science as the former." As indicated above, the new wrinkle to the “laws of physics” derives
from an apolar-polar repulsive free energy of hydration, AGg, that can be seen with the disparate
side-chains (e.g., hydrophobic and charged) constrained to coexist along the precise
sequence of which a protein chain is comprised.

It has been seen above that the reproducibly-achieved precise protein sequence (with an
error as small as of one in one-half million residue additions) is achieved at an extraordinary
cost in energy, and as such is consistent with the Second Law of Thermodynamics. It is not
yet understood, however, just how the protein biosynthetic apparatus came into existence
with which to achieve this protein construction so essential to the existence of life as we
understand it.

2.3 Is the construction and maintenance of the biosynthetic apparatus for protein in
accordance with the Second Law of Thermodynamics?

The biomacromolecular composition of the biosynthetic apparatus for production of protein
requires RNA to specify protein sequence and protein catalysis to transcribe DNA into
RNA, to produce tRNA, to attach amino acid (AA;) to tRNA,, i.e., to produce AA;-tRNA;,
and to catalyze the steps in which the correct AA; of an AA;-tRNA; becomes attached to the
correct position in the growing protein chain. The energy required for the latter, some 15
kcal/mol amino acid residue added of Eqns (3b) and (3c) in addition to precise protein
sequence also pays for repulsive free energies that occur between disparate residues. DNA,
RNA and protein chains of precise sequence are all simultaneously required in the first
instance to achieve replication, transcription, translation to protein. How the initial
biosynthetic apparatus came into existence is unknown. Once the ribosomal biosynthetic
apparatus has been assembled with its accessory enzymes and nucleic acids all available,
however, synthesis of protein does not contravene the Second Law of Thermodynamics.

3. A model protein system with which to establish thermodynamics of protein
structure formation and function!

3.1 The composition of the basic model protein, (GVGVP),

Our model protein system, with which to establish thermodynamic elements of protein
function, originates from the mammalian elastic protein, elastin, as a repeating pentapeptide
sequence, (GVGVP), with n < 15, depending on the species. A polypeptide chain may be
represented as [-NH-CHR-CO-], or as [-CO-NH-CHR-], where the side chain (the R-group)
of G (Gly, glycine) is the hydrogen atom, -H, the R-group of V (Val, valine) is -CH(CHzs)»,
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and the R-group of P (Pro, proline) is Ni-CH>-CH,-CH,-C;% i.e., three CH, groups spanning
from the nitrogen atom, N, to the a-carbon of the same residue, i. Therefore, all side chains
in (GVGVP), are either the hydrophobic aliphatic hydrocarbons or the near neutral
hydrogen atom and the only polar group is the recurring dipolar peptide moiety, -CO-NH-.
Chemically and biologically synthesized (GVGVP),, with n ranging up to 200 or more, may
be modified with sparse substitution of V by one or more functional groups, such as the
carboxyls of glutamic and aspartic acids and the amino function of lysine (K, Lys), and
additional biological functional groups such as redox functions, other prosthetic groups,
phosphate, etc. Also, V residues may be replaced by the more hydrophobic F (Phe or
phenylalanine) systematically to raise the hydrophobicity with the result of increased
positive cooperativity giving an increased efficiency of energy conversion. These modified
(GVGVP), are called designed elastic-contractile model proteins (ECMP).

3.2 The molecular structure of the basic model protein, (GVGVP),

Figure 5A schematically represents the molecular structure of the basic model protein,
(GVGVP),, as a series of VPGV B-turns with G spacers. Extending the spacer G residue to
the adjacent V residue a-carbons, the VGV segment allows dynamic torsional oscillations of
the intervening two peptide moieties. The damping of the amplitude of these peptide
torsional oscillations gives rise to the librational entropy mechanism of protein elasticity
(Urry et al., 1982d).

A.
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Fig. 5. Molecular structure of the elastic-contractile model protein, (GVGVP),. The structure
is seen with repeating B-turns separated by dynamic suspended segments that wrap-up
into associating f-spirals and exhibit simultaneous “near ideal” elasticity and phase
transitional behavior from water to associate by hydrophobic interactions.

B. B-turn from the crystal structure of cyclo(GVGVP)3 (Cook et al. 1980) which is the cyclic
correlate of the linear B-spiral of D and E (Urry et al., 1981; Venkatachalam, et al. 1981;
Venkatachalam and Urry, 1981). F. Adapted from Urry et al., 1982d.
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Fig. 6. Elements for understanding the nature of elasticity of the basic elastic-contractile
model protein, (GVGVP),.
A. The structural elements for propagation of a rudimentary chain (Eyring, 1932). Bond

length (¢), backbone bond angle (0), torsion, or dihedral, angle (¢) due to rotation about

bonds (Adapted from Urry, 1982).

B. Unrolled perspective of the B-spiral of (GVGVP), showing suspended segments where
peptide moieties are free to undergo large amplitude oscillations (peptide librations)
involving the paired (ys4 & ¢5) and ys5 & ¢1 torsion angles. (From Urry, 1983)

C. Representation of entropy as a volume in configuration space, with axes plotting
amplitude of torsion angle oscillations. As the volume increases due to larger torsion angle
oscillations, a greater entropy can be calculated. (From Urry et al., 2010).

D1. One turn of the B-spiral with 2.7 B-turns per turn of spiral and an h of 3.5 A showing the
large torsion angle oscillations between the first and second B-turns. D2. On extension to an
h of 8.0 A, note damped oscillations. (From Urry & Venkatachalam, 1983).

E. Single-chain force-extension/ relaxation curves, development of force during pulling in the z-
direction of an AFM device with scans labelled from the bottom as Adapted from Urry et al., 2002.
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The details of the B-turn are seen in Figure 5B, as obtained from the crystal structure of
cyclo(GVGVP)3 (Cook et al. 1980), which is the cyclic conformational correlate of the linear
B-spiral conformation, as shown experimentally and computationally (Urry et al. 1981;
Venkatachalam, et al. 1981; Venkatachalam and Urry, 1981). The linear f-spiral
conformation is represented in increasing detail in Figures 5C, D, and E (Urry, 1990; 1991).
Based on optical diffraction of negatively stained electron micrographs from incipient
aggregates of dilute solutions (Volpin et al., 1976), three B-spirals of (GVGVP), are thought
to form twisted filaments as represented in Figure 5F (Urry et al., 1982d).

3.3 The unique properties of the basic model protein, (GVGVP),: “Near ideal”
elasticity and phase transitional behavior

It is extraordinary that the basic model protein system, (GVGVP), in water, simultaneously
exhibits “near ideal” elasticity and thermally-elicited phase transitional behavior. To
emphasize this unique and useful combination of properties, protein-based polymers based
on (GVGVP), have been given the descriptive name of elastic-contractile model proteins
(ECMPs).

3.3.1 The “near ideal” elasticity of the basic model protein, (GVGVP),

An understanding of the “near ideal” elasticity of (GVGVP), may be gained by discussing
the component parts of Fig. 6, above. In particular, the curves of Fig. 6E utilized the basic
atomic force microscope (AFM) (Hugel, 2003; Urry et al. 2002). Instead of imaging structures
on a surface by rastering in the x- and y-dimensions, the cantilever tip moves in the z-
direction with a long chain molecule spanning from the cantilever tip to the substrate
surface to give a stress-strain curve that measures single-chain elasticity.

Ideal elasticity occurs when the plot of the force versus relaxation curve exactly overlays the
force versus extension curve. Within the sensitivity (the noise level) of the measured stress-
strain curves of Fig. 6E, the extension and relaxation traces of curves @ and ® overlap. For
curves @ and ©®, therefore, the energy expended on extension is entirely recovered on
relaxation, that is, these curves provide examples of ideal elasticity exhibited by extension
and relaxation of a single-chain of Cys-(GVGVP)s50.-Cys. (Note: The Cys (cysteine, C)
residues are present to achieve chemical (sulfhydryl) attachment to the cantilever tip of the
AFM and for sulfhydryl attachment to the substrate surface.)

On the other hand curves ©, ®, @, and ® of Fig. 6E exhibit a higher noise level and in the
original data separation is detectable as extension becomes greater than 600 nm. In these
cases the extension curve is slightly higher than the relaxation curve, i.e., the cost in energy
for extension is greater than the energy recovered on relaxation. Extension curves that occur
at higher force levels than the relaxation curves are said to exhibit a hysteresis, which is an
energy loss.

As seen in Fig. 4 of Urry et al. 2002 for Cys-(GVGIP)20-Cys, the energy expended for
extension is several times that recovered on relaxation. This is due in part to the greater
hydrophobicity of (GVGIP) than of (GVGVP). The increase in the change in Gibbs free
energy for hydrophobic association, AGua, results in a greater propensity for association
with non-load bearing chain segments. A higher force on extension is required to disrupt
these associations. The greater expenditure of energy to extend and disrupt these
hydrophobic associations is not recovered on relaxation.

When the single-chain force-extension studies on Cys-(GVGIP)25-Cys occur at very high
dilution, however, essentially near ideal elasticity can be obtained. A slight hysteresis of
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each of the curves, ©, @, @, and ® of Fig. 6E, may be due to the chain folding back on itself,
as time was allowed at low extension to increase the likelihood of backfolding (Hugel, 2003).
As seen in Fig. 5E, the translation along the spiral axis for each complete turn is 1nm, and
one complete turn requires three pentamers. Also, note in Fig. 6D1 that it is one turn of
spiral, i.e., three pentamers, that is used in the calculation of the damping of torsion angle
oscillations on extension by 130% from a value of 1 nm to 2.3 nm. Using the insight of Fig.
6C and the decrease in amplitude of torsion angle oscillation on extension, the change in
entropy, AS, can be calculated by the equation, AS = R In[IT;A¢ie Ayie /TTAdr Ayyr].

The total elastomeric force, fr plotted in Figure 6E, is the sum of an entropic component of
force, fs, and an internal energy component of force, fg, i.e., fr = fs + fe. The entropic
component of elastic force is calculated as fs = -T(9S/0L)vr, where 95 is calculated from the
above expression for AS and dL derives from the 130% extension as used in Fig. 6D2. The
sources of fr derive from the reversible deformation of the angle, 6, and of the bond length,

¢, both of Fig. 6A. (See section 6.2.10, below.)
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Fig. 7. Characterization of the (GVGVP),-in-water inverse temperature transition, using
temperature dependence of turbidity and differential scanning calorimetry. From Urry, 1997.
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3.3.2 The phase transitional behavior of the basic model protein, (GVGVP),

The basic elastic-contractile model protein, (GVGVP),, is miscible with water in all
proportions below the onset temperature of the inverse temperature transition (ITT), i.e., the
solutions are clear below 25°C. As depicted in Fig. 7A for concentrations of less than 400
mg/ml, on raising the temperature above 25°C, the clear aqueous solution becomes cloudy,
and on standing phase separation occurs to form a viscoelastic state of 63% water and 37%
model protein by weight, which constitutes a one molar concentration of pentamers,
(GVGVP), of approximately 400 mg/ml (Urry et al., 1985).

As shown in Fig. 7B, when the phase separation process is followed spectroscopically, the
onset of turbidity of a 40 mg/ml solution of (GVGVP)s; begins at about 25°C. Turbidity
continues on to a maximal value, 100% turbidity. The value of T is taken at 50% turbidity to
give in this case a value of 26.7°C, which value is bold-faced in this case to indicate that it is
for the homopolypentapeptide, (GVGVP),, i.e., for a polypentapeptide for which the mole
fraction, fy, is one. In characterizations below, whenever values are for a general
polypentapeptide, (GXGVP) as in poly[fv(GVGVP), fx(GXGVP)], the quantities are not bold-
faced until the data for several values of fx have been determined and then extrapolate to fx
= 1. At fx = 1, i.e, for (GXGVP),, the values, the thermodynamic quantities for the
homopolypentapeptide, are to be bold-faced. All quantities for fx = 1 are then compared for
the development of the T and AGua-Hydrophobicity Scales. The values of AGua are
similarly obtained from differential scanning calorimetry (DSC) data.

The DSC curve for (GVGVP)25; in 40 mg/ml of water is given in Fig. 7C. The onset of the
endothermic transition, indicated as Ty, is essentially the same as that of T¢ of Fig. 7B. While
these values tend to be used interchangeably, a distinction is retained in the data of Table 1,
below. The temperature interval over which the phase transition occurs is approximated as
in Fig. 7C. If the scan could be done more slowly the temperature interval would be much
narrower, as seen in Urry et al., 1985, where there was no limit on time for completion of the
phase separation. The question of scan rate becomes a question of the stability and
sensitivity of the DSC equipment, which presents a challenge for the low heats of the inverse
temperature transition.

4. Energy conversions of designed elastic-contractile model proteins are
those of living organisms!

4.1 Phenomenology of model protein-based free energy transduction.
Phenomenological demonstration of a family of 15 pair-wise energy conversions becomes
possible by means of designed ECMP capable of a thermally driven inverse temperature
transition to increased model protein order by hydrophobic association. The family of pair-
wise energy conversions possible by designed elastic-contractile model proteins are
identified by the six intensive variables of the free energy - mechanical force, pressure,
chemical potential, temperature, electro-chemical potential, and electromagnetic radiation.
As seen in Fig. 1, the basic sequence (GVGVP), on y-irradiation cross-linking of its phase
separated state can be formed as elastic sheets that perform thermo-mechanical transduction,
i.e., “pumping iron,” contracting on raising the temperature from below to above that of the
phase separation and relaxing on lowering the temperature from above to below that of
phase separation.

On sparse replacement of one V residue, every 30 or 50 residues, by a glutamic acid or a lysine
residue and cross-linking, the resulting elastic sheet performs chemo-mechanical transduction.
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Fig. 8. The phenomenological AT--mechanism of free energy transduction using designed
elastic-contractile model proteins (ECMPs). Application of pressure increases T; and drives
relaxation. Introduction of a chemical energy that neutralizes charge lowers T; and drives
contraction. Raising the temperature from below to above the transition drives contraction.
Reduction of a redox function lowers T to drive contraction. The absorption of near
ultraviolet light by a designed ECMP with attached azobenzene and cinnamide drive a trans
to cis isomerization and raises the value of T;. From Urry, 1997.

On attaching a redox group to the amino function of a lysine side chain, reduction drives
contraction and oxidation effects relaxation in the performance of electro-mechanical
transduction. Moreover, on replacing two V residues, per ECMP repeating unit, by both an
acid/base function and a redox function allows that reduction of the redox function shifts the
pK of the acid/base function causing the uptake of proton, thus achieving electro-chemical
transduction. This becomes the “pumping of protons,” e.g., the release of proton on oxidation,
in phenomenological analogy to the electron transport chain of the inner mitochondrial
membrane where oxidation of redox groups pumps protons into the inner membrane space.
The examples noted here demonstrate phenomenology of three (mechanical force, chemical
potential, and electrochemical potential) of the six intensive variables of the free energy for
which ECMP can be designed to achieve free energy transduction.

Whenever a AT occurs and the operating temperature lies between the two values, on going
from the higher value of T; to the lower value of T, hydrophobic association occurs with the
result of driving contraction.
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4.2 Five phenomenological axioms for ATi-based free energy transduction by
designed model proteins

AXIOM 1: The manner in which a guest amino acid residue, or chemical modification
thereof, alters the temperature, T;, of a hydrophobic folding and/or assembly transition
provides a measure of its hydrophobicity. A decrease in T; represents an increase in
hydrophobicity and an increase in T; represents a decrease in hydrophobicity.

AXIOM 2: Raising the temperature from below to above T, results in hydrophobic folding
and/or assembly and can be used to perform useful mechanical work by contraction.

This represents the phenomenological aqueous elastic-contractile model protein heat engine
of biology.

Example: Thermo-mechanical transduction

AXIOM 3: At constant temperature, lowering the value of T; from above to below an
operating temperature, i.e., increasing the hydrophobicity by changing a functional group
from its more polar state to its more hydrophobic state results in contraction by
hydrophobic folding and/or assembly and can be used to perform useful mechanical work,
as in the lifting a weight.

Examples: Chemo<>mechanical transduction Electro<>mechanical transduction
Baro<>mechanical transduction =~ Photo<>mechanical transduction

AXIOM 4: Any two distinct functional groups each with more and less hydrophobic states
and each responsive to different variables can be coupled one to the other by being part of
the same hydrophobic folding and assembly domain.

Examples: Electro<»>chemical transduction ~ Electro«~>thermal transduction
Baro«selectrical transduction Photo<voltaic transduction

Thermo«—chemical transduction = Photo«<thermal transduction

Baro«thermal transduction Baro«~chemical transduction
Photo«<baric transduction Photo«<>chemical transduction
Chemo<«>chemical transduction Electro<>electrical transduction

Electromagnetic radiation-1 <> Electromagnetic radiation-2 transduction

The italicized energy conversions represent three additional pair-wise free energy transductions for a
total now of eighteen possible pair-wise free energy transductions using the above described AT
mechanism.

AXIOM 5: The energy conversions of AXIOMS 2, 3 and 4 can be demonstrated to be more
efficient when carried out under the influence of more hydrophobic domains. This poising
or biasing is observed in titrations by increased positive cooperativity. See Figs. 5.34 and
5.36 (Urry, 2006a), Figs. 14B and 15, and Table 3 below and associated discussions.

4.3 The ATi-Mechanism for free energy transduction using designed elastic-
contractile model proteins (ECMP) based on (GVGVP),

The temperatures, Ty of Table 1 column 2, represent either T, the temperature for the
onset of the inverse temperature transition (ITT) as defined by the onset of turbidity as
shown in Fig. 7B, or Ty, the temperature for the onset of the ITT as determined using
differential scanning calorimetry (DSC) by the onset of the endothermic transition as
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Residue X Th'C AG®ya(x )/ keal/mol pentamer
Trp -105 =7.00

Phe -45 -6.15

Tyr -75 - 5.85

His® 10(Ty) - 4.80 (from graph)
Leu 5 - 4.05

lle 10 - 3.65

Val 26 -2.50

Met 15 - 1.50

— 30(Ty) = 1.90 (from graph)
Cys 30 (T,) - 1.90 (from graph)
Glu(COOH) 20(2) - 1.30 (= 1.50)
Pro 40 = 1.10

Ala 50 =0.75

Thr 60 - 0.60
Asp(COOH) 40 -0.40
Lys(NH,) 40 (38) - 0.05 (- 0.60)
Asn 50 -0.05

Gly 55 0.00

Ser 60 + (.55

Arg 60 (T,) + 0.80 (from graph)
Gln 70 +0.75
Tyr($p-0") 140 +1.95
Asp(COO") 170 (T) =+ 3.4 (from graph)
Lys(NH3 ) (104) (+2.94)
Glu(COO0") (218) (+3.72)
Scr[PCL;,:} 860 (T,) =+ 8.0 (from graph)

Data within parentheses utilized microbial preparations of Jmi (30
mers), e.ﬁ., GVGVP GVGVP GXGVP GVGVP GVGVP GVGVP),,
with n = 40. The notation (from graph) indicates that the value of T,
from Table 4 was used with the sigmoid curve of Fig. 13 to estimate
AG®ua(X). Adapted from Urry, Zgl}i).

Table 1: Hydrophobicity Scale in terms of AG®Ha, the change Gibbs

free energy of hydrophobic association, for amino acid residue (X)

of chemically synthesized poly[f,(GVGVP), ,(GXGVP)], 40 mg/ml,

mw = 100 kDa in 0.15 N NaCl, 0.01 M phosphate, using the net heat

of the inverse temperature transition, AH; = AG®ua, per (GXGVP),

determined at f, = 0.2 and extrapolated to fs= 1.

defined in Fig. 7C. In general column 2 of Table 1 lists values for Ty; where T is used, it is
indicated by (T¢) being placed to the right of the number. Poly[f,(GVGVP),£,(GXGVP)] gives
the general ECMP composition where f, and £, are the mole fractions in the polymer of the
defined pentamer repeats and £, + f, =1. Experimentally, data are obtained for different low
values of f, and the data points define a straight line that is extrapolated to f, = 1. When
bold-faced, as for T¢ or Ty, the result is for the homopolypentapeptide, (GXGVP),, which
value may, for the more hydrophobic residues, be below 0°C or the value may be greater

than 100°C for the more polar, charged residues.
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For the biosynthetically prepared composition (GVGVP GVGVP GEGVP GVGVP GVGVP
GVGVP)36(GVGVP), for the glutamate state, -COO~, in 0.15 NaCl and pH 2.5, Tt and Ty, are
58°C, and for the glutamic acid state, -COOH, in 0.15 NaCl at pH 6.6, Tt and T}, are 22°C, i.e.,
AT¢ = ATy, = 36°C. Using Table 1, the difference between the two states is 218 - 20 = 198 for
(GEGVP),, which for the above composition six pentamer repeats per (GEGVP) gives a
similar value, 198/6 = 33°C.

When using the y-irradiation cross-linked matrix, X20-(GVGVP GVGVP GEGVP GVGVP
GVGVP GVGVP)36(GVGVP), the elastic strip is swollen at pH 3 and 20°C and contracts on
raising the temperature to 40°C; this is thermo-mechanical transduction. While holding the
temperature constant at 40°C, however, at neutral pH the cross-linked matrix is swollen, but
on lowering the pH to 3, (i.e., raising the chemical potential (inputting the chemical energy)
of proton, Apn, the designed elastic-contractile model protein contracts and can perform
mechanical work. This is chemo-mechanical transduction. The bold arrows of Fig. 8 between
the mechanical and thermal energies, labeled thermo-mechanical, and between chemical
and mechanical energies, labeled chemo-mechanical, represent the above-described free
energy transductions.

The above represent explicit examples of the AT-mechanism for free energy transduction by
means of designed elastic-contractile model proteins (ECMPs), as further discussed in
sections 4.1 and 4.2.

5. The genetic code provides easy access to new energy sources and
improved efficiency!

All characterized life has the same Genetic Code, and it plays a central role in the
thermodynamics of evolution of protein-based machines as seen through the prism of the
energy converting mechanism of ECMP. Due to the Genetic Code, an ECMP, capable of
performing thermo-mechanical transduction, can readily be designed to access a new energy
source. For example, substitution (mutation) of a single base in 150 bases encoding for
(GVGVP)yg converts a heat engine (a machine), capable of thermo-mechanical transduction,
into a chemically driven engine capable of chemo-mechanical transduction. A different single-
base mutation can increase the efficiency of the designed ECMP-based machine.

The triplet codon for placing V in the sequence of a protein is fourfold redundant. Any one
of four triplet codons GUU, GUC, GUA, and GUG encode for the valine (V, Val) residue. By
a single-base mutation in the second position of either of two triplet codons, GUA — GAA
or GUG — GAG, V is replaced by E, (glutamic acid, Glu) to introduce the carboxyl function,
i.e., -CH>-CH>-COO™ + H* 5 -CH>-CH,-COOH. Adding the proton to a carboxylate drives
contraction with the consequence of chemo-mechanical transduction. A single-base mutation in
the second position of either of another two triplet codons for V, GUU — GAU or GUC —»
GAC, become two ways to replace V by the D (aspartic acid, asp) residue with a slightly
different carboxyl function, i.e., - CH>-COO™ + H* S -CH,-COOH similarly to drive for
chemo-mechanical transduction.

Significantly, a single mutation in the base of the first position of the triplet codon of V, e.g.,
GUU — UUU, gives the much more hydrophobic F (phenylalanine, Phe) residue with the
consequence of an increased efficiency of energy conversion. Also three of the V triplet
codons, GUU, GUC, and GUA, by single mutations in the first position to AUU, AUC, and
AUA, give rise to the slightly more hydrophobic isoleucine (I, Ile) with one CH; more than V
to modestly increase efficiency of energy conversion. Then a single-base mutation of the
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isoleucine triplet codon of AUA to AAA gives the amino function of lysine, -NHz* S -NH> +
H*, where removal of a proton from the -NHj3* group to give -NH, provides another means
with which to achieve chemo-mechanical transduction. But importantly, it provides a positive
charge, which, with increase in hydrophobicity, increases the binding capacity of redox
functions such as NAD (nicotinamide adenine dinucleotide) and FAD (flavin adenine
dinucleotide) with their negative diphosphate linkage to give the electro-mechanical and electro-
chemical transductions of the electron transport chain of the inner mitochondrial membrane.
These simple single-base mutations produce new and improved protein-based machines either
to access new energies or to increase the efficiency of function of an existing protein-based
machine. Significantly, the new or improved protein-based machines are biosynthesized
without any increase in the energy required to access a new energy source or to produce a more efficient
machine. When a single mutation with no increase in cost of energy to produce the new
protein results in a new machine capable of accessing a new energy source and/or a more
efficient machine, it becomes apparent why the arrow-of-time for the biological world would
be one that, in the words of Toffler (1984), “... proceeds from simple to complex, from “lower’
to “higher” forms of Life, from undifferentiated to differentiated structures.”

The preceding represent elemental means whereby living organisms can naturally evolve
from lower to higher forms of life using the mechanism of energy conversion identified on
characterization of designed ECMP. In fact, it would seem that the Genetic Code itself was
arranged in order for the living organism to evolve from primitive to more advanced and more
complex forms using the energy converting mechanism demonstrated by the elastic-contractile model
proteins (ECMP) - as long as there are adequate energy sources and building materials available.
(For a more complete discussion, see Chapter 6: On the Evolution of Protein-based
Machines: Toward Complexity of Structure and Diversity of Function of Urry, 2006a).

6. Designed ECMP provide the thermodynamics of protein hydration and of
elasticity!

Thermodynamics of protein hydration (AGua and AG,p) and of elasticity (the internal
energy, fg, and entropy, fs, components of force) can be established by designed ECMP. The
thermodynamics of protein hydration are obtained using differential scanning calorimetry
(DSC) of the phase separation process. Whereas acid/base and redox titrations, as a function
of V — F increases in hydrophobicity, provide means of measuring AG,,. DSC data provide
the heat of the phase transition, AH;, which on derivation, using the relationship at the
phase transition of AH; ~ TiASy, yields the critical quantity, the change in Gibbs free energy
for hydrophobic association, AGha, as the difference, AH(GVGVP) - AH{(GXGVP), where X
is the substitution being characterized (Urry, 2004; 2006a). The result is the AGua-based
Hydrophobicity Scale obtained for all amino acid residues, including their different
functional states, where relevant, and for many biological prosthetic groups in their
different functional states. As the hydrophobic R-groups are completely hydrated before
the transition and essentially fully dehydrated after phase separation, the values of AGna, so
obtained, may be considered to be maximal values. And this needs to be taken into
consideration when interpreting a particular structural change attending protein function,
e.g., in the extent of hydrophobic association experienced.

Thus, the thermodynamics of protein hydration have been obtained as the free energies of
interaction, AGua and AG,, and have been established by physico-chemical
characterizations of designed ECMP.
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6.1 Thermodynamics of the protein-in-water heat engine of biology

The protein-in-water heat engine of biology functions on the same general physical principle
as the steam-powered heat engine of the birth of thermodynamics, which principle is the
increase in entropy of water, when heat is applied at the temperature of a phase transition.
Dramatic expansion of the bulk-water-to-vapor phase transition near the 100°C gives the
increase in entropy of water for the steam-powered heat engine, whereas conversion of
three-dimensionally interconnected pentagonal rings of water to bulk water gives the
increase in entropy of water for the protein-in-water heat engine of biology. There is analogy
to water dipole moments o three-dimensionally interconnected hexagonal rings of ice
reorienting to become bulk water during the melting transition of relevance to Eyring’s
Significant Structure Theory of Water (Hobbs et al., 1966).

Significantly, while the phase transition of the melting of ice is quite fixed near 0 °C, the transition
temperature (Ty) of the inverse temperature transition (ITT) of protein-in-water can be shifted over
much of the available aqueous range of water.

Lowering the temperature of the ITT utilizes non-random three-dimensional protein
structures to which functional groups are bound. Conversion of functional groups by
chemical or electrochemical energy input from a more-polar (e.g., charged) state to a more
hydrophobic state, increases pentagonally-arranged water molecules, otherwise
destructured by orientation toward charge. This lowers T; from above to below the
operating temperature and drives contraction by hydrophobic association (See Fig. 12
below). By this change in state of an attached biological functional group, the protein-in-
water heat engine of biology functions as a protein-in-water chemical (or electrochemical)
engine.

The physical process is competition for hydration. Nascent charges destroy pentagonal rings
of hydrophobic hydration, as they recruit hydrophobic hydration for their own hydration,
which raises Ty, disrupts hydrophobic association, and reverses contraction. Apolar and
polar groups lower their free energies by reaching out for hydration unperturbed by the
other. This expresses as an apolar-polar repulsive free energy of hydration, AGgp.

6.1.1 Hydration of the hydrophobic CH. group is exothermic (Butler, 1937)

Butler examined the water solubility of the series of linear alcohols - methanol (CH3-OH),
ethanol (CHs3-CH>-OH), n-propanol (CH3-CH;-CH>-OH), n-butanol (CH3z-CH;-CH>-CH,-
OH), and n-pentanol (CH3-CH,-CH>-CH>-CH>-OH) - and found the exothermic heat of
dissolution to increase for each added CHj at the rate of AH/CH, = —1.5 kcal/mol.
Remarkably, dissolution of the CH; in water is a favorable heat releasing reaction.
Hydrophobic hydration forms with the release of heat! Why then does the solubility of these
linear alcohols decrease as the number of CH, moieties increase until n-octanol with seven
CHa groups is insoluble? The answer is seen in the [-TAS] term of the Gibbs free energy of
dissolution, Eqn. (4).

AG(dissolution) = AH — TAS. 4)

Namely, the [-TAS] term increases positively (unfavorably) for the Butler series as
[-TAS]/CHz = + 1.7 kcal/mol. A positive AG(dissolution) means insolubility; too many CH;
moieties exposed to water means insolubility. Before too many hydrophobic groups are
exposed to water, however, they may compete for hydration with more polar groups. Thus,
the exothermicity on forming the pentagonal rings of hydrophobic hydration (See Fig. 2) is
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Fig. 9. Imaginary part of the dielectric permittivity of bulk water and of 1672 mg (GVGIP)2s0
dissolved in 4 ml of water at 7°C. The curve for (GVGIP)24 in water is resolved into two
components, one for bulk water and one for water interacting with the model protein,
(GVGIP)260, which number of interacting water molecules is designated as Np;,. From Urry et
al., 1997a.

the basis for a competition with polar groups for hydration. This competition for hydration
is documented below in Figs. 10C and 12.

6.1.2 Hydrophobic hydration as characterized by microwave dielectric relaxation

As seen in Fig. 9, the imaginary part of the microwave dielectric relaxation spectrum of bulk
water demonstrates an intense absorption just above 10 GHz. The spectrum for a solution of
1672 mg (GVGIP)260 in 4 ml of water at 7°C, also seen in Fig. 9, has a broader absorption at
lower frequency. On resolving the curve for bulk water just above 10 GHz, a second
absorption occurs at a lower frequency, which represents water interacting with the ECMP,
(GVGIP)2p.

The magnitude of Ny is plotted in Fig. 10A as a function of dilution, which Ny, is found to
increase until it plateaus near 5 mg/ml for both (GVGIP) and (GVGVP)zsi. The
temperature dependence of Ny in Fig. 10B, shows the magnitude of Ny, for (GVGIP)2 to
drop rather abruptly essentially to zero as the temperature passes through the interval of the
inverse temperature transition (ITT) for (GVGIP)zs. Similarly for (GVGVP)2s1, as the
temperature passes through the temperature interval of the ITT for (GVGVP)as,
approximated in Fig. 7C, the magnitude of Ny, for (GVGVP)25; drops to near zero. On the
basis of the data of Fig. 10B, N, represents the numbers of water molecules of hydrophobic
hydration (Urry et al. 1997a). The residual Ny, for (GVGVP) in Fig.10B is analogous to the
residual pentagonal rings of water for hydrophobically associated crambin of Fig. 2.
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Fig. 10. Microwave dielectric relaxation studies on a unique water interacting with the basic
and a designed ECMP. A. Demonstrates that on dilution this unique water increases. B.
Shows that this unique water disappears as hydrophobic association develops, i.e., this
identifies Nhh as hydrophobic hydration. C. Shows Nhh, the amount of hydrophobic
hydration, to decrease as charged carboxylates form. Indeed, a competition for hydration

has been directly observed between hydrophobic and carboxylates, (-COO"). From Urry et
al., 1997a.
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Having found N, to represent the number of waters of hydrophobic hydration, the issue of
the competition for hydration between charged groups and hydrophobic groups is
addressed in Fig. 10C at 30 mg/ml and 1°C by means of the designed ECMP, (GVGVP
GVGVP GEGVP GVGVP GVGVP GVGVP)3 and the more hydrophobic, poly(GEGFP
GVGVP GVGVP GVGVP GVGVP GVGFP), with n of approximately 40. Both designed
ECMPs contain the glutamic acid (Glu, E) residue, such that at low pH the functional group
of the E-residue will be -COOH. As reported in Fig. 10C, on raising the pH, Ny, decreases
as the charged carboxylate groups, -COO, form with increased pK as 2V — 2F per 30 mer
(Urry et al., 1997a).

Thus, the data of Fig. 10C directly demonstrate the competition for hydration between hydrophobic
groups and charged groups. As charged -COO™ form, they cooperate to disrupt the cyclically-
arranged dipoles of pentagonal rings of water as the dipoles realign toward charge, not
unlike charged plates reorient water dipoles in Eyring’s Significant Structure Theory of
Water (Hobbs et al., 1966; Jhon & Eyring, 1976). As hydrophobic and charged groups
compete for limited water, they move away from each other in order to achieve hydration
unperturbed by the other resulting in an apolar-polar repulsive free energy of hydration,
AGg,p (Urry, 1992; 1997). In Fig. 14B AG,;, is seen as hydrophobic-induced pK shifts!

6.1.3 Thermodynamics of the inverse temperature transition

At a given temperature within the interval of the inverse temperature transition, the system
of ECMP in water is at equilibrium; the chemical potential of the hydrophobically
dissociated molecules in solution, ppp, is the same as the chemical potential of the phase
separated, hydrophobically associated molecules, pra. Since pup = pua, AG = 0, and for the
inverse temperature transition, ITT,

AHt ~ TtASt. (5)

where the subscript, t, stands for the transition characterized in Fig. 7. Neglecting the very
small heat capacity of the ECMP and of water over the temperature interval, the heat of the
ITT for (GVGVP) for the transition of Fig. 7C will be given as AH{(GVGVP), where the bold-
faced AH; means per mole of pentamer, (GVGVP), within (GVGVP)zs1.

As seen in Fig. 7C, the ITT is an endothermic transition, that is, AH; is positive. Therefore, by
Eqn. (5) AS; is positive. The entropy increases as the phase separation occurs. Yet in this
protein-in-water, two-component system, the protein becomes more ordered, i.e.,
AS¢(protein) is negative. The only other component of the ITT, water, must be the
component that gives rise to the positive AS;. And specifically, the hydrophobic hydration,
Nun, of Figs. 9 and 10B, is the water that becomes less-ordered bulk water, i.e., ASy(Nu, —
bulk water) represents the positive entropy change that drives the ITT. During the transition
the model protein becomes restricted in its motion on hydrophobic association and even
becomes structured with formation of filaments, fibrils and fibers (Urry, 1992), that is,
ASi(model protein) is negative. So we write,

AS{(Nun — bulk water) > AS,(total system) + AS(model protein) > 0 (6)

and

AS¢(Nurn — bulk water) > AS,(total system) >> 0 (7)
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By Eqns. (5) and (6), it is apparent for the two-component ITT, that the component,
AH¢model protein) =~ TiAS(model protein). Also, AH¢(model protein) would be an
exothermic component within a larger endothermic component. Accordingly, it is
interesting to report that temperature modulated differential scanning calorimetry (TMDSC)
separates out such an exothermic component that is one-quarter to one-third the magnitude
of the endothermic component (Rodriguez-Cabello et al., 2004). As hydrophobic association
occurs, a van der Waals’ interaction energy is expected to result in an exothermic
component to the ITT, in this case arising largely from London’s dispersion forces (See
Eyring, et al. 1958).

When developing a Hydrophobicity Scale based on AGua, the change in Gibbs free energy
for hydrophobic association, no attempt will be made to separate out the exothermic
component, as the van der Waals’ energy due principally to dispersion forces would be part
of all hydrophobic associations. It is interesting to note in the plot of T, versus AH; of Fig. 13
below that all of the amino acid residues containing aliphatic side chains and even the
glycine residue where the -CH»- is in the backbone fall on a straight line, whereas the
aromatic residues give a much steeper slope and a greater heat (See Fig. 13, section 6.2.4).

a. (GVGVP),

b. (GVGIP), + (GVGVP),

+«—Exothermic | Endothermic —

¢. (GVGIP),
| 1 | L : L |

10 20 30 40 50 60 70
Temperature °C

=

Fig. 11. Differential scanning calorimetry curves of (GVGVP), and (GVGIP), in water.
Demonstrated are heats of AH(GVGVP) = 1.2 kcal/mol-(GVGVP) and AH{(GVGIP) = 3.0
kcal/mol-(GVGIP). Scanning the aqueous mixture shows the ECMP to self associate, i.e., to
demix, which suggests an hierarchical hydrophobic folding of protein. Adapted from Urry
et al., 1997a.

6.2 The changes in Gibbs free energy underlying the protein-in-water heat engine of
biology

6.2.1 The hierarchy of hydrophobic association demonstrated by demixing of ECMP
on raising the temperature

The side chains of V, -CH(CHz3)2 , and I, -CH>-CH(CHz), differ by a single -CH»-. Similarly,
the pentamers, (GVGVP) and (GVGIP) differ only by a single -CH>-. In particular, the
molecular weights of the pentamer units are 409 Daltons for (GVGVP) and 423 Daltons for
(GVGIP). Just a 3.4% increase in molecular weight lowers the onset temperature by 15°C and
increases the heat of the transition by 240%. By considering the aliphatic groups only,
2V(86D), 2G(28D), and P(42D) gives 156 Daltons for (GVGVP) and V(43D), 2G(28D), P(42D),
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and I(57D) gives 170 Daltons for (GVGIP), which is a small 11% increase in mass of
hydrophobic moieties to be responsible for a 2.4 fold increase in heat of the transition. It was
also seen in Fig. 10B that the added -CH,- of (GVGIP) resulted in a slightly larger 2.8 fold
increase based on the estimated number of waters of hydrophobic hydration, N

Another important feature occurs in the DSC data of Fig. 11. When the temperature is
scanned for an equimolar mixture of (GVGVP), and (GVGIP), in water, starting some 5°C or
more below the lowest T, there is a complete demixing of the polypentamers that differ by
but one -CH,- moiety per pentamer. This represents a remarkable separation capacity and
surely has an impact on details of hydrophobic associations as proteins fold.

It is interesting that the inverse temperature transition, which is driven by the increase in
entropy as pentagonal rings of hydrophobic hydration become higher entropy bulk water,
can achieve the decrease in entropy of complete separation of a mixture of polymers as seen
in the middle curve of Fig. 11. This effect has also been used in the purification of
microbially-prepared ECMP (See Fig. 5 of McPherson et al., 1996). In particular, during the
purification of (GVGVP)251 from an E-coli lysate, an endotoxin impurity was observed with a
phase separation of its own that overlapped with the temperature interval for (GVGVP)25:.
The endotoxin impurity could be largely separated from (GVGVP), by centrifugation at
23°C, facilitating later complete removal of the small amount of remaining endotoxin.

6.2.2 Experimental dependence of both T; and AH; on the amount of hydrophobic
hydration, Nhh

In Fig. 10A and B the increase in hydrophobic hydration, Ny, is a factor of 2.8 on going from
(GVGVP), to (GVGIP), resulting from the increase of but a single CH» per pentamer. From
yet another experiment, the endothermic heat of the transition in water for (GVGIP),, i.e.,
AH{(GVGIP) = 2.61 kcal/mol-(GVGIP), is larger by a factor of 2.4 than that for (GVGVP),,
ie., AH(GVGVP) = 1.07 kcal/mol-(GVGVP) (Luan et al. 1990; Luan & Urry, 1991). The
magnitude of the increase in hydrophobic hydration due to the added CH, appears to be larger than
the magnitude of the increase in the heat of the transition, which effect results in the lowered value of
T; as AH; = TiAS;. A similar correlation, in this case an inverse correlation, is observed
between the increase in Ny, and the decrease in T; for Model protein ii and for Model
protein I of Fig. 12A and B.

The formation of the charged carboxylate (-COO") of the glutamic acid residue (Glu, E)
decreases Ny, the amount of hydrophobic hydration, as seen in Fig. 10C. In addition to the
addition of a proton to neutralize the charged carboxylate, the capacity of the carboxylate
charge to destructure hydrophobic hydration is moderated by ion-pairing, as with a Ca2*
ion. The increase in hydrophobicity, measured by the increase in number of molecules of
hydrophobic hydration, N, for a transition driven by chemical energy is demonstrated in
Fig. 12 by titration of Ca?* into the ECMP-water two component system. As Ca2* ion-pairs
with glutamic acid residues, the value of T; decreases and the waters of hydrophobic
hydration increase in an inverse relationship (See Fig. 12).

Noting the considerations of section 6.1.3, the experimental endothermic heat given as per
mole pentamer, AH{(GVGVP), is comprised of two components, the major heat absorbed as
Nun — bulk water for GVGVP and the smaller heat released as van der Waals contacts develop
as hydrophobic association proceeds between repeats of (GVGVP) (See Rodriguez-Cabello
et al., 2004). These two components are given as in Eqn. (8),
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Fig. 12. Inverse correlation of Ty, the temperature of the inverse temperature transition, ITT,
and Np;, the number of waters of hydrophobic hydration. Independent of the steepness of
the [Ca?*] binding to carboxylate, the values for T; mirror the values for Ny. Increases in
hydrophobic hydration, Ny, lower T;, the temperature of the ITT! This and the correlation of
AH and Ny, seen on comparison of data in Figs. 10 and 11 are consistent with the definition

of AGua of Eqn. (12) below. From Urry, 2006a.
AH; = AH{ (heat absorbed as Ny,—bulk water per GVGVP)

+ AH{” (heat released due to contacts between GVGVP) 8)
By Eqn. (5), AH; ~ T{AS,, the T(GVGVP)AS(GVGVP) term for the phase transition can be

written,

TiASt = T{AS{ (Nur — bulk water per GVGVP) +

T:AS¢” (contacts between GVGVP decrease entropy) 9
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Again there are the equivalent two components, the larger positive entropy change per mole
pentamer, AS¢, as hydrophobic hydration, Ny, per mole pentamer becomes less-ordered
bulk water and the smaller negative entropy change, ASy”, as (GVGVP) become constrained by
hydrophobic association.

Keeping in mind the two equivalent per pentamer, (GVGVP), components within Eqn. (8)
and Eqn. (9), Eqn. (5) can simply be written for (GVGVP) as,

AH(GVGVP) ~ T(GVGVP)AS(GVGVP) (10)

6.2.3 Derivation of the change in Gibbs free energy for hydrophobic association,
AGHa, due to a substitution of V by X

Required is an expression for the change in Gibbs free energy resulting from a change of a
single R-group in the (GVGVP) pentamer. The differences in Fig. 12 between the inverse
temperature transitions exhibited by GVGVP), and (GVGIP), represent the desired
quantity, AGna, i.e., the change in the Gibbs free energy for hydrophobic association, in
this example, due to the addition of a single CHz-group. The unique position X between
two G residues, GXG, allows each amino acid residue, including chemical adducts to
carboxyl (e.g., Glu and Asp) and amino functions, to occur with retention of the
fundamental elastic and phase transitional properties. Accordingly, Eqn (9) is restated for
(GXGVP), i.e,

AH(GXGVP) ~ T{GXGVP)AS(GXGVD). (11)
Subtraction of Eqn. (11) from Eqn. (10) gives,

AH(GVGVP) - AH(GXGVP) ~ T(GVGVP)AS{(GVGVP) — T(GXGVP)AS(GXGVP). (12)

The term on the right-hand side of Eqn. (12) expresses the sought after change in Gibbs free
energy for the (GVGVP)-in-water phase transition of hydrophobic association, AGua, on
substitution of V by X, that is,

AGua(GVGVP—GXGVP) = T(GVGVP)AS(GVGVP) — T(GXGVP)AS(GXGVP).  (13)

Eqn. (13) represents the change in Gibbs free energy due to the increase in entropy as
pentagonal rings of water become bulk water minus the smaller decrease in entropy as the
model protein (GVGVP), becomes more-ordered on hydrophobic association, as described
in Eqns. (8) and (9), minus the same for (GXGVP).

As AS; is directly calculated from the endothermic heat, AH; of the experimental curve, the
sought-after AGua can be equivalently stated as,

AGuA(GVGVP — GXGVP) = AH(GVGVP) - AH(GXGVP). (14)

It should be appreciated that such a relationship holds only for the phase transition, hence
the required subscript, t.

At whatever temperature the inverse temperature transition, ITT, occurs for a particular
ECMP composition within the accessible aqueous temperature range, the ECMP-in-water
heat engine is based upon a phase transition in which, on heating, water undergoes a
transition from lesser to greater entropy. In particular, on heating, structured hydrophobic
hydration, i.e., water arranged in pentagonal rings, becomes less-ordered bulk water.
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When the temperature of the transition is driven by another energy input, such as chemical
energy, the particular energy input causes the responsive functional group, and hence the
ECMP, to become more hydrophobic. The consequence is more hydrophobic hydration,
which lowers the transition temperature, Ty, as seen in Fig. 12.

6.2.4 Plot of the temperature transition vs the change in Gibbs free energy for
hydrophobic association, AGua

It is convenient for a hydrophobicity scale of amino acid residues to choose the most neutral
residue, neither hydrophobic nor polar, as the zero reference state. This is achieved simply
by replacing AH(GVGVP) of Eqn. (14) by AH(GGGVP), i.e.,

2H) E0k
(M)

1 Rih

1400 e |
(-0 /

120

LMD 7}
K 0F
il 0

0 1 . 8¢
Tyw € st Ao ;

W
LX)

B 1 T T - PR A T e — ™1 ]
b ! t ] i L s l ] I ! ' i
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Fig. 13. The plot of the change in Gibbs free energy for hydrophobic association, AG°ya,
versus the onset temperature of the inverse temperature transition, Tt when using the
midpoint of the temperature versus turbidity curve and T, when using DSC to measure the
onset of the heat of the phase transition. See text for further discussion. Adapted from (Urry,
2004).

AG°ua = AH(GGGVP) - AH(GXGVP), (15)

where AGua has been replaced by AG°na to indicate that the hydrophobicity scale has
chosen G as the zero reference. Eqn. (15) is used for plotting the values in Fig. 13 of Ty
versus AG°na, where the data point for the G (glycine, Gly) is zero.

The doubled diagonal line, a, gives the Ti-based Hydrophobicity Scale approximation of the
relationship between Ty and AG°ya, when in reality it is a sigmoid relationship. The
sigmoid plot in Fig. 13 allows that a given value of T; can be read from the sigmoid curve for
a better approximation of AG°ua. This was done for the AG°ua values of Table 2.
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All of the amino acid residues with aliphatic hydrophobic groups - G, A, P, V, 1, and L - fall
on the straight line, b, i.e., they all exhibit the same linear temperature dependence of the
inverse of the entropy, (ASy)l. All of the aliphatic hydrophobic side chains of amino acid
residues, as well as the CH in the backbone of G, have the same thermal stability of
hydrophobic hydration, but the thermal stability of aliphatic hydrophobic hydration
appears greater than that of the aromatic residues.

The temperature dependence of the amino acid residues with charged side chains, line c,
gives the steepest slope. And E-, D-, and K* follow the relative capacity, in decreasing order,
of charged side-chains to disrupt hydrophobic hydration.

The temperature dependence of the amino acid residues with aromatic side chains, line d, is
much steeper than that of the aliphatic residues, which, as the slope is (AS¢), suggests less
thermal stability for the hydrophobic hydration of aromatic groups.

As seen in Table 1 and Fig. 13, the biggest change in AG°ga occurs on ionization of the
carboxyl side chain of glutamic acid, i.e., -CH>-CH>-COOH — -CH,-CH>-COO™ + H*. From
Table 1, the change in free energy of hydrophobic hydration, AG°ya = [(GE°GVP) —
(GE'GVP)] = is 5.22 kcal/mol-(GEGVP). Also, as seen in Fig.10C, this ionization disrupts
75% of the hydrophobic hydration, Nj,. Furthermore, in Fig. 12 partial neutralization of E
by ion-pairing with calcium ion markedly increases Ny, in a manner that mirrors the
decrease in T¢. This demonstrates how putting chemical energy into a protein-in-water heat
engine drives chemo-mechanical transduction. It does so by increasing the amount of
hydrophobic hydration, and thereby lowering Ty, until the phase transition falls sufficiently
below the operating temperature to have completed the hydrophobic association of
contraction. Just as with the dissolution of the alcohol series of Butler (1937), as more CH;
moieties are added, more exothermic hydrophobic hydration builds up. This continues
until the unfavorable, positive [-TAS] term of AG(dissolution) = AH — TAS becomes greater
than the favorable, negative AH term, and solubility is lost. The thermodynamics is such
that hydrophobic hydration builds until the tipping point (the phase transition to
hydrophobic association) has been reached. Once the temperature of the system is some
10°C above the onset temperature for the transition, contraction is nearly complete.

The cumulative effect of neutral residues might also be noted. For example, when the
hydrophobicity of a domain or structure of a protein is being considered, the AG°na of
glutamine, Q, of 0.75 in Table 1 and Fig. 13 can have a disruptive effect on hydrophobic
association. The cumulative effect of some half dozen glutamine residues give a AG°ya of
4.5 kcal/6 mol-Q, which contributes more than a single glutamate where from Table 1,
AG°qa reads 3.7 kcal/mol-E .

6.2.5 (T; and AG°na)-Hydrophobicity scales for biological functional groups attached
to amino acid side-chains

A number of biological functional groups have been attached to amino, carboxyl, and -OH
functions of designed ECMP. The T; values are listed in Table 2 and the AG°na values have
been approximated using the sigmoid curve of Fig. 13. Of immediate interest are the redox
functional groups and most particularly N-methyl nicotinamide, which has been used to
determine the effect of increased hydrophobicity on reduction potential and positive
cooperativity. As will be shown in section 6.2.8 the effects of increased hydrophobicity on
reduction potential and cooperativity of redox functions parallel the effects of increased
hydrophobicity on pK and positive cooperativity of the carboxyl and amino functions.

www.intechopen.com



36 Application of Thermodynamics to Biological and Materials Science

i AG A T, linearly
X from Figurel3 extrapolated to
(keal/mol)* fi=1
Lys (dihydro NMeN)™* -70 ~130°C
Glu(NADH)* =55 =30°C
Lys (6-OH tetrahydro NMeN) " -35 15°C
Glu(FADH.) =35 25°C
Glu(AMP) +1.0 70°C
Ser(-0-SO,H) +15 80°C
Thr(-0-SO,H) +20 100°C
Glu(NAD)" » +25 120°C
Lys(NMeN, oxidized) +25 120°C
Glu(FAD) +25 120°C
Tyr(-O- SO,H) +30 140°C
Tyr(-0-NO, )" +35 220°C
Ser(PO3 ) +80 860°C

*The usual conditions are for 40mg/ml polymer, 0.15N NaCl, 0.01M
hosphate at pH 7.4. |
MeN, N-methyl nicotinamide, attached to a lysyl side chain, i.e., N-
methyl-nicotinate attached by amide linkage to the e-NH2 of Lys. The most
hvdrc}:\s::hubic reduced state is N-methyl-1,6-dihydronicotinamide (dihydro
NMeN), and the second reduced state is N-methyl-6-OH 14,56-
tetrahydronicotinamide or (6-OH tetrahydro NMeN).
‘For the oxidized and reduced nicotinamide adenine dinucleotides, the
C(;lilditziﬂns were 2.5 mg/ml polymer, 0.2M sodium bicarbonate buffer at
9.2,
For the oxidized and reduced N-methyl nicotinamide, the conditions were
5.0 mg/ml Ipo]ymer, 0.1M potassium bicarbonate buffer at pH 2.5, 0.1M
tassium chloride.
e pK. of polymer bound -O-SO;H is 8.2.
fThe pKa of 'Fyr(wﬂ—NOz) is 7.2.
8Gross estimates (e.g., = 0.5 kcal/mol) of AG®ua using the Ty-values in the
right column in combination with the Ty versus AG°ua values from
Figure 13. Adapted from Table 5.2 of Urry, 2006

Table 2. Hydrophobicity Scales (preliminary Tt and AG°na values) for chemical
modifications and prosthetic groups of proteinsa. Tt is the temperature for the onset of the
inverse temperature transition, and AG°ya is the change in Gibbs free energy for
hydrophobic association for poly[fv(GVGVP),fx(GXGVP)].

In particular, increases in hydrophobicity shift the pK and reduction potential values in a
supra-linear manner toward the less polar, more hydrophobic state with the same changes
in free energy that contribute to the increases in positive cooperativity.

The largest change in AG°ya of the redox functions in Table 2 occurs on reduction of
oxidized N-methyl nicotinamide (NMeN*) attached by amide linkage to the lysine side
chain, i.e.,, AG°ua[NMeN* — dihydro NMeN] = -9.5 kcal/mol-NMeN. This is greater than
the change in the Gibbs free energy of hydrophobic association on reduction of oxidized
nicotinamide adenine dinucleotide (NAD*) to NADH, i.e.,, AG°ya[NAD* - NADH] = -8
kcal/mole-NAD. Similarly for the reduction of flavin adenine dinucleotide (FAD) to
FADH,, AG°ya[FAD — FADH»] = -5 kcal/mole-FAD. These numbers are of the right order
and magnitude for their biological functions. In the electron transport chain of the inner
mitochondrial membrane, the oxidation of FADH, provides the energy to pump at a
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maximum 66% of the number of protons as does the oxidation of NADH, and 100[(5
kcal/mole-FAD)/ (8 kcal/mole-NAD)] = 63%.

Also, enzymatic phosphorylation of the serine residue of the serine kinase site, RGYSLG,
within designed ECMP extrapolates to a AG°ua of +8kcal-mol-phosphate. This finding
provides evidence that the presence of phosphate disrupts hydrophobic association (See
section 8.1.11 of Urry, 2006a). Also, the Keq = 1 for the reaction, ATP + ECMP-S = ADP +
ECMP-S-P, i.e., AG°gA[ECMP-S — ECMP-S-P] = - AG® ya[ATP — ADP + P] ~ 8 kcal/ mol-P.

\{‘?ﬂ&i protein It (GVGIP GFGEP GEGFP GVGVP GFGFP GFGIP)5(GVGYP) IE/SFU
Model protein i: (GVGVP GYGVP GEGVP GVGVP GVGVP GVGVP ) (GYGVP) EXOF
Model protein ii: (GVGVP GVGFP GLGFP GVGVP GVGVP GVGVP),, n=40 ER2F
Model protein lii:(GVGVP GVGVP GEGVP GVGVP GVGFP GFGFPRL(GVGYF) E/3F
Model protein iv: (GVGYP GVGFP GEGFP GVGVP GVGFP GVGFP) 5(GVGVP) E/AF
Maodel protein v: (GVGVP GVGFP GLGFP GYGYP GVGFP GFGFP)(GVGVF) E/5F

Fig. 14A. Family of ECMP used below in the acid/base titration studies. Model proteins i
through v are the same as in Table 3.

Hydrophobic-induced pkK shifis

1.00 -

pka n
Model protein I: 5.9 2.6
Model proteini: 45 15
_- Model protein ii: 4.8 1.6
0759  modet protein iii: 5.2 1.9
Model protein iv: 5.6 2.7
Model protein v: 6.3 8.0

0.50

Titrant {ml)

0254

0.00

Fig. 14B. ECMP acid/base titrations exhibit supra-linear hydrophobic-induced pK &
positive cooperativity shifts as V-residues are replaced by F-residues (Urry, 2006a).

6.2.6 The apolar-polar repulsive free energy of hydration, AGap

Three families of ECMP were designed (See Table 3 below), each containing a different
acid/base or redox function (®), containing a set of V — F increases in hydrophobicity, i.e.,
®/nF, wheren =0, 2, 3, 4, and 5, and V — functional groups (E, K, and NMeN). Acid/base
and redox titrimetry data demonstrate systematic hydrophobic-induced pK, reduction
potential, and positive cooperativity shifts. In general, five different experimental
approaches used on these and other ECMPs exhibit apolar-polar group competition for
hydration and quantify an apolar-polar repulsive free energy of hydration, AGgp.
Generalized equations, containing the required terms for both apolar-polar (ap) and charge-
charge (cc) repulsion, were derived for analysis of acid/base and redox titration data in
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order to resolve charge-charge and hydrophobic-induced pK, reduction potential and
positive cooperativity shifts (Urry, 1997; 2006a). Analyses used a specialized adaptation of a
Hill plot to resolve the free energies of the charge-charge (cc) and apolar-polar (ap)
cooperativity interactions, [(0AG/da)r].c and [(9AG/ da)t]ap, and to result in determination of
the appropriate values of AG. The free energies due to cooperativity interactions were found
to be equivalent to those free energies of corresponding pK shifts, AG,, = 2.3RTApK, of the
acid/base titrations and to those of the reduction potential shifts of the redox functions, i.e.,
AGqp = z.7AE.

6.2.7 Analysis of the acid-base titration curves of Fig. 14

The family of model proteins, Model proteins i through v, of Fig. 14A are poly(30 mers) in
which in all five model proteins the third basic repeat, (GVGVP), has been changed to
(GEGVP), and in which the first and fourth repeats remain as (GVGVP). The other three
pentamers contain one or two V-residues having been replaced by one or two more-
hydrophobic F-residues.

The members of this family are identified as E/OF, E/2F, E/3F, E/4F, and E/5F. Their
remarkable set of acid-base titration curves are reported in Fig. 14B, where the pK and
positive cooperativity shifts increase in a supra-linear manner. In particular, substitution of
the first two V-residues by F-residues, as in going from Model protein i to ii, i.e., E/OF to
E/2F, results in a pK shift of 0.3 pH units and the Hill coefficient changes from 1.5 to 1.6. By
adding a single substitution on going from E/4F to E/5F at the higher hydrophobicity, the
pK shift is 0.7 pH units and the Hill coefficient increases from 2.7 to 8 to give a change of 5.3.
Thus, the effect of the initial substitution of the first F would be a pK shift of the order of
0.15, the addition of the last F-residue on going from E/4F to E/5F gives a 4.7 (= 0.7/0.15)
times larger pK shift and an increase of the Hill coefficient by a factor of 106 (= 5.3/0.05).
From the AG°na-based Hydrophobicity Scale of Table 1, the change in (G(HA on replacing
a single V-residue by a single F-residue, found by a linear process of plotting from fr = 0 to fr
=1, is -3.65 kcal/mol-pentamer, yet the effect of increasing numbers of F substitutions on pK
and Hill coefficient of the E/nF series is supra-linear. By what mechanism does this supra-
linearity occur? And how may an understanding of the underlying physical process be
found? The physical process will be found to be fundamental in understanding the function
of protein-based machines of biology.

The challenge is to express accurately these hydrophobic-induced changes in pK and
positive cooperativity in terms of changes in Gibbs free energy and to obtain a physical basis
for the observed effects. This problem is approached below, by first deriving a generalized
acid/base titration equation, and then by developing a graphical means whereby the
changes in Gibbs free energies may be obtained and compared.

6.2.8 Generalized acid/base titration equations that contain apolar-polar, ap, and
charge-charge, cc, repulsion terms

The familiar Henderson/Hasselbalch equation for the titration of a dilute weak acid or base
has the form, pH = pK + log[a/(1-a)], which is modified to introduce cooperativity by
introduction of the Hill coefficient, n, to give the expression, pH = pK + (1/n)log[a/(1-a)]
(Hill, 1913). The need to obtain a titration equation wherein the Hill coefficient, n, could be
replaced by an explicit term for the change in Gibbs free energy reflected by a change in
cooperativity has been addressed over the years by Overbeek, (1948), Katchalsky & Gillis
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(1949), and Harris & Rice (1954). The result for charge-charge repulsion observed in
polyelectrolyte solutions would be of the form,

pH = pKc + log[a/(1-a)] + [(6AG/ da)t]c./2.3RT, (16)

where pKc is the shifted pK due to charge-charge repulsion, and (1/n)log[a/(1-0)] is
replaced by two terms, log[a./(1-a)] + [(9AG/da)1]cc/2.3RT.

It becomes apparent on considering the data of Fig. 14 that designed ECMP also exhibit, as
discussed above, an apolar-polar repulsive free energy of hydration, AG,p. The equation for
acid/base titrations of designed ECMP requires inclusion of terms for both charge-charge
and apolar-polar repulsion. The derivation may be found elsewhere (Urry, 1997; 2006a) to
give the following,

091

0.5

log|a/(1-a1)]

— A = 02—

.09

l— Ap]l]‘ 1k >

]‘ ApHEH —»
¢ ApHESF o ApEst
-1
3 Bl 5 6 7

pH
(0AG™/3a) = -2.3RT(ApH"¥ - ApH"*") /0.82

Fig. 15. Hill plots of the acid/base titration data Fig. 14B has been analyzed using Eqn. (18) to
calculate cooperativity values as the stand alone term (0AG/da)r/2.3RT to replace the factor,
1/n, of the Hill coefficient, n. The thermodynamic expression, (0AG/da)r is equivalent to AGgp.
It is calculated by the expression, (OAG"F/ dar)r = 2.3RT(ApHref - ApHF) /0.82, where the values
of ApHref and ApHrF are shown in the figure. (OAG"F/da.) is positive, i.e., repulsive, for positive
cooperativity and negative for negative cooperativity. For the negative cooperativity of
charge-charge repulsion the acid/base titration curve is broader than and the positive
cooperativity curves due to apolar-polar repulsion are steeper than given by the Henderson-
Hasselbalch Eqn., pH = pK +log[a/(1-a)]. From (Urry et al., 2010).
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Fig. 16. Hill plots of the acid/base titration data of Fig. 14B used to estimate pK of the first
and the last carboxyl to ionize, which demonstrate a residual pK shift for the last carboxyl to
ionize. See text for discussion. Figure 5.31 of (Urry, 2006a).

pH = pK,+ ApKe + ApKyp + log[a/ (1-a))] + {[(OAG/ Oa)1]ec + [(PAG/ Oa)1]ap}/2.3RT.  (17)

For Model proteins i through v, where the ionizable functions are separated by 90 backbone
bonds plus 6 side chain bonds, charge-charge repulsion is negligible and the data for Model
proteins i through v in Fig. 14B may be analyzed using the following expression,
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pH = pK, + ApKqp + log[a/ (1-a)] + {[()AG/ 0a)1]ap}/2.3RT, (18)

where pK, for the unperturbed glutamic acid is taken as 4.0.

For the Hill plot, pH is plotted on the x-axis and log[a/(1-a)] is plotted on the y-axis as seen
for Fig. 15. The log[a/(1-a)] = 0 intercept gives pKexpu and ApK = pKexpt - pKo. The last
term, {[(OAG/0a)1]ap}/2.3RT, measures the variation of the slope, n, from 1, which is the
diagonal as plotted in Fig. 15. If n < 1, the slope is less steep than for n = 1 as occurs for
negative cooperativity. If n > 1, the slope is steeper than for n = 1 as occurs for positive
cooperativity.

The means, whereby [(OAG/da)r] is calculated from the data as plotted in Fig. 15, is
described in the footnote to Table 3. The results for the glutamic acid data in Fig. 14B, as
calculated using Fig. 15, are given in the second and third columns of Table 3.

A qualitative comparison of the pK and positive cooperativity data suggest equivalent supra-
linearity of hydrophobic-induced responses when plotted against linear replacement of V by F.
The quantitative results of columns 2 and 3 of Table 3 strongly suggest that the same physical
process is responsible for both hydrophobic-induced pK and positive cooperativity shifts. In
our view the physical process in common is the apolar-polar repulsive free energy of
hydration, AG,p. Positive cooperativity as carboxyls ionize, where ionization of subsequent
carboxyls is greatly facilitated by the earlier ionizations, becomes possible due to competition
for hydration between hydrophobic groups and carboxylates. The first ionization is delayed
because the first carboxylate does not obtain sufficient hydration. As seen with another feature
of a Hill plot, For E/5F in Fig. 16A the first carboxylate forms with of pK 7, and the last
carboxylate of the titration forms with a pK of 5.7.

Accordingly, the last carboxylate of the titration of E/5F forms with a pK of 5.7 and
indicates an ongoing apolar-polar repulsion, AG,, = 2.3RTApK = 23RT(5.7 - 4.0) = 2.3
kcal/mol-E, calculated for 298K. Even the last carboxylate of E/3F with a pK of 4.8, seen in
Fig. 16B, retains a substantial apolar-polar repulsion, i.e., AG,p = 2.3RTApK = 2.3RT(4.8 - 4.0)
= 1.1 kcal/mol-E. These residual apolar-polar repulsion terms reflect an extent of elastic
deformation of the elastic-contractile model protein from the more nearly random chain
distribution relevant to (GVGVP), below T:. The residual pK (and positive cooperativity)
shifts warrant further discussion not possible with the present time and space limitations,
but they reflect the richness of the data available from designed ECMP.

Before going on to the equation for redox titrations of designed ECMP, it may be noted that
the data for Model protein I in Fig. 15, with both relevant charge-charge and apolar-polar
repulsion terms, can be analyzed using the complete Eqn. (17). The close sequence proximity
of the two E-residues in Model protein I, as seen in the 2E/5F/2I composition of Fig. 14A,
ensures a charge-charge repulsion term that can be seen in Fig. 15. In particular, the curve
for 2E/5F /21 exhibits a greater pK shift and yet a smaller slope than that of E/4F.

The first of two pieces of information that enable the resolution of all the terms is that ApKap
and ApK. are of the same sign, whereas [(0AG/0a)1].p and [(OAG/Oa)1]cc are of opposite
signs. This is apparent by comparison of the curves for E/4F and 2E/5F/2I. The second
piece of information comes from the demonstration that AG,, = 2.3RTApK equals
[(CAG/0a)t]ap, as seen in Table 3, and the expectation that AG.. = 2.3RTApK equals
[(CAG/ 0a)t]cc. With this perspective, all of the terms in Eqn. (17) can be determined, i.e.,
AG.p(2E/5F/2I) = [(OAG/00)t]ap(2E/5F/2I) = 232 kcal/mol-E and AG.(2E/5F/2I) =
[(CAG/ da)t]ec(2E/5F/2I) = 0.23 kcal/ mol-E (See Urry et al., 2009; 2010). This demonstrates
for the ECMP-in-water system how much more significant apolar-polar repulsion is than
charge-charge repulsion, as previously shown for fx versus pK plots for
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poly[fv(IPGVG) fg(IPGEG)] (Urry et al., 1993) and for poly[fv(IPGVG),fx(IPGKG)] (Urry et
al., 1994). Again, while warranted, present time and space limitations do not permit further
discussion here, but Figure 530 and associated text in (Urry, 2006a) provide further
analyses.

Model proteini: [GVGVP GVGVP GBGVP GVGVP GVGVP GVGVP](GVGVP);  ®/0F
Model protein ii : [GVGVP GVGFP G®GFP GVGVP GVGVP GVGVP](GVGVP);  ®/2F
Model protein iii: [GVGVP GVGVP GBGVP GVGVP GVGFP GFGFP](GVGVP),  ®/3F
Model protein iv: [GVGVP GVGFP G®GFP GVGVP GVGFP GVGFP](GVGVP);  ®/4F
Model protein v: [GVGVP GVGFP G®GFP GVGVP GVGFP GFGFPJ.(GVGVP);  ®/5F

@(function) | E(glutamic acid, -COOH) | K(lysine amino, -NH,) K{NMeN}-(redox)

Energy term | AGs,' | (9AG/da) AGy | (0AGloa) | zFAE | (0AGlda’)

keal/mol | (pKashift) |slope; (u) | (pKashift) |slope; (m)' | redox shift | slope; (n)’
O/0F 0.7 1.1 (1.5) 0 0 (0.9 0 0 (1.0
D2F 1.0 13 (1.6) | 03 0.3 (1.1) 0.8 05 (1.2) |
®/3F 1.6 1.7 (1.9 0.6 0.7 (1.2) 1.7 .1 (1.5
D/4F 22 22 2.7 1.4 12 1) | 25 27 (4.8)
®/5F 3.1 T 3.0 (8.0) 20 21 (2.7 - PR

The numbers in parentheses in the table are the Hill coefficients, n, and Hill plots of
log[a/(1-ct)] versus pH for acid base titrations and logla'/(1-a')] versus AE for the redox
titrations are used, respectively, to calculate (?AG/da) and (dAG/ aa'%. da and da’ are
determined b%r gr;)phical means using the y-axis intercept values of logla/(1-a)] = 1
(@=0.91) and -1(a=0.9), giving the graphically derived values of the divisors of 0.82 (= 0.91
- 0.09) for both Aa Aa’. The corres ing x-axis reference values are a ApH of 2
with AG = - 2.3RTApH for the acid-base titrations and a AE of 59 mV with AG = -z#AE for
the redox titrations. The expressions for acid base titrations become (IAG/da) = -
2.3RT(ApHe=#t - ApH™)/0.82 with ApH™'= 2 and ApH®P! being the run corres ini to
the Aa = 0.82 rise for a readily defined interval of the Hill plot (See section 4.4.5).
Anal ly for redox titrations, (0AG/da’) = -zFRAE®P - AE .82 with AE™ = 59 m
P sorSoaciis 2 an o AR=PY approaches 59, the lope approatiies one and fhe
ApHe®#" ap es as “a es JY, slope apj one an
tem\g (0AG/da) and (IAG/da’) approacll: zero, which is n = 1. q‘he sign on the free
energies is written as the repulsive free enmergy, AGsp, in which an increase in
hydrophobicity increases the free e:::gy on going from the less polar to the more polar
state, i.e., to the charged or the oxidized state. This results from an increase in AG due to
the increase in apolar-polar repulsion.
§ The pKa for the unpertur utamic acid is taken as 4.0. ,
t The Hill coefficient, n, for K/OF was experimentally found to be 0.9, possibly due to the
effect of CI"-NHs* ion pair formation during the titration. Since the interest is the change
due to addition of more hydrophobic Phe (F) residues, K/OF is taken as the reference state
(Woods, TC,; Hayes, L.; Xu, ].; McPherson, DT. & Urry DW., in p tion.).

The Hill coefficient, n, for the reference state composition, K{NMeN}/0F, i.e., N-methyl
nicotinamide (NMeN) attached by amide linkage to lysine (K) of Model protein i, is taken as 1.0
after including the term, 1/z of 2.3RT/2%, for the number of electrons (2) transferred in the overall
reaction (See Eqn. 19). (Hayes, LC.; Woods, TC.; Xu, J.; Gowda, DC.; McPherson, DT. & Urry,
DW. In preparation.) Adapted from (Urry & Luan, 2009).

Table 3. Comparison of increases in Hydrophobicity on pK and Reduction Potential Shifts
and on Positive Cooperativity for different Functional Groups in the Basis Set.
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6.2.9 Generalized redox titration equation that includes apolar-polar, ap, repulsion
terms

For redox titrations, the equivalent expression to the familiar Henderson/Hasselbalch
equation for acid/base titrations, is the Nernst equation, E = Eo + (2.3RT/z. %)log[a'/ (1-0)],
where E is the electrical potential in volts for dilute solutions of small non-interacting redox
functions, Eg is the electrical potential of the reference state (the unperturbed redox
function), z is the number of electrons transferred during the redox reaction, .#is the
Faraday constant of 23,060 cal/volt, and o represents the mole fraction of the redox species
being formed during the titration.

In analogy to acid/base titrations, cooperativity effects can be introduced with the Hill
coefficient to give E = Eo + AE;; + (1/n)(2.3RT/z.%)log[a'/(1-0")] for redox titrations of
designed ECMP. Your author is unaware of hydrophobic-induced shifts in reduction
potentials and cooperativity effects being treated in analysis of redox titrations. Table 3,
however, clearly shows hydrophobic-induced reduction potential and positive cooperativity
effects to be larger for designed ECMP with the NMeN redox function than with the E
functionality. For example, compare data for E/4F (columns 2 and 3) with those of
NMeN/4F (columns 6 and 7).

Accordingly, for our purposes Eqn. (19) will be stated using equivalent terms to those of
Eqgn. (18), as follows,

E = Eo+ AE., + (23RT/zF)logla’/(1-o')] + (1/2.F)[(OAG/ 0c')1]ap, (19)

Equation (19) neglects charge-charge interactions between redox functions, because the
approximately 100 bonds between functional groups would argue charge-charge
interactions to be negligible for this designed ECMP.

The values in columns 6 and 7 of Table 3 were calculated using the titration data for the
oxidation of NMeNH to NMeN* (Hayes, LC.; Woods, TC.; Xu, J.; Gowda, DC. McPherson,
DT. & Urry, DW. Effect of the hydrophobicity of elastic-contractile model proteins on redox
potential. In preparation.) and are plotted in analogy to the plots for titration of E/nF in Fig.
15, that is, E is plotted versus log[a'/(1-a')]. As representative calculations,
[(OAGNMeN/4E /9o )1]ap = (AEref - AE*F),, and AG.p(NMeN/4F) = z.#AE.,(NMeN/4F). For the
®/4F compositions of Table 3, z.#AE.,(NMeN/4F) ~ [(0AGNMeN/4F / 9a')r].p, = 2.5 keal /mol-
NMeN; AG.p(E/4F) = 2.3RTApK ~ [(OAGE/4F/da)r]ap = 2.2 kecal/mol-E, and AG.p(K/4F) =
2.3RTApK(K/4F) = [(0AGK/4F/da)r]ap ~ 1.4 kcal/mol-K (Woods, TC.; Hayes, LC.; Xu, J.;
McPherson, DT. & Urry. DW. Lys-containing elastic-contractile model proteins: Biosynthesis
and supra-linear increases in ApKa and in positive cooperativity with linear increases in
hydrophobicity. In preparation).

Not only is the apolar-polar repulsive Gibbs free energy of hydration apparent for the N-
methyl nicotinamide function in the ECMP composition, NMeN/4F, but it is 14% larger
than for the glutamate function in the ECMP composition, E/4F, and 80% larger than the
lysine function in the ECMP composition, K/4F. This might have been expected due to the
large increase in hydrophobicity on reduction, i.e., AG°na(NMeN* — dihydro NMeN) = 9.5
kcal/mol-NMeN in Table 2.

It seems quite apparent why biology so routinely utilizes redox functions in its energy conversion
processes. In particular, the nicotinamide adenine dinucleotide (NAD), nicotinamide adenine
mononucleotide (NMN) and flavin adenine dinucleotide (FAD) redox functions become reduced in
the process of oxidation of foods, and especially NADH and FADH, enter into the electron transport
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chain and reduce ubiquinol. Ubiquinol then becomes cyclically oxidized and reduced in the process of
pumping protons across the inner mitochondrial membrane to the inner membrane space. These
protons then flow back across the inner mitochondrial membrane through ATP synthase to produce
32 of the 36 ATPs formed on the oxidation of glucose, for example.

Section 7.1 below, presents the means whereby Complex III of the inner mitochondrial
membrane utilizes cyclic reduction and oxidation of its protein-bound redox functions -
heme by, heme by and an FeS center - in combination with the protein mechanisms
discussed here - AGua, AGgp, and single-chain elastic extension and contraction - to pump
protons across the inner mitochondrial membrane. And section 7.2 below presents means
whereby the Fi-motor of ATP synthase utilizes AG,p to produce ATP from ADP and
Pi(inorganic phosphate).

6.2.10 Elastic deformation on the hydrophobic association (extension) and on AGj,
(repulsion)

The elasticity of (GVGVP), has been characterized by many physical methods with the
necessity of delineating it from the random chain network theory of elasticity. The nature of
ECMP elasticity is most conclusively demonstrated by means of single-chain force-extension
experiments, see Fig. 6E, using the methodology of atomic force microscopy (Hugel, 2003;
Urry et al, 2002). Instead of rastering in the x-y plane of the substrate surface, a single chain
suspended between the substrate plane and the cantilever tip is pulled in the z-direction to
demonstrate an overlay of the extension and relaxation curves. Thus, within the sensitivity
of the force measurement, (GVGVP)n exhibits ideal elastic behavior. Because of a common
observation of some very minor deviations of the relaxation curve from the extension curve,
and because ideality is a goal approached but never quite obtained, we choose to refer to the
“near ideal” elasticity of a single chain of (GVGVP),. Obviously, the random chain network
theory of elasticity is not applicable to the single-chain force-extension results of Fig. 6E on
(GVGVP),.

The polymer construct is central to a robust elasticity. The first mathematical expression for
the propagation of a polymer (Eyring, 1932), depicted in Fig. 6A, demonstrates the two key
features, the torsional, or dihedral, angle, ¢, that provides the entropic component of elastic

force, fs, and the backbone angle, 0, and to a lesser extent the bond length, ¢, that provide the

internal energy component of elastic force, f.

The molecular mechanics ECEPP program due to Scheraga and coworkers (Momany et al.,
1975) and molecular dynamics CHARMM program of Karplus and coworkers (Brooks, et
al., 1983) both give the same value of five EU/pentamer-(GVGVP), (Urry, et al., 1982d; Urry
& Venkatachalam, 1983; Chang & Urry, 1989), which satisfactorily calculate the magnitude
of the entropic component of elastic force, fs (Urry, 2006b). And the values, so obtained, for
(GVGVP), have been instructive in estimating the elastic force on extension of single protein
chains on going from one functional state to another in the crystal structures of protein
motors (Urry, 2006b; Urry et al, 2010). Here, the values from molecular dynamics
calculations are listed in Table 4 for the damping of torsional oscillations that occur on 130%
extension of a single chain of B-spiral as described in the relaxed state in Fig. 5 and in
relaxed and extended states in Figs. 6D1 and D2.

As seen in Table 4, the torsion angles for the suspended segment - i, ¢s;, Wsi, and ¢ii+1) -
indicated by rotational arrows in Fig. 6B, are the angles that exhibit large torsional
oscillations in the relaxed state that become dramatically damped on extension. Fig. 6C
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Data from Chang & Urry, 1989, and tabulation from Urry & Parker, 2002.

Table 4. Comparison of the root mean square (RMS) fluctuations of torsion angles (¢ and )
of VP(GVGVP)10GVG for the non-extended and 130% extended states. Large decreases on
extension in the amplitude of the ¢ and y torsional oscillations of the suspended segments
are readily apparent, particularly when compared to the ¢ and y of the B-turns.

schematically demonstrates with the product of three torsion angle oscillations - A¢; x Ay
xAdi+1 - the large decrease of volume in configuration space that can occur on damping of
the amplitude of three torsional oscillations. This decrease in volume represents a decrease
in entropy, but instead of just three angles the computation will utilize the 31 internal
torsion angles listed in Table 4. The equation, as written for extended, e, and relaxed, r,
states, AS = R In[ITiAdie Ayie /TLAGir Ayit], calculates the decrease in entropy due to a 130%
extension to be -1.1 cal/mol-deg-residue. From looking at the decreases in amplitudes of
the angles in Table 4, the suspended segments overwhelmingly give rise to the decrease in
entropy. Using the relationship, fs = -T(dS/dL)vr, at 10 K for an extension, AL, of 3.5 to 8.0
nm per pentamer gives an fs of 24 pN (Urry et al., 2002; Urry, 2006b). Very similar AS values
were obtained for AS(GVGVP) in water (Wasserman & Salemme, 1990) using yet a third
computational approach, the Kollman molecular dynamics program, for such calculations.
Single-chain extension for elastomeric force development has been implicated in the
function of several proteins - the Rieske Iron Protein component of Complex III of the
electron transport chain discussed in section 7.2 below, e.g., the myosin II motor of muscle
contraction (Urry, 2006a, 2006b), and the kinesin bipedal motor (Urry, 2005).

7. ECMP-derived thermodynamics of protein hydration and of elasticity
describe function of biology’s protein-based machines!

The above described thermodynamics of protein hydration (AGua and AG,p) and of elasticity
(fe and fs), which with displacement give AG(elastic deformation), provide insight into key
details of the function of biology’s protein-based machines. Considered in this section are:
Complex III (cytochrome bc;/Rieske Iron Protein) of the inner mitochondrial membrane, the
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Fi-motor of ATP synthase also of the inner mitochondrial membrane, and the full-length KcsA
potassium ion channel of Streptomyces lividans. Function in each protein-based machine
involves trans-membrane structures of decreasing complexity. At this stage, the
thermodynamic quantities describe individual events at each site of action, but integration of
events into a complete image of trans-membrane transport is in the future. Example of how
this may be achieved occurs in section 8. Eyring’s Absolute Rate Theory applied to biological
trans-membrane transport, whereby a single image, the free energy profile for ion passage
through the monovalent cation selective Gramicidin A channel, contains all of the information
required to calculate current for a chosen ion activity and trans-membrane potential.

7.1 Complex lll of the electron transport chain of the inner mitochondrial membrane
There are five complexes within the inner mitochondrial membrane that achieve oxidative
phosphorylation. Four complexes couple electron flow to proton translocation from the
matrix side of the membrane to the inter-membrane space, i.e., cytosolic side. The fifth
complex, ATP synthase, utilizes the proton concentration developed in the inner-membrane
space by the first four complexes to synthesize ATP from ADP and Pi as the protons re-cross
the inner membrane to the matrix side. Treated below are Complex III, of the four
complexes, and the fifth complex, ATP synthase, emphasizing its F;-motor.

7.1.1 Complex Ill (cytochrome bci/Rieske Iron Protein) of the inner mitochondrial
membrane

Also referred to as the cytochrome bc; complex, Complex III of yeast is a homodimeric
integral membrane protein comprised of 22 subunits. The structure of Fig. 17A contains the
22 protein subunits plus a single molecule of cytochrome ¢, where it is positioned to be
reduced before diffusing to the fourth complex, cytochrome ¢ oxidase, to release its electron,
which passes through copper ions to the two hemes, a and as.

A stereo view of the redox functions are given in Fig. 17B, positioned exactly as in the
complete complex in part A. There are two reaction sites to note, the Q, site and the Q; site. At
the Q, site on the cytosolic side of the membrane, ubiquinol meets and transfers one electron to
the FeS center and a second electron to heme by; this leaves the ubiquinol with two positive
charges which it releases to the cytosolic side of the membrane as protons to become
ubiquinone and the FeS center returns to the heme ¢;. The ubiquinone leaves and a second
ubiqiunol enters to repeat the process. The net result at the Q, site is a tightly coupled receipt
of four electrons and the release of four protons to the cytosolic space, by means of the three
thermodynamic processes presented in section 6 and as depicted in Fig. 17C.

At the Q; site on the matrix side of the membrane, heme by, having received an electron
from heme by, passes it on to ubiquinone. This step occurs twice to give a double negative
charge to ubiquinone, and to a second ubiquinone, which pick up four protons from the
matrix side of the membrane to become become two ubiquinols that can each diffuse
through the lipid bilayer to enter the Q, site.

7.1.2 The cyclic domain movement of the Rieske Iron Protein FeS center between
cytochrome b and c;

Using each of the three thermodynamic processes developed in section 6, represented as
AGHa, AG,p, and single chain stretching/contracting, the tightly coupled cyclic reaction at
the Q, site is depicted in three steps in Fig. 17C.
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Fig. 17. A. Stereo pair of complete homo-dimeric structure of Complex III from yeast, plus
one molecule of its substrate, cytochrome c (at front upper right). Given in ribbon
representation with gray code for residues - charged white, neutral light gray, aliphatic
hydrophobics gray, and aromatics black. The location of cell membrane and its lipid bilayer
are indicated as well as the cytosolic (inner membrane space) and matrix sides of the
membrane. Complex III functions by translocating protons from the matrix side to the
cytosolic side of the membrane, as it oxidizes ubiquinol of the lipid layer at the Q, site on the
cytosolic side of the membrane and reduces ubiquinone at the Q; site on the matrix side.

B. Stereo pair of homodimeric Rieske Iron Protein (RIP) with labeled redox components of
Complex III (positioned exactly as in part A) and electron transfers at right. Note: While the
globular component of RIP and its FeS center are in one monomer, its anchor in the membrane
occurs with the transmembrane helices of the other monomer. A and B (Urry et al., 2010)
utilize the crystal structure data of Lange & Hunte (2002). PDB accession code, 1IKYO.

C. Rieske Iron Protein (RIP) and redox components of the monomer of Complex III showing
3 Steps in the cycle of electron transfer/proton translocation achieved by domain movement
into and out of the Q, site with stretching of its anchored tether as the globular tip of RIP
with its FeS redox center is drawn into the Q, site by hydrophobic association. The three
steps are discussed in detail in the text, utilizing the crystal structure data of Zhang et al.,
1998. Protein Data Bank, accession code 1BCC & 3BBC. From Urry et al., 2010.
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STEP 1: The hydrophobic ubiquinol enters the Q, site and, on making the site more
hydrophobic, induces the globular component of RIP with its hydrophobic side and tip to
roll into the Q, site increasing its hydrophobic association as it goes. This lowers AGpa, the the
change in Gibbs free energy for hydrophobic association (the first thermodynamic process).

STEP 2: In the thermodynamic process of lowering AGna as the RIP globular component
rolls into the Q, site, the relaxed single chain tether with its end segment anchored in the cell
membrane becomes stretched, thereby utilizing the second thermodynamic process of storing
energy in the stretching of the single chain. This positions the FeS center in the Qo site to receive
one electron from ubiquinol, which transfers a second electron to heme by and on to heme
b at the Q; site. The result is a ubiquinol with two positive charges.

STEP 3: The two positive charges of ubiquinol exert an apolar-polar repulsion, AGg, bringing
into play the third thermodynanamic process, that weakens the hydrophobic association, allows
the stretched tether to contract and lift the globular component with FeS center to heme ¢;
for transfer of its electron. This vacating of the Q, site opens access for release of two protons
to the inner-membrane space. The resulting ubiquinone diffuses into the lipid layer, and is
replaced by another ubiquinol, which returns the Q,-site to the state for STEP 1.

Thus, the three thermodynamic processes developed in section 6 (AGua, AGgpy, and single chain
stretching/contracting) are seen to be the basis for the tight coupling of electron transport to proton
translocation performed by Complex III (cytochrome bci/Rieske Iron Protein) of the inner
mitochondrial membrane in the essential function of energy conversion in the mitochondria, the
essential energy factory of the cell.

7.2 The Fi-motor of ATP synthase of the inner mitochondrial membrane
7.2.1 Partial structure of ATP synthase as obtained by electron diffraction
(Stock et al. 1999)

Fig. 18 gives a stereo view of the structure of ATP synthase of yeast mitochondria as
determined by electron diffraction with residues represented as spheres. The spheres are
gray-coded with charge residues white, neutral residues light gray, aliphatic hydrophobic
residues gray and aromatic residues black. Missing, however, are the a-subunit, which is a
partial sleeve on the Fp-rotor (the cio-subunit) that completes the proton channel from
cytosol to matrix, and the stator (b2-subunit) that locks from the sleeve to the (af})s-catalytic
housing. This ensures that the Fo-rotor-couplings-Fi(y)-rotor assembly may rotate without
rotation of the (af)s-catalytic housing.

At the top-side of Fig. 18 is the cytosolic side of the inner mitochondrial membrane, i.e., the
inter-membrane space into which Complex III of Fig. 17 pumps protons. One such proton
from the inter-membrane space then passes through a proton channel between the a-subunit
sleeve and the 10-fold symmetric Fo-rotor to bind at the D61 carboxylate, e.g., the left most of
the two white dots seen on the left-hand side of Fo-rotor just below the midline.

Drawing from the mechanism due to Fillingame and coworkers (Fillingame, 1999;
Fillingame et. al., 2002), as a proton from the inner membrane space flows through the
channel to bind at the dot on the left, an already protonated D61, e.g., the white dot at the
right, releases a proton to the matrix side of the membrane, resulting in 36° clockwise
rotation (as seen from the top) of the Fo-rotor. The translocation of 10 protons completes a
360° rotation of the Fo-rotor, which by the noted couplings of Fig. 18 drives a complete 360°
rotation of the Fi-(y)-rotor within the (af)s-catalytic housing.
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Fig. 18. Partial structure of ATP synthase obtained by electron diffraction with residues
given as spheres.

A. Missing are the a-subunit and the stator (b2-subunit).

B. The complete Fo-rotor-couplings-F(y)-rotor assembly.

Protein Data Bank, accession code 1QO1. Adapted from Figure 8.23 of Urry, 2006a.

www.intechopen.com



50 Application of Thermodynamics to Biological and Materials Science

A. Definition of subunits, structure file 1IBMF

Otpp = O-AMP-PNP; Bpp = B~AMP-PNP

L5

GDP = G'AMP-PNP
Ppp = B-ADP

Bg = empty
a; = A-AMP-PNP

B. Site Occupancies for Structure 1HSE
Olyp = O-ADP; B, = B-ADP-AIF,

- 0
B = B-ADP SO, 2
Ol = O.-ADP

Olyp = OL-ADP
Bpp = B-ADP-AIF -

C. Structure with Bg-empty (1BMF)
Subunits opBporp and overlying y -rotor

D. Structure with B-ADP SO, 2 (1HSE)
Subunits o Bgop and overlying y -rotor

Fig. 19. A and B. Nomenclature for the a- and -subunits of the (af)s-catalytic housing of
the Fi-motor of ATP synthase as defined from the crystal structures with Protein Data Bank
accession codes, 1BMF (Abrahams et al., 1994) and 1H8E (Menz et al., 2001). The F;-motor,
when separated from ATP synthase, functions as an ATPase, named the F;-ATPase. C.
Looking at the inside of the catalytic housing of structure 1BMF from behind the y-rotor
toward the three subunits, arfBeorp, into a cleft, marked by small black circle, where the
SO42 analogue of HPO42 would exist in structure 1H8E. D. Looking at the same internal
view as in C to see the location of the highly charge sulfate, SO42, peeking out of the cleft.

Adapted from Urry, 2006c.
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7.2.2 Demonstration of apolar-polar repulsion, AG,,, between phosphate analogue

and the short helix of the y-rotor

The views of Fig. 19 were developed from the structures listed in the Protein Data Bank as
1BMF (Abrahams et al., 1999) and 1H8E (Menz et al., 2001) for the purpose of demonstrating
the AG,p, the apolar-polar repulsive free energy of hydration. The strong repulsion exists,
between the very polar, doubly charged sulfate group (SO42), an analogue for biologically
potent phosphate (HPO42), and the very hydrophobic side of the y-rotor. The three sides
were identified as those sides facing the B-catalytic subunits as defined in Fig. 19A. By
inspection the least polar, most hydrophobic B-subunit would be the empty site, Bg, the site
without negatively charged nucleotides. The site containing the less charged nucleotide,
ADP, is labeled Bpp, and the most charged site containing ATP is labeled Brp. Calculations of
the sides utilized the A°Gua values of Table 1, and gave -20 kcal/mole for the g face of the
rotor, +9 kcal/mol for the Bpp face of the rotor, and 0 kcal/mol for the Brp face of the rotor.
(See Urry, 2006a; 2006c). Thus, a most hydrophobic face of the rotor was found, as necessary for
AGyy, to be an operative mechanism.

This is the first prediction for AG,, to be a factor in the mechanism of action of the Fi;-motor
of ATP synthase, namely, “Prediction 1: The rotor must be hydrophobically asymmetric.” In
what follows each “Prediction” will be mentioned, followed by a brief explanation.
“Prediction 2: In the static state the most hydrophobic side of the rotor faces the least polar side of
the motor housing.” As seen in Fig. 18A, the most hydrophobic side of the rotor faced the
empty site of 1IBMF. This should also hold for structure 1H8E, which would require that fg =
B-ADP SO42 would be less polar than Bpp = B-ADP-AlF42 and Brp = f-ADP-AlF42 as defined
in Fig. 18B. On the basis of the Pauling Electronegativity Scale (Pauling, 1932; 1960) ADP-
AlF,2 calculates to be more electronegative than ADP SO42.

“Prediction 3: Role of ATP in the non-catalytic a-ATP subunits is one of triangulation of repulsive
forces to lessen visco-elastic drag between rotor and housing as required for efficiency.” The long-
standing question of why is it important to have ATP in the non-catalytic a-subunits has
now been answered. The AG,, from the very polar, but not most polar occupant of the non-
catalytic subunits, acts to disrupt hydrophobic associations that would otherwise cause a
significant visco-elastic drag.

“Prediction 4: Negative cooperativity for ATP binding.” The three faces of the y-rotor are of
very different hydrophobicity. The face with a AG°ua of +9 kcal/mol would be the most
attractive for the ATP to enter the apposed B-catalytic site. The next ATP would add to the
B-catalytic site apposed to the face with a AG°ua of ~0 kcal/mol. And the slowest rate of
ATP addition would be to the B-catalytic site with a AG°na of -20 kcal/mol. Thus, there
would be the appearance of a negative cooperativity of ATP binding to the B-catalytic sites.
For discussion of the biochemical kinetics see Boyer, 1993: 1997.

“Prediction 5: Positive cooperativity of increased ATP occupancy of catalytic sites on rate of
hydrolysis (rotation).” Just as the ATP occupancy of the o-non-catalytic sites would decrease
visco-elastic drag by disrupting hydrophobic association and increase rate of y-rotor
rotation, so too would ATP occupancy of the p-catalytic sites. Thus, the positive
cooperativity of ATP binding to B-catalytic sites would be reflected in dependence of rate of
hydrolysis on ATP occupancy.

“Prediction 6: Increase in distance between rotor and housing due to AG,p repulsion, acting through
water, between the most hydrophobic side of the rotor and the ADP-SOy4 analogue of the most polar
state. As seen in Fig. 20, the short a-helix of the y-rotor seems to wrap partially around the
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Depicting Apolar-polar Repulsion in Structure 1H8E

1- D315 “t‘
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3-E341 A
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5- D386
6- 1390
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8- V312 +

9- A314
10-Y31

I"#;g
Fig. 20. Two subunits of 1HS8E, as defined in Fig. 19B with Bg(B-ADP SO42) on the left and
app(a-ADP) on the right, to show the apolar-polar repulsive free energy of hyration between
the very polar Bg(B-ADP SO42) on the left and the most hydrophobic face of the y-rotor. The
identified residues 8, 9, and 10 form one side of a cleft, identified by the black circle in Fig.

19 C and D. See text for further discussion. Protein Data Bank accession code 1H8E (Menz et
al., 2001). Adapted from Urry, 2006c.

long a-helix of the y-rotor, which is constrained at entry and at the bottom of the chamber.
In addition to noting this, Menz et al. (2001) pointed out that the y-rotor is displaced by an
average of 3A from the B-ADP SO, catalytic site. Both of these effects are remarkably well
explained by AG,p, the apolar-polar repulsive free energy of hydration, between the very
polar B-ADP SO42 catalytic site and the most hydrophobic face of the y-rotor, as developed
in section 6.2.6.

“Prediction 7: A repulsive force acting through “waters of Thales” to store energy in elastic
deformation provides the opportunity for high efficiencies of energy conversion by F; ATPase.” The
water between hydrophobic surfaces and polar, especially charged sites has been called the
“waters of Thales” in honor of Thales of Miletus, father of the Ionian Enlightenment, who in
the sixth century BC asked, "What is the world made of?" and answered that water is the basis
of all matter. Water, as put forward here, provides the means whereby the unique protein-in-
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water heat engine of biology with hydrophobicity dependence of T performs the work of the
cell. AG,, between ATP binding sites and the y-rotor, providing energy for elastic deformation,
would decrease visco-elastic drag and increase efficiency of energy conversion.

“Prediction 8: AG,, drives counter-clockwise rotation of the F; ATPase rotor” follows from the
relative positioning of the sulfate in the recess of a deep cleft and the orientation of y-rotor,
as seen in Fig. 19D. The rotation of the y-rotor would be in a counter-clockwise direction due
to the AG,, even seen to cause an elastic deformation and displacement of the very polar -
ADP SOq42 catalytic site from the most hydrophobic face of the y-rotor. This is seen more
clearly in Fig. 20, where residues 8, 9, and 10 form a vein jutting out into the aqueous
chamber and direct the apolar-polar repulsion, AG,p, at the short a-helical limb of the y-
rotor. Looking down from the top, this would result in the counter-clockwise rotation of the
y-rotor. The remarkable work of Noji and coworkers (Noji, et al.,, 1997; Noji, 1998)
demonstrated Prediction 8 by directly observing the rotation by a video microscope. The
rotation could be shown to occur in 120° steps as expected for a three-fold rotary motor.
And the Fi-ATPase has been reported to rotate a long actin filament with an efficiency of
near 100%. (Kinosita et al., 2000). See Epilogue, pages 551 - 555, of Urry, 2006a for more
extensive discussion of the 8 predictions.

In your author’s view, there could not be a more definitive demonstration of the prominent
role of AG°ya and AG,p in the description of the thermodynamics of protein function, and this
has occurred with arguably the most important protein motor of biology that is responsible for
nearly 90% of the ATP formed due to the oxidation of the representative food, glucose.

7.3 The full-length KcsA potassium-ion selective channel from Streptomyces lividans
The full-length KcsA potassium-ion selective channel from Streptomyces lividans has been
reported recently by Uysal et al., 2009. As with the other protein structures obtained from
the Protein Data Bank, KcsA has been analyzed using the program FrontDoor to Protein
Explorer developed by Eric Martz (Martz, 2002).

7.3.1 Approach to the structure/function problem of the KcsA channel

The structural perspectives developed for KcsA will be in either space-filling or ribbon
representation. Also a gray coding of amino acid residues will be used, where charged
residues are white, neutral residues are light gray, aliphatic residues of intermediate
hydrophobicity are gray, and aromatic residues, the most hydrophobic residues based on
the AG°na-Hydrophobicity Scale of Table 1, are black.

As our interest is in visually delineating between polar, e.g., charged, groupings and
hydrophobic residue or domains, the gray coding scale allows for ready visualization of the
distribution and locations of these disparate groups, whereby the darkness of the domain
indicates the greater hydrophobicity. In particular, the argument has been developed that
there exists a competition between hydrophobic and charged residues for hydration, which
competition expresses as an apolar-polar repulsive free energy of hydration, a AGgp.

7.3.2 Relevance of the thermodynamics of protein hydration to function of the KcsA
channel

In particular, hydrophobic association develops as too much pentagonally structured water
exists and the [-TAS] term of the Gibbs expression for dissolution in water, i.e.,
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Fig. 21. KcsA potassium-ion channel of four identical chains with complete cytoplasmic
component in cross-eye stereo view. A. In space-filling representation and gray scale where
darker indicates greater hydrophobicity and white means charged residues. B. Channel axis
view as seen from top showing four chains (KLMN) in ribbon representation. C. Full-length
view, showing selectivity filter, funnel region, constriction due to close contact of y-methyls
of V115. PDB accession code 3EFF (Uysal et al., 2009). B. and C. from Urry et al., 2010.
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Eqn. (4), AG(dissolution) = AH - TAS, becomes too positive and solubility is lost. As a
hydrophobic association fluctuates toward disassociation, too much hydrophobic hydration
forms and solubility would be lost except when a charge forms during the fluctuation
toward hydrophobic disassociation, wherein nascent charge recruits the pentagonal waters
of hydrophobic hydration for its own hydration. The [-TAS]-term decreases in magnitude
and the fluctuation toward dissociation stands.

This perspective becomes immediately relevant to the KcsA channel due to its dependence
of conduction on pH. As shown by Thompson et al., 2008, titrating the carboxyl function of
glutamic acid from -COOH to -COO- turns off conductance. With this experimental
finding, one immediately looks for the formation of charged carboxylates that might disrupt
hydrophobic associations that would hold the channel in the open state. So the intention is
to progress from the overall representation in Fig. 21A to the details of interest.

The full structure of KcsA is given in Fig. 21 in cross-eye stereo pair and in space-filling
representation with the gray coding mentioned above. Immediately apparent is the dark band
with the designation of lipid layer of the cell membrane. The dark band serves to identify a
~30A lipid-bilayer of the cell membrane that anchors the structure in the cell membrane.

By means of the ribbon representation without side chains in Fig. 21B, it is possible from the
top of the channel to look from the extracellular side of the cell membrane into a continuous
channel and also begin to gain a sense from this perspective of the folding of the four chains,
K,L, M, and N.

The full-length view of the channel in Fig. 21C, allows a ready view of how the four chains
form the superstructure of the channel. There is a specialized selectivity filter, the sequence
of which provides the signature for a potassium-ion selective channel. And there is a funnel
region ending in a constriction that closes the channel, and there is the lengthy protrusion
into the cytoplasm of the cell. (See Uysal et al., 2009; Urry et al., 2010).

7.3.3 Carboxylate disruption of a key hydrophobic association

By means of a significant break from four-fold symmetry of the four identical chains of 3EFF
(Uysal et al., 2009), the carboxyls of E118x and E118y are folded into and completely block
the channel immediately below the V115 constriction. Without the apolar-polar repulsion of
the E118x and E118y carboxylates, hydrophobic association occurs involving W113,
interacting with H25; and W26, and nascent interaction of W113n with H25y and W26y, as
seen in Fig. 22B. When the E118; and E118y carboxylates are outside the channel structure,
they are in a position exert a AG,p, an apolar-polar repulsion, on W113k, H25x and W26k and
on W113y, H25y and W26y, respectively, that disrupts those hydrophobic associations as
seen in Fig. 22A.

The W113. hydrophobic association with W26L and H25L, W113-(W26/H25), exerts a pull
through the backbone sequence of W113.-F114;-V115. to draw the y-methyl of V115
outward toward an opening of the constriction and of the selectivity filter (See Fig. 23F).

7.3.4 The effect of the W113_-(W26./H25.) hydrophobic association on opening the
Val115 y-methyl constriction

The cross-section (slab cuts) at V115 y-methyls are given in Fig. 23. From these the V115 yC-
center to yC-center distances are obtained to give for the crystal structure 3EFF in A, ie.,
(N—-L) = 6.322, (N-K) = 3.810, c((L>M) = 4.199, dMM—N) = 4.164, and e(L—>N) = 4.864. By
graphical analysis these distances allow estimates of channel closed and open states as
shown in Fig. 23A and B, respectively.
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Simply put the N and K y-methyls of the V115 residues are in close contact, and completing
them in square-planar arrangement gives the closed state in Fig. 23A, whereas the outward
displacement V115y y-methyl is made square-planar to give the open state represented in
Fig. 23B.

7.3.5 Consider the hydrophobic association/dissociation (HA/HD) system, W113-
(W26/H25), of the KcsA channel and its consequences

Consider, poised near 37°C, the W113-(W26/H25) hydrophobic association(HA) <>
hydrophobic dissociation(HD) system with proximal carboxylates, E118 and E120, of the
KcsA channel in Fig. 24A. Decreasing charge increases the amount of hydrophobic
hydration, Ny, which lowers T; below 37°C and drives HA (as seen in the lower part of Fig.
24A where the carboxylate of E118 is missing and in general in Fig.12). On the other hand,
increasing charge (by an increase in AG,, due to the presence of the carboxylate of E118)
decreases Ny, which raises T; and drives HD (as seen in the upper part of 24A and in
general in Figs. 10, and 12). That the formation of carboxylates disrupt hydrophobic
associations and that the removal of carboxylates allow hydrophobic association becomes
apparent on studying Figs. 10C, 12, 14B, and 15, and Table 3, columns 2 and 3.

k-chain M-chain

Fig. 22. Busts for the diagonally paired chains, K-M in A and L-N in B. The hydrophobic
association of W113y -(W261/H25;) pulls on the backbone sequence of W113;-F114;-V115;,
to draw the y-methyl of V115, outward. That displacement is made square-planar to result

in an open state in Fig. 23B. See text for further discussion. Protein Data Bank accession
code 3EFF. From Urry et al., 2010.
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A [

Fig. 23A and B. Cross-section at the V115 y-methyl constriction. A. Representation of the
closed state on making the N and K y-methyl proximity square-planar. B. The open state by
making the V115; y-methyl displacement square-planar. C. A cross-section in the closed
state of structure 1BL8 (Doyle et al., 1998) with representation in D. E. A cross-section at the
G77 carbonyl oxygens of a closed structure, 3EFF (Uysal et al., 2009). But the displacement
of the carbonyl oxygen on the left, on being made square-planar, represents an opening
displacement when made in all chains, and either the lower left or the upper right oxygen
pairs made square-planar give the closed state of D. See discussion.

The particular function of the W113-(W26/H25) hydrophobic association is to extend the
backbone linkage W113;-F114;-V115. outward and thereby to move the y-methyl of V115
outward. This outward displacement, when made square-planar for all four identical chains,
opens the constriction at the base of the funnel of Fig. 21 (See Fig. 23B). A correlated
outward displacement of the G77 carbonyl oxygen, also when made square-planar for all
four identical chains, opens the selectivity filter as seen in Fig. 23E and F.

7.3.6 Developing the free energy profile for the open KcsA K*-conducting channel

Fig. 24B becomes but a simple statement of the fraction of channels that will be in the open
state for a given pH. Therefore, beyond a weighting of the probability of the open state, the
problem of meaningful description of the pH dependence of potassium-ion conductance
through the KcsA channel reduces to the state of the Gramicidin A channel discussed in
section 8.

The steps for developing a free energy profile for the KcsA channel would be similar to
those listed in section 8.4.2 for the development of the free energy profile for ion passage
through the Gramicidin A channel. The first challenge would be to obtain a suspension of
stable lipid-bilayer membrane in which the KcsA channels could be incorporated and
characterized by NMR and dielectric relaxation methods. For a detailed description of the
process once the lipid-bilayer suspension of KcsA channels is obtained see section 8.
Eyring’s Absolute Rate Theory applied to biological trans-membrane transport below.
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A. Disruption of hydrophobic association
by E118-/E120- and return by loss of E118"

B. Free Energy Profile for opening of the KesA
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Fig. 24. A. Stereo view of hydrophobically dissociated (upper pair) and associated (lower
pair) states proposed to be responsible, respectively, for the closed (Figs. 23A, C and D) and
open (Figs. 23B and F) states of the KcsA (K*)-channel. By AG,;, the apolar-polar repulsive
free energy of hydration described in section 6.2, the charge of the carboxylates, E118 and
E1207, disrupt hydrophobic association, and the loss of AG,, due to absence of E118™in the
lower pair is seen to restore hydrophobic association.

B. Free energy profile representing the free energy change of hydrophobic association on
protonation of the E118 carboxyl that restores the W113L,-(W26L/H25L) hydrophobic
association and pulls on the backbone sequence of W113L-F114L-V115L to draw the y-
methyl of V115L outward and open the constriction. Thus, B provides a simple probability
statement for the fraction of open channels. From Urry et al., 2010.
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7.3.7 Looking forward to the remarkable potential of the Eyring Absolute Rate Theory
to describe diverse biological trans-membrane transport processes

As will be seen in section 8, once the image of the free energy profile is obtained, the channel
conductance can be calculated as a function ion activity and trans-membrane potential. This
has been demonstrated with the Gramicidin A Trans-membrane Channel as reviewed
below. The entire process can be understood through the single visual image of the free
energy profile of Fig. 27A. The challenge now before us is to reduce the essential and
increasingly complex trans-membrane transport processes required for living organisms to
visual images of free energy profiles. This potential to describe the essential energy
converting trans-membrane systems of biology could result in one of the most profound
legacies of the Eyring Absolute Rate Theory.

The sequence toward stepwise increasing complexity occurs in the preceding examples of
the thermodynamics of biology’s protein-based machines. The approach could be to begin
with the KcsA channel, to proceed to Complex III of the electron transport chain of the inner
mitochondrial membrane where the challenge would be in a coupled pair of visual images
whereby proton flow from the matrix side would be coupled at the Qo-site and the Q;-site to
the electron transport in the plane of the membrane, and then to proceed to ATP synthase
with its pair of rotary motors, the Fo-motor and the Fi-motor, the first to use the return of
proton to effect rotation of the rotor of the F;-motor for making ATP.

8. Eyring’s absolute rate theory applied to biological trans-membrane
transport

8.1 The fundamental expression of Eyring’s absolute rate theory

Application of the thermodynamics of Eyring’s Absolute Rate Theory to essential trans-
membrane transport processes of biology can result in a single figure of Gibbs free energy
versus distance across the membrane that provides all of the information required to
calculate transport as a function of concentration (or activity where relevant) of transported
species and trans-membrane potential.

By means of Eyring’s expression for the specific rate constant, k', (Eyring, 1935; Glasstone, et
al. 1941; Eyring, 1969),

k' = kkT/h exp(-AGt/RT) = «kT/h exp(-AHt/RT + ASt/R), (20)

AGt = AHY - TASH, (1)

where « is the transmission coefficient; k is the Boltzman constant (1.38 x 10-16 erg/degree);
T is the temperature in degrees Kelvin, K, which at physiological temperature of 37C would
be 310K; h is Planck’s constant (6.62 x 10-27 erg-sec); AGt is the Gibbs free energy of activation
for the chemical reaction or physical process being considered, and R is the gas constant
(1.987 cal/deg-mol). Importantly, Eqn. (20) expresses the activation energy in terms of the
Gibbs free energy, AGt, defined in Eqn. (21) where AHt and ASt are, respectively, the heat
and entropy of activation that occur on achieving the activated state.

This is most fitting for the biophysical world where the essential processes of life occur at
constant temperature and pressure, that is, where the experimentally obtained free energies
are AG, and also where « is commonly one. For special cases where « differs from one, the
rate process has been understood and « calculated.
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Fig. 25. The classic visual statement of Eyring’s Absolute Rate Theory depicting reactants
colliding to raise the free energy to that required for formation of the activated complex,
now commonly called the transition state to include rate processes that may not involve
chemical reactions, e.g., channel ion transport.

Fig. 25, the visual statement made by Eqn. (20), presents the archetypical image of Eyring’s
Absolute Rate Theory. As originally derived, it depicts the Gibbs free energy barrier that
must be surmounted as reactants pass along the reaction coordinate to form products and
may be called the free energy profile for the reaction. The reaction coordinate represents a
splendid simplified plot of the distance between atoms or molecules in the gas phase flying
at each other on collision course, passing over the high-energy barrier (the activated or
transition state) and flying apart as product or products.

For ion transport through a trans-membrane channel the reaction coordinate is simply the
length of the channel, such that plotting of the free energy profile for transit through a
natural channel becomes a plot of the Gibbs free energy as a function of the actual distance
along the channel. The channel state may be incorporated into a lipid-bilayer system at
adequate concentrations wherein binding site locations can be determined by NMR data on
individually C13-labeled carbonyl carbons of the channel. Also, by NMR methods the
binding constants for single and multiple occupancy, the off-rate constants for single and
multiple occupancy can be determined, and by dielectric relaxation rates for intra-channel
ion translocations can even be experimentally determined.

Plotting these quantities as a function of free energy versus distance along the channel
provides a free energy profile. Within a single image, the free energy profile for ion flow
through the channel, the complete process of trans-membrane transport is described, and
the calculated results may be compared with the single-channel currents determined by
measurement of the single-channel currents in the so-called black lipid-bilayer membrane
(BLM) obtained at appropriate applied potentials, and as a function of relevant ion

www.intechopen.com



Thermodynamics of Protein Structure Formation and Function 61

concentrations, corrected to molal ion activity (Urry et al. 1980a; Urry et al. 1980b; Urry,
1985). Successful calculation of the experimental single-channel currents using
experimentally derived distances and rate constants from a macroscopic lipid-bilayer
incorporated system can be used to substantiate the detailed mechanism and, of course, to
substantiate the relevance of Eyring Absolute Rate Theory.

The reported example of a natural channel for ion transport, opens the door to the
development of free energy profiles for trans-membrane transport of other ions and
molecules required to sustain the cell. Thus, Eyring Rate Theory provides the opportunity to
obtain within a single image the visualization of many trans-membrane transport processes
of biology with the potential of medically relevant interventional insights that such would
provide.

8.2 The trans-membrane channel as a unique example of a free energy profile

As the objective of our first example given below, Fig. 27A contains the image of a
biophysical path often-enjoyed by Henry Eyring, one of diffusion through membranes. In
the present case the reaction coordinate for ion transit through a trans-membrane channel
becomes the length of the channel through which the ion passes. And the plot of ion
position in the channel as a function of Gibbs free energy images a free energy profile of ion
passage over a terrain of valleys and mountain passes. The valleys locate and quantify low-
energy binding sites, and the mountain passes locate and quantify high-energy barriers of
the transition states. The free energy profile contains in a single figure the complete physical
process of ion passage through the channel. By passing through a biological channel, ions
achieve a controllable transit through an otherwise ion-impenetrable lipid membrane.

8.3 Turning channels on and off becomes central to integrating life processes.

In order to correlate and integrate the functions required for life, there must be controlled
channel opening and closing. Another plot of the same form as that of Fig. 25, given above
in Fig. 24, depicts the process whereby protonation of a carboxylate effects hydrophobic
association to open a channel and the reverse process closes the KcsA potassium channel of
living organisms. In this example, hydrophobic association pulls the channel gate open, and
hydrophobic dissociation allows the channel gate to return to its closed state (See section
7.3). The equilibrium constant for this process allows calculation of the probability of the
open state.

8.4 Construction of the free energy profile for the malonyl Gramicidin A trans-
membrane channel and calculation of single-channel currents

8.4.1 A channel-containing lipid-bilayer state for determining structure, binding sites
and rate constants

An aqueous suspension of the channel-containing lipid-bilayer state is prepared (Spisni
et al. 1983; Pasquali-Ronchetti et al, 1983). This provides sufficient channel concentrations
to use physical methods, such as nuclear magnetic resonance, to determine structure,
channel-binding sites and rate constants. This data combines by means of Eyring rate
theory to produce the free energy profile from which single-channel currents may be
calculated, in a manner entirely independent of the BLM single-channel current
measurement.
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8.4.2 Steps in the development of a free energy profile with which to calculate single-
channel currents

The steps are: 1) Determination of structure and location of ion binding sites, as shown in
Fig. 26A, B, and C (Urry et al., 1982a; Urry et al., 1982b; Urry et al., 1982¢; Urry et al., 1982;
Urry et al., 1983) for malonyl Gramicidin A (mal-GA). The data demonstrate the channel
structure in the prepared lipid-bilayer state to be the single-stranded, head-to-head
dimerized, left-handed (¢3-helix. 2) Derive the appropriate steady state equations for all
occupancy states and the equation for the single-channel ion current (Urry, 1985; Urry et al.,
1980a; 1980b) as given in Fig. 26D, E, and F. 3) Construct the free energy profile for passage
of ions through the trans-membrane structure by experimental determination of binding site
locations and rate constants (Urry, 1985; Henze et al., 1982; Urry, et al. 1989; Urry, 1987), as
in Fig. 27A, B, and C. 4) Add to AG of Eqn. (20) the trans-membrane potential dependence
appropriate to each rate constant with an assumed linear trans-membrane potential drop.
And 5) calculate the single-channel current as a function of ion activity and applied trans-
membrane potential (Urry, 1985; Urry, 1984).

8.4.3 Comments on the structure(s) of Gramicidin A

As originally proposed in 1971 (Urry, 1971; Urry et al. 1971) and established now for three
decades (Bamberg et al. 1977; Bamberg et al. 1978; Szabo & Urry 1979; Anderson & Koeppe
II, 1992; Busath, 1993), the structure of the ion-conducting Gramicidin A channel in the BLM
system for determining single-channel currents is a head-to-head hydrogen-bonded, single-
stranded f¢-helix, a member of a new family of helices initially named nip-helices (Urry,
1971; Urry et al. 1971). The name was changed to p-helices as the hydrogen-bonded pattern
between turns within the monomer is that of the parallel B-pleated sheet and between the
turns at the head-to-head junction is that of the anti-parallel B-pleated sheet Urry, 1972. And
the work, listed in part in the papers of reference (Urry, et al., 1982a, 1982b, 1982c, 1982e,
1983) showed the structure in lipid-bilayer suspensions (Pasquali-Ronchetti, et al. 1983;
Spisni et al., 1983) to be the head-to-head hydrogen bonded, single-stranded and left-handed
Be3-helix of Fig. 26A, B, and C, as originally proposed.

Nicholson and Cross (1989) using solid state >N NMR spectroscopy of Gramicidin A
incorporated into a dimyristoyl phosphatidyl choline (DMPC) bilayer preparation, reported
the same B-hydrogen-bonding pattern (B-helix) proposed in 1971, but concluded the right-
handed rather than left-handed helix. We then incorporated malonyl Gramicidin A into
dodecyl phosphocholine micelles, and utilized high resolution 2D NMR data to determine
the handedness in this phospholipid system also to be right-handed (Jing & Urry,
unpublished results), but with altered ion-binding interactions. Since Gramicidin A is now
well-known for its many helical states (Anderson et al. 1999; Cross et al. 1999; Burkhart &
Duax, 1999), the question continues to be, Is a determined Gramicidin A structure obtained
at high channel concentrations relevant to the trans-membrane structure that gives rise to
the single-channel current events of the (BLM) technique?

Without a methodology to observe directly the structure of a single trans-membrane
channel in the BLM where the single-channel current is measured, application of Eyring’s
Absolute Rate Theory (ART) provides the opportunity to test a given structure by
independent calculation of single-channel currents as reviewed here. Success would support
the structure from which the rate constants and binding sites were derived and would be a
remarkable validation of use of the Eyring rate equation for trans-membrane channel
transport (with Gibbs free energies of activation for the barriers).

www.intechopen.com



Thermodynamics of Protein Structure Formation and Function 63

8.4.4 Development of the free energy profile for the malonyl Gramicidin A channel
state

As depicted in the several components of Fig. 26, the malonyl-Gramicidin A trans-
membrane channel - a covalent dimer with a two-fold symmetry axis perpendicular to the
channel axis - contains two ion binding sites (a symmetrically positioned tight binding site
for the first ion in the channel and a pair of weak binding site on entry of the second ion into
the channel). Double occupancy results in repulsion between ions that weakens second ion
binding. The result is two entry/exit barriers and a single central barrier for ion exchange
between the two sites.

Therefore, description of ion transport through the channel requires five experimentally
determinable rate constants. The following values were obtained using the lipid-bilayer
suspension of malonyl GA channels: ki = 3x105/sec, kton = 3x107/M-sec, kWi = 2x107/sec,
kwon = 2x107/M-sec and ko, = 4x10¢/sec. The two off-rate constants were obtained by means
of sodium-23 nuclear magnetic resonance (NMR) longitudinal and transverse relaxation
studies. And sodium ion-induced carbonyl carbon chemical shifts (CS), and sodium ion line
width (LW), excess longitudinal relaxation (ELR) rate and excess line width (ELW) data
(Urry et al., 1980a, 1980b; Urry et al. 1989; Urry, 1987) were used to obtain values for the
tight and weak binding constants, Kt, = kton/ktor and Kwy, = kWon/ kWogr, from which the on
rate constants were determined. The magnitude of ka4, was obtained by means of thallium
ion dielectric relaxation data for the ion jump inside the channel (Henze et al., 1982). Due to
the two-fold symmetry and in the absence of an applied field the rate constants defined in
Fig. 26D become, ktog = k1 = ko) kton = k1 = ko; kWogr = k3 = kg; kwon = k3 = kg ko = ks = kos.
An assumed linear applied potential drop is applied to these experimentally derived rate
constants with the distances defined in Fig. 27A to be a; = 10.5 A;bi=13A;d =154, as
utilized in the current equation of Fig. 26F.

The experimental Gibbs free energies of activation were calculated, using Eqn (20) in the
form of AGt = 2.3RT(12.79-log k'), from the experimental data to be as follows: AGt(tof)exp =
10.1;, AGt(ton)exp = 7.4; AGH(Wogf)exp = 7.6, AGH(Won)exp = 7.6 ; AGt(cb)exp = 8.6. These values
and binding site locations are used to plot the free energy profile of Fig. 27A.

In addition, a set of five “best fit” rate constants for the experimental single-channel currents
were determined by allowing all five rate constants to vary in order to optimize the fit to the
experimental BLM single-channel current data, as a function of ion activity and trans-
membrane potential. The “best fit” single-channel current values were found to be: AGt(t,)fit
=10.5; AGt(ton)fit =7.3; AGH(Wog)fit = 8.2; AGH(Wop)fit = 8.0; AGt(cb)fit =7.9. The “best fit” AGt
values for the experimental BLM single-channel current data compare favorably with the
free energies of the experimentally determined rate constants using the lipid-bilayer
suspension of channels without optimization.

8.5 Absolute rate theory calculates experimental single-channel currents using
experimentally-derived rate constants

8.5.1 Experimental BLM single-channel currents of the malonyl Gramicidin A trans-
membrane channel

We start with the malonyl Gramicidin A trans-membrane channel, the covalent dimer,
formed by chemically connecting, by peptide linkage, the amino ends of two molecules of
the 15 amino acid residue peptide, Gramicidin A, using the malonyl group, -OC-CH,-CO-,
and we measure the resulting single-channel currents in the black lipid-bilayer membrane
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Fig. 26. A. Upper image: Wire model of the single-stranded left-handed, head-to-head
hydrogen bonded dimeric ¢3-helix, indicating the B-sheet hydrogen-bonded pattern made
possible by the L-D repeating sequence, namely HCO-L-Vall-Gly2-L-Ala3-D-Leu*-L-Ala5-D-Val®-
L-Val’-D-Val8-L-Trp?-D-Leul0-L-Trp11-D-Leul2-L-Trp!3-D-Leul4-L-Trp!5-NHCH,CH,OH, with 6.3
residues per turn of helix, as proposed in 1971 (Urry et al., 1971; Urry, 1971, 1972). From
Urry et al., 1982e.

Lower part: Plot of experimental carbon-13 carbonyl carbon chemical shifts as a function of
carbonyl oxygen position in the structure for the single-stranded left-handed, head-to-head
hydrogen bonded dimeric ¢-3-helical structure above. Data obtained by chemical synthesis
of Gramicidin A with one carbonyl carbon-13 enriched per chain synthesized for each of the
8 L-residues and the amino terminal malonyl carbonyls and for each of two D-residues, D-
Val8 and D-Leu'4. Adapted from Urry et al., 1982a; 1982b; 1982c; 1982¢; Urry, 1985.

B. Upper image: Wire model of the single-stranded right-handed, head-to-head hydrogen
bonded dimeric B63-helix, indicating the f-sheet hydrogen-bonded pattern made possible by
the alternating L-D repeating sequence with 6.3 residues per turn of helix.

Lower part: Plot of experimental carbon-13 carbonyl carbon chemical shifts as a function of
carbonyl oxygen position in the sequence for the right-handed, head-to-head hydrogen
bonded dimeric B6-3-helical structure immediately above. From Urry et al., 1982e; Urry, 1985.
In the plot for the left-handed structure in A, all of the Na* and T1* data points and the single
Ca*+ data point consistently define the location of two binding sites, including the data
points for the D-residues, D-Val® and D-Leu!4. On the other hand, for the plot of the right-
handed structure in B, D-Val® shows no ion interaction in the middle of the binding site as
defined by the L-residue carbonyl carbon chemical shifts. Furthermore, for the right-handed
structure, the D-Leu!4 residue carbonyl carbon chemical shifts are substantial where there is
no binding site again as defined by the 8 L-residue carbonyl carbon chemical shifts.
Accordingly, we believe that the structure in our bilayer preparations of the malonyl
Gramicidin A is the single-stranded, left-handed, head-to-head hydrogen bonded dimeric
pe3-helix.

C. The single-stranded left-handed, head-to-head hydrogen bonded dimeric 3¢-3-helical
structure of the Gramicidin A transmembrane channel: in channel view on left and in
transmembrane view on the right, using CPK (Corey-Pauling-Koltun) space-filling
molecular models. The oval encompasses the two formyl hydrogens at the head-to-head
junction.

D. Occupancy states: The information in A and C above, define the four occupancy states,
which with the ten defined elemental rate constants, provide the information required to
state the steady state equations in E. From Urry, 1985.

E. Steady state equations: As the single-channel currents are determined under steady state
conditions, the four steady state equations are stated here for the four occupancy states and
ten elemental rate constants of D above. From Urry et al., 1980b.

F. Single-channel current: With steady state equations and defined elemental rate constants,
the single-channel current may be expressed, but, if written correctly, it yields no current
until a transmembrane potential is applied. With binding site locations as in Fig. 27C, with
the distances defined in Fig. 27A, with the positioning of the channel in relation to the
membrane as in Fig. 27B, and with the indicated fraction of the transmembrane potential
applied to each experimentally determined rate constant, the single-channel current is stated
as given here in F. From Urry et al., 1980b.
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A. Free energy profile: ion flow through channel
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Fig. 27. A. Free Energy Profile: With five experimentally determined rate constants obtained
from suspensions of transmembrane channels in bilayer preparations and the defined
distances, the decrease in Gibbs free energies of binding sites and increase in Gibbs free
energies of barriers are plotted here as well as the bias added by the linear applied potential
drop of a 200 mV transmembrane potential, given as the dotted line for single ion
occupancy, and also a similar bias added to the dashed curve for double occupancy. All the
data is contained in the single image of the free energy profile with use of the expression in
Fig. 26F to calculate the single-channel currents of Fig. 28A for comparison with the
experimental single-channel currents given in Fig. 28B. B. Schematic representation of the
Gramicidin A transmembrane channel spanning the 30A lipid bilayer. The binding sites are
noted within the channel and the charge distribution across the membrane has the left hand
side indicated as positive and the right hand side as negative. Thus, the applied
transmembrane potential is such that for the positive sodium ion the free energy is lower on
the right hand side and raised on the left hand side of the membrane, as seen by the free
energy profile in part A above. A. and B. from Urry, 1982b.

C. The lower component serves to align the binding sites in the channel and uses the
outermost channel carbonyls to define the outermost reaches of the schematic representation
in part B and the entrance barrier of the Gramicidin A transmembrane channel spanning the
lipid bilayer in part A in order to clarify the relationship of the free energy profile of part A
to the lipid bilayer being spanned by the Gramicidin A channel. Adapted from Urry et al,,
1982a; 1982b; 1982c; 1982¢; Urry, 1985.
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(BLM) obtained at four applied potentials, 50 mV, 100 mV, 150 mV, and 200 mV, and as a
function of ion concentrations, 0.1, 1, 3, and 5.5 M, corrected to molal ion activity.

It is called a black lipid membrane (BLM), because as the lipid membrane thins to a single
30A wide lipid bilayer, the membrane is seen to go black, due to the interference of light
reflected from each surface of the thin flat membrane. The 30A wide lipid-bilayer can be
spanned by a single channel-forming covalent dimer, the malonyl Gramicidin A trans-
membrane channel, which allows measurement of single-channel currents from a histogram
of single channel conductances.

8.5.2 Using Eyring Absolute Rate Theory to calculate the experimental BLM single-
channel currents

The experimentally-derived rate constants (without any adjustment or fine-tuning of
experimental values obtained on channel incorporated lipid bilayer suspensions) can be
used within the formalism of Eyring Absolute Rate Theory to calculate successfully the
sodium ion single-channel currents for four different trans-membrane potentials and over a
wide range of ion activities, as seen in Fig. 28(a). Comparison with the directly measured
sodium ion single-channel currents in Fig. 28(b) is particularly satisfying, especially for the
150 mV curve. Furthermore, also calculated were the conductance ratios for the series of
alkali metal ions - Li*, Na*, K*, Rb*, and Cs* - and found to be within experimental error
(Urry et al., 1980a; Urry et al. 1989; Urry, 1987).

Malonyl Gramicidin A transmembrane sodium ion single-channel currents
(a) (b)
100 T -
A. Two Site Model, no parameters
Five experimental rate constants
(assumed linear potential drop)

B. Two Site Model, with all five rate
constants varied to “Best Fit™ BLM
experimental single channel currmtsﬂ
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Fig. 28. Part (a): The calculated single-channel currents using the single-channel current
equation of Fig. 26F with the data of the free energy profile of Fig. 27A, including a dotted
curve adding the 200 mV potential bias and similarly for the dashed curve for double
occupancy, that is, the five experimental rate constants and the assumed linear potential
drop. The four data points for 150 mV applied potential were transferred laterally from the
aligned part (b) to (a) using PowerPoint. Adapted from Urry et al., 1980a.

Part (b): Single-channel currents of Fig. 7A of Urry et al., 1980a. Data points from single
channel current measurements at different ion activities and applied transmembrane
potentials obtained using the black lipid membrane (BLM) approach, and solid lines are
calculated “best fit” curves using a single set of five rate constants. From Urry, 1980a.
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The data in Fig. 26A demonstrate the head-to-head hydrogen-bonded, single-stranded, left-
handed p¢3-helical structure of incorporated malonyl Gramicidin A transmembrane channel
to occur in what has been verified as a lipid bilayer suspension (Spisni et al., 1983; Pasquali-
Ronchetti et al., 1983). These findings also demonstrate the remarkable capacity of Eyring
Absolute Rate Theory to construct in a single image of the free energy profile all the
information with which to calculate trans-membrane transport for a number of important
variables central to biological function.

The data of Fig. 26A - including the divalent ion binding data, for which the channel is
impermeable - argue that the head-to-head hydrogen-bonded, single-stranded, left-handed
Bo3-helix gives rise to the experimental single-channel currents obtained in BLM
experiments. The most salient point to make here, however, is the remarkable capacity of the Eyring
rate equation, Eqn. (20), to treat biologically important ion trans-membrane transport processes.

8.6 Eyring Legacy: Absolute Rate Theory for thermodynamic description of diverse
biological trans-membrane transport processes

Absolute Rate Theory is applicable to virtually all that happens in living organisms. Here
we utilize Eyring’s rate equation to construct a free energy profile for transit of sodium ion
through a natural trans-membrane channel. Without resorting to BLM measurements of
sodium ion single-channel currents through the channel, independent physical
determinations of channel structure and of five separate rate constants were obtained and to
each rate constant was applied an appropriate fraction of a trans-membrane potential; all of
which were treated and assembled within the framework of the Eyring rate equation to
construct a single free energy profile (See Fig. 27A). And the single image of the free energy
profile (Fig. 27A) contains all of the information required to calculate the single-channel
currents as a function of sodium ion activity and trans-membrane potential. In my mind,
this stands as a demonstration of the significance and power of Eyring rate theory,
embodied within Eqn. (20). To the best of my knowledge, such a capacity has been
demonstrated by no other equation.

Following Henry Eyring, one might look toward, for example, quantitative description of
the processes of Complex III, so central to the energy conversions that sustain living
organisms. One might consider capturing the process of proton flow across the inner
mitochondrial membrane in a single image by construction of the free energy profile, and
similarly for electron transfer. Then there would be introduction of the coupling processes,
which for the Q, site are the naturally visual mechanical processes of hydrophobic
association/dissociation and single-chain extension/relaxation. The capacity to think in
such visual and comprehensive ways to convey information and understanding comes to us
through the contributions of Henry Eyring.

9. Summarizing comments

9.1 The fundamental physical principle underlying the protein-in-water heat engine of
biology

The steam-powered heat engine that set in motion The 19t Century Industrial Revolution
heats water at the 100°C water-to-vapor phase transition to perform mechanical work by expansion.
The fundamental physical process is the increase in entropy of water on heating at a phase
transition where more-ordered (lower entropy) molecules of water become highly
disordered (high entropy) molecules of water vapor.
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On the other hand, the heat engine of biology heats a two-component system, protein-in-
water, to perform mechanical work by protein contraction due to hydrophobic association (See Fig.
1). The fundamental physical process is again an increase in entropy of water, AS(H>O).
Heating at the phase transition causes pentagonal rings of hydrophobic hydration, Ny, to
become less-ordered (higher entropy) bulk water as a much smaller decrease in entropy occurs
on the protein hydrophobic association of contraction. Due to this latter effect, the protein-
in-water phase transition has been called an inverse temperature transition (ITT), wherein
the protein component becomes more-ordered on raising the temperature.

The enabling feature of the protein-in-water heat engine of biology is the ease with which
the state of a “biological functional group” changes the temperature of its protein-in-water
phase transition, i.e., of the ITT.

A biological functional group can exist in two or more states. Invariably those states may be
characterized as more-hydrophobic (m-h) and less-hydrophobic (I-h). On becoming more
hydrophobic the protein of which it is part immediately develops more hydrophobic
hydration. On formation of hydrophobic hydration, /TAS /> [AH/, and at the phase transition,
AHy = Ty AS;. Because of these thermodynamic relationships, the result of introducing a chemical or
electrochemical energy that makes a functional group more-hydrophobic is that the phase transition
shifts to a lower temperature. In particular, at the phase transition, T; ~ AH/AS; and on formation of
more hydrophobic hydration, Ty(m-h) =~ (AH; + 0H)/(AS; + &S), but since /AHt + éH/< /T(ASt +
85) /, Tu(m-h) < Tu(l-h).

Thus, instead of having to raise the temperature from below to above that of the phase
transition to drive contraction by hydrophobic association, making a functional group more-
hydrophobic lowers the temperature from above to below physiological temperature to
drive contraction by hydrophobic association.

Finally, by way of example, because of the dependence of pK and reduction potential on
hydrophobicity, the free energy transduction of electrochemical energy into chemical
energy, and vice versa, occur, and because hydrophobicity induced increases in positive
cooperativity occur for both acid/base and redox titrations, the result is increased efficiency,
i.e., the optimization of biological free energy transduction by the proteins of biology. And
so it goes for all of the pair-wise energy conversions of Fig. 8 and of section 4.2. These (on
inclusion of transient “near ideal” elastic deformation, even of single chains) constitute the
dominant energy conversions that sustain Life.

Using herein-derived thermodynamic elements of the change in Gibbs free energy of
hydrophobic association, AGua, of the apolar-polar repulsive free energy of hydration, AG,p,
and of “near ideal” elastic deformation of protein chains, this article discusses the function
of key proteins involved in the trans-membrane transport energy converting processes of
biology, and they point to the Eyring Theory of Rate Processes Legacy to demonstrate how
the complete trans-membrane transport process may be captured in a single image of the
free energy profile for transport from one side to the other of the cell membrane.
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