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Abstract

Statistical thermodynamics provides a powerful theoretical framework for analyzing, understanding and predicting
the conformational properties of biomolecules. The central quantity is the potential of mean force or effective energy
as a function of conformation, which consists of the intramolecular energy and the solvation free energy. The
intramolecular energy can be reasonably described by molecular mechanics-type functions. While the solvation free
energy is more difficult to model, useful results can be obtained with simple approximations. Such functions have
been used to estimate the intramolecular energy contribution to protein stability and obtain insights into the origin of
thermodynamic functions of protein folding, such as the heat capacity. With reasonable decompositions of the various
energy terms, one can obtain meaningful values for the contribution of one type of interaction or one chemical group
to stability. Future developments will allow the thermodynamic characterization of ever more complex biological
processes.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Prologue (M. Karplus) of chemistry and the realization that chemistry has
an essential part to play in understanding living
Although | had been aware of John Edsall when systems. | became interested in biology as a
| was a Harvard undergraduafele was the bio-  teenager, and when | went to Harvard as an
chemistry tutor of my classmate, Gary Felsenfeld undergraduate in Chemistry and Physics, | eagerly
| first ‘met’ John through the wonderful volume wanted to believe that the concepts of physical
‘Biophysical Chemistry’, published by him and chemistry could be used to understand biological
Jeffries Wyman in 19581]. It was one of several systems. An important book in my education was
books which played a formative role in my view Linus Pauling’'s The Nature of the Chemical
- Bond' [2], which showed me that chemistry, par-
“Corresponding author. Tel.:+1-212-650-8364; fax:+1- ticularly structural chemistry, could be understood
212-650-6107. and not just memorized. Schrodinger'What is
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Karplus. of it is no longer valid. Edsall and Wyman'’s
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‘Biophysical Chemistry’, which | first encountered
when | was an Instructor at the University of
lllinois, is quite a different book. It was important
when it was published because it defined the field

and most of what it says is as valid today as when

it was written, so that it still serves as a useful
reference in the field. What is missing, of course,
are specific applications to biological macromole-
cules, which were to be in the never-finished
Volume II. (We must remember that Volume | was
written before the first protein structure was
solved) In the main body of this birthday article,
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Protein Chemistry. It concerned the finaddvances

that John edited, the last of 47 volumes which
appeared between 1944 and 1995, and it turned
out to be a difficult one. A pair of articles, which
dealt with thermodynamics of protein folding, were
to be published in the same volume Advances,

one by G.I. Makhatadze and P.L. Prival8] and

the other by T. Lazaridis, G. Archontis and myself
[10]. Although the data we used were the same
(i.e. those measured by Privalov and co-workers
the methods of analysis and conclusions were very
different. It required the best of John's diplomacy

we shall describe some of the modern applications and wisdom, with some aid from David Eisenberg,

of thermodynamics to proteins that could have
been in Volume 1.

Before doing so, let me describe my first actual
meeting with John. It occurred shortly after | had
heard Max Perutz describe his mechaniffb]
for hemoglobin cooperativity in lectures at MIT.
After some discussion with him, Attila Szabo and
| began to formulate the ‘Perutz mechanism’ in
mathematical form. This was my first attempt at

to make possible a publication that presented the
disagreement in a constructive way.

In what follows, we shall review some of our
recent work on the thermodynamics of proteins.
This is a subject that has always been of interest
to John (see his commentaryll] on the 1931
article on protein denaturation by H. WLLZ],
republished in theAdvances of 1995 and we
make use of some of the ideas in Edsall’'s and

interpreting measured biophysical parameters, suchWyman’s ‘Biophysical Chemistry'.

as binding constants, rates of reactions, and their

dependence on the environmental conditions, like 2. Introduction: the relevance of equilibrium

pH. John and subsequently Guido Giddotti, to

thermodynamics to biological phenomena

whom | was referred by John, became our coun-

selors in trying to untangle the confusing and often It has long been assumed that biological systems
contradictory literature in the immense hemoglobin obey the natural laws of physics and chemistry.

field. Again and again, when | was stuck with This assumption continues to be supported as more
inconsistent measurements for what was apparentlydetails are learned concerning how living organ-

the same system, they came to my rescue byisms function and the highly complex interactions

telling me which article | could believe. | am not

sure their advice was always correct, but without
it Attila and | would never have completed our

model for cooperativity in hemoglobin nor its

applications to interpreting a large body of ther-
modynamic data in structural ternj6—§.

After the hemoglobin work, John and | mainly
had contact when we met each other in the
courtyard of the biology building as | was walking
to work. We would always stop for a short chat
(longer if the weather was goddnd | was amazed
by John'’s insightful questions on some of my own
recently published work or his comment on some-
thing in the literature that | might find of interest.

involved in many essential processes. There is now
an enormous amount of information on the events
that take place in living systems at the molecular
level. However, much of this information is qual-
itative and descriptive, even when the components
involved are known and the structures of many of
them (proteins and nucleic aciddhave been deter-
mined. Many ingenious experiments have been
done to establish which phenomena take place, but
most of them do not address the question of why
things happen the way they do. This is where the
physical sciences, including thermodynamics, can
make an essential contribution to biology.

Biology has not always had a comfortable rela-

Most recently, John and | interacted more intensely tion with thermodynamics because of seemingly

through his editorial role in theAdvances in

irreconcilable differences between the simple,
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physical processes traditionally described by ther-
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evolve towards equilibrium but equilibrium is not

modynamics and the complex processes that occurreached because the external conditions change

in biology. Simple systems rapidly evolve towards
equilibrium, which for an isolated system is char-
acterized by maximum entrop§maximum disor-
den. In contrast, living systems never reach
equilibrium and in many cases evolve towards
states of increasing order. For example, biological
development involves the growth of a complex
multicellular organism out of a single cell. A
complete thermodynamic analysis of such a com-

and shift the equilibrium point to some other state.
For example, the folded conformation of a protein
may be the lowest free energy state at neutral pH
and indeed the protein evolves towards the folded
state at neutral pH. If at some future point the pH
is changed, the protein will evolve towards its new
equilibrium state, which may be the unfolded state.
In fact, differences in pH in different parts of an

organism play an important role in biological

plex order-generating process is a challenge to processes, including the entrance of viruses into

thermodynamicistd13]. It is easy to argue that

such phenomena do not contradict the laws of
thermodynamics, simply by virtue of the fact that
biological systems are open systems far from
equilibrium and, although order is generated in the

cells [17]. That biological macromolecules have
marginal stability is in part due to their need to
respond readily to changes in the environmental
conditions. It should be noted that the lifetime of
most protein molecules is generally much shorter

biological system, the entropy of the universe as a than that of the organism, although there are some

whole may still increas¢13]. However, this argu-
ment shows only that biological ordering can arise
(which we already know by experienget does
not explain why it occurs. Why out of all possible

interesting exceptions(The eye len crystallins
apparently do not turn overApparently, processes
in the cell are dynamically coupled in such a way
that overall equilibrium is never reached in a living

ways of increasing the entropy of the universe system. This subject is under active investigation
nature chooses one that involves creation of ordertoday, as we learn more about cellular networks
in a few of its subsystems? A complete analysis and the coupling of reactions that used to be
of biological phenomena in terms of thermody- treated in isolatio18].

namics does not yet exist. Some interesting studies Despite the fact that biological processes do not
of evolutionary mechanisms and the appearance ofoccur under equilibrium conditions, equilibrium
order in biological systems have been made both thermodynamics has been extensively used in bio-

experimentally and theoreticalfjl4—14.

The question of how biological systems evade
equilibrium was taken up by Schrodinger in his
influential treatise What is Life’ [3], already men-
tioned in the Prologue. He proposed that living
organisms feed on negative entropy which they
import from their surroundings. Actually, import
of energy in an appropriate fornfother than
therma) can also be used to maintain a system far
from equilibrium. The absorption of photons by

chemistry. In the usual reductionistic fashion, bio-
chemists have isolated specific processes and
studied them in vitro under equilibrium conditions.
One reason for this is that the measurements are
much easier under equilibrium conditions. One
example of a process that has been subjected to
detailed biophysical characterization is protein
folding. It was shown by Anfinsen[19] that
ribonuclease A folds spontaneously to its native
state in vitro. Already in 1934, Anson and Mirsky

the photosynthetic apparatus of plants provides the [20] demonstrated that a protein precipitate could

motive power of life on earth. This energy gradu-
ally ‘trickles’ down to other parts of the plant and

from plants to animals through the food cycle. The
efficiency of the whole process is high because
the energy is maintained in the form of chemical

energy, i.e. it does not generate much unrecovera-

ble thermal energy. At a more microscopic level,
it is likely that all individual processes in the cell

be redissolved and the function of the protein
regenerated, presaging the work of Anfinsen; a
popular description of this experiment was given
by Perutz under the title ‘Unboiling an Eg{R1].

It might also be mentioned that an educational
film was made by Robert Karplus of ‘unfrying’ an
egg, by simply running the actual cooking event
backwards; this would be scientifically correct if
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Fig. 1. Non-equilibrium ligand binding.

irreversibility did not enter so reversing the time
could recreate what had existed earlier. Experi-
ments suggest that many proceséasat least the
process of protein folding do evolve towards
equilibrium in the cell and are similar, therefore,
to the physical processes studied by traditional
thermodynamics in simple media. Changes inside
the cell which are uphill in free energy are coupled
to others which are downhill in free energusu-
ally hydrolysis of ATP so that the overall process
is spontaneou§2?].

Equilibrium thermodynamic measurements can
be very useful and relevant to the situation in vivo
because despite the lack of overall equilibrium in
the cell, there can exist partial equilibrium, either
temporal (within a certain time sca)eor spatial
(within a certain regionh Nevertheless, one has to
keep in mind the limitations of such measurements.
One hypothetical example is depicted in Fig. 1. A
protein flows in a channel and a ligand crosses the
channel and has the opportunity to bind to the
protein. It is of interest to know what percentage
of ligand is taken up by the protein and the
percentage of the protein that binds the ligand.
Measurement of the equilibrium binding constant
will be useful only if the kinetics of binding is
fast relative to the rate of transport of the protein
and the ligand. Otherwise, it will be completely
irrelevant and a kinetic analysis would be required.

Classical thermodynamics is a macroscopic Sci-
ence which is not concerned with the microscopic
nature of matter. Since biological phenomena
depend critically on the nature of the molecules
involved, thermodynamics is most useful in biol-

ogy when combined with a microscopic descrip-
tion. Molecular models that describe the
interactions within and between molecules are
critically important. The link between microscopic
interactions and macroscopic properties is provided
by statistical mechanics. Statistical mechanics con-
siders an ensemble of microscopic systems consis-
tent with a given set of macroscopic conditions.
The thermodynamic internal energy is obtained as
a Boltzmann-weighted average of the energy of all
these microscopic states. The entropy and free
energy are obtained from the partition function
(the sum of the Boltzmann factors of the micro-
scopic states Direct estimation of the partition
function is possible only for very simple systems.
For realistic systems, approximations need to be
made. In this paper, we illustrate the microscopic
approaches by focusing on the thermodynamics of
protein folding and its interpretation in terms of
the interactions involved. We start with a theoret-
ical framework for the stability of macromolecules
that provides information concerning the interac-
tions that contribute to the free energy of folding.
These are analyzed in subsequent sections.

3. Stability of macromolecular conformations

Biopolymers, such as proteins and nucleic acids,
adopt essentially unique conformations under
physiological conditions. One central question is
whether this conformation is under thermodynamic
or kinetic control; i.e. whether the native protein
conformation corresponds to the most staltkeer-
modynamic contrgl or to the kinetically most
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accessible(kinetic contro) conformation; for a  rapid compared to movements of the macromole-
discussion, see for example Wetlaufer and Ristow cule, the solvent degrees of freedom can be inte-
[23] and Anfinsen and Scherag@4]. The first grated out to give the equilibrium solvation free
situation would arise if the barriers for intercon- energy. This guantity is then added to the internal
version of conformations were small enough to be macromolecular energy to give the ‘effective ener-
traversed within experimental time scales. Thus, gy’ or ‘potential of mean force’ for each macro-
equilibrium is established and the conformations molecular conformation. The effective energy
are populated according to the Boltzmann distri- defines a hypersurface in the conformational space
bution. On the other hand, if the barriers between of the molecule (the ‘energy landscape[33])
conformations are too high, the system is no longer whose shape determines the conformational prop-
ergodic(i.e. it does not sample all possible states erties of the macromolecule, independent of wheth-
in accord with the Boltzmann distributiomnd the  er it is under thermodynamic control with respect
macromolecule ends up in the lowest local mini- to the macromolecular degrees of freedom.

mum it can find within the available time. There Formal integration of the solvent degrees of
has been no proof of either of the two situations. freedom can be accomplished using standard sta-
The original experiments of Anfinsen seem to tistical mechanical methodg34]. We briefly
support the thermodynamic hypothesis. Recent review what is involved, using the notation of
experiments, however, have suggested that there| gzaridis and Karplug3s]. Consider a macromol-
may be exceptions, especially for larger and more gcyje consisting oM atoms with Cartesian coor-
complex proteing25-27; care has to be taken in  ginates (R)=(x.v.z), i=1M and internal
analyzing such experiments to avoid the compli- coordinateslq=(q-l),lizll,..., 3/ —6. The macro-
f:ations Of autolysis and _covalent modifications_. It molecule is immérsed in a bath dfrigid solvent

is also of interest to mention that such metastability molecules with coordinates,= (x,,y,,z,;d;x,),

has tl)etgn founéi lln af1 hlg?ly s]irr;g]lf;ﬁ(ez%] bllf[t detailed, ;_ 1N wherex,y,z are Cartesian coordinates of the
simuiation model of protein Toidin - 1LSEEMS — conter of mass and,$,x are the Euler angles

likely that kinetic control is more prevalent in specifying the orientation. For simplicity we
complex cellular processes. For example, the .
assume constant temperature and volume condi-

migration of lipids from one leaflet of a lipid ' . :
. tions corresponding to the canonical ensemble.
bilayer to the other can take days, so that a non- . I T
The canonical partition function is

equilibrium composition in biological membranes

can be maintained throughout the lifetime of a cell 7

(291 07 NrASA
Equilibrium thermodynamic concepts have an '

important role even if the thermodynamic hypoth- whereZ is the classical configurational integral

esis is not valid in all cases because partial

equilibrium can exist with respect to certain ., _ _ NADM

degrees of freedom, even when overall equilibrium = exp(—BH) drdR 2)

is not established. One example concerns the

solvent degrees of freedom. For most changes ofwith H the Hamiltonian an@ =1/kT. The Helm-

macromolecular conformations the solvent equili- holtz free energy is given by

brates on a picosecond timescfB€)]. For config- S

urations where water needs to equilibrate betweenA = ~4TINQ= —kTINZ+ATIN(N!AZMAZY)  (3)

the bulk and an internal cavity, equilibration can One can formally perform the integration over

tz;ke much Iong?t[31,32, IbUt rfarely I(()jnger than 0 solvent coordinates in E€2) by defining the
the experimental time scales of seconds or minutes. ;¢ ntial of mean forcel, as

Because in most casdbut see the recent work
by P. Rein ten Wolde and D. Chandler, private . v
communicatiod equilibration of the solvent is XX —BW)=Zyuw | exp(—BH)dr (4)

(1
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where is now often called an ‘energy landscape’. It
determines the thermodynamics and kinetics of

ZWWZJGXP(—BHWW) ar?, (5) macromolecular conformational transitions.
This separation of the effective energy can be

accomplished formally even in the case of non-
pairwise additive potentials. For example, in the
presence of three-body forces the Hamiltonian can
be written

Z=ZWWJ’eXp(—BW) dr™ (6) H=(Hpmm+Hqmm) + (H mwt H st H s
+wam+Hmmw) (11D

Thus, the integral in Eq(6) depends explicity ~ and the effective energy would be
only on the macromolecule degrees of freed®m W = (Hm+ H ) —KTIN(EXD( — BH
If the Hamiltonian is additive, as it is in most _BH —BH o) (12)
molecular mechanics force field§36], further mmw i so
explicit simplifications are possible. We can write However, for this case the actual evaluationVof
H as H=H,+ Hw+ Hy Where the three com-  is much more difficult.
ponents are the intra-macromolecule, macromole- For a formal description of the macromolecule
cule—solvent, and solvent—solvent interactions, it is often more convenient to use the internal

is the pure solvent configurational integral. Intro-
ducing W, the configurational integral can be
written

respectively. We then obtain coordinatesq. The Jacobian for the transformation
_ . depends only on bond lengths and bond angles
eXp(—BW) = exQ( =B H mm)Z ww and is, therefore, approximately constant for all

7) conformations and can be taken out of the integral
in Eq. (6). Here we include it in the notationqd
The integration over the six external coordinates

jexr{—BHmW— BH ) dr™

so that can be performed since the system is homogene-

W=H. +X (8) ous, to giveV8m?, so that

where Z=2Z,,V8m? f exp(—BW) dq (13)
—BX)\=7-1 _ _

exp( BX)—ZWWJGXD( BHmw—BHuw) dr™ (9) It can be shown that the probability of finding

the system at the configuratidiy) is [35]
Eq. (9) for X can be written as exp —BW(q))
X = —kTIn{(exp( — BH )}, =AG" 10 PO= (14)

f exp—BW(q)) dq

where the ensemble average is taken over the
pure solvent. Eq(10) is the familiar expression
for the excess chemical potential, or standard
solvation free energy37]. Thus, the potential of

mean force consists of two terms: the intra-mac- Jp(q)lnp(q)dq=fp(q){—BW(q)—InZ

Consequently,

romolecular energy and th(_a solvation free energy. +InZWW+InV87r2} dq

Instead of the term ‘potential of mean force’, we

can use the more intuitive termaffective energy'. = —InZ+InZ,,,+InV8x?

The function W defines a hypersurface in the

conformation space of the macromolecule in the —ij(q)W(q)dq (15

presence of equilibrated solvent and, therefore,
includes the solvation entropy. This hypersurface and from Eq.(3)
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3M

A
V&TZJ + fp(OI){H mm(d)
+AG*"(q)}dq kap(q)Inp(q)dq

3M

A=A°+kTIn(

=A°+kT|n( J+(W>—TS°°”f (16)

V82
where A° is the free energy of the pure solvent
and the second term is the ideal contribution from
macromolecular translation and rotation. The third
term in Eq.(16) is the average effective energy,

which is equal to the average intramolecular ener-
gy plus the average solvation free energy. The last

term is the contribution of the configurational
entropy of the macromolecule to the free energy.
The solvent entropy is contained &GsV(q) and

in p(q). The Gibbs free energy is equal to the
Helmholtz free energy plus theV term. Under
ambient conditions, th@V term is negligible and
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The entropy is given by

alnQ

S=kInQ+kT[a—T]N’V (2D

which yields

S= —kjp(q,r’\’)lnp(q,r”)dpdr”
— kIn(N!1A3A3) + %k(M—i—N)

k J’ p(a)Inp(q)dg
—kjp(q)dqu(rN]q)lnp(rN\q)drN
—kIn(N!A3A3) + %k(M +N) (22

where the first term is the configurational entropy
of the macromolecule and the second term is the

Gibbs and Helmholtz free energies can be used ayerage solvent entropy; i.e. the entropy that arises

interchangeably; we do so in this chapter.

from solute—solvent and  solvent—solvent

Expressions can also be obtained for the energy correlations.

and entropy of the system. The energy has the

form

aT NV

which gives

(17

E=ng(M+N)+ f p(arMH(gr)dgdr™ - (18)

where the first term is the kinetic energy and the
second the potential energy. The conditional prob-
ability distribution p(r"|q) of finding the solvent
configurationr?, given that the macromolecule is
in conformationq, is defined by

p(ar™)+p(@p(rla) (19

With Egs.(19) and(6) we obtain for the potential
energy

J’ P(Q)H mm(d)dq + f p(@)dg f p(r"|a)
X[H o QuF ™) + Hopp (1Y) |dr Y (20

The first term in Eq.(20) is the average intramo-

By use of the above analysis, it is possible to
provide a more detailed microscopic description
of the native state of a protein, given that it is
under thermodynamic control. The probability dis-
tribution p(gq) completely specifies the conforma-
tional ‘state’ of a protein. The native state could
be defined as the distribution of configurations of
the macromoleculep(q), which minimizes the
free energy functional, Eq.16) under physiolog-
ical conditions; a variational minimization of Eq.
(16) gives Eq.(14). This definition has the advan-
tage of including protein flexibility and accounting
for possible disorder in the native state. For con-
venience, the native state is usually defined as
including only certain values of] (see below.
The average effective energy term tends to localize
the macromolecule in the deepest wells of the
multidimensional effective energy surfaf&8], but
the configurational entropy term tends to make
p(q) as uniform as possible. As a result, the native
state, which consists of the conformations of low-
est free energy, need not be the ones of lowest
effective energy, since some deep wells may be so

lecular energy and the second the average solute—'narrow’ that the vibrational entropy of a protein

solvent and solvent—solvent energy.

in those wells would be very small.
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Integration of the solvent degrees of freedom with
greatly simplifies the treatment of conformational
equilibria. However, this remains only a formal ZAzzwvgﬂZJ exp(—BW) dq (25)
exercise unless a model for the solvation free A
energy as a function of macromolecular confor-
mation is available. The derivation of such models
is an active area of research. It can, in principle,
be done by using statistical thermodynamics, but }" Z,=Zz (26)
it has so far been based more on intuitive argu- A
ments because of theoretical difficulties. The sta-
tistical thermodynamics of solvation is considered
in Section 5 and empirical solvation models are
discussed in Section 6. In Section 7 we present a ASM
simplified theoretical model that is parameterized AA=A°+kTIn[V81T2J+J’ApA(q)W(q)dq

where the integration is carried out over the con-
figurations in set A. By definition,

The free energy of the conformational set A can
then be written:

based on experimental data.

The thermodynamic stability of a macromolec- +kTJ PA(@)INpA(G)dg
ular native state can be expressed in terms of the
stan_darq free energy of foIding}G. Givgn the =A°+ A+ (W), — TS 227
equilibrium constank for the folding reaction, we i . o )
have wherep, is a probability distribution normalized

within the set A; i.e.

@, - f _SXRZBWI@)
A&XA(—BW(q))dq
This equilit_)rium_ constant cannot be measured The first two terms in Eq(27) are, as in Eq(16),
under physmloglcal conditions becguse the CON- the free energy of pure solvent and the ideal
centration of the denatured state is vanishingly {ansiational and rotational free energy of the
small. Consequentlys’ and AG are usually deter-  macromolecule. These are the same for all confor-
mined either at hlg_h temperature or at high dena- mpational states. The third term in E€R7) is the
turant concentration and the results are jyerage effective energy of state A and the last
extrapolated to physiological conditionfoom (e is the configurational entropy of state A. The

temperature, or zero denaturant concentration free energy difference between the two sets A and
Under usual physiological conditions the Gibbs g js then

free energy is essentially equal to the Helmholtz
free energy; thePAV term is negligible. We use  AA=Ag—Ax=A[pg(q)]—A[pa(q)]
AG because most measurements are made under — (), — (W), — T[S — 50N
> W)= W)a—T[SE™"— SR

constant pressure conditions. — A(W) — TASen"

With _statlstlcal mechanics we can erlve an = A{H ) + A(AGSY) — TAS (29)
expression for the free energy of folding in terms _
of the interactions and the distributions of micro- Wwhere the notatiom[p(q)] denotes that the free
scopic states. We divide the configurational space energy is a functional of the distribution function.
into subsets A consisting of different configura- One can also usé[pg(a)]—Alpa(q)] with p, and
tions for the macromolecule in analogy to the Ps defined as the conformational distributions
treatment of the equilibrium between different under different external conditions, for example,

isomers. The free energy of conformational set A one under physiological conditions and another for
is high denaturant concentrations. This is more con-

sistent with the definition of the native state given
Ap=—kTINZA+kTIN(N!AZMAZY) (24 above and does not require an arbitrary separation

[native
AG= —RTInK, K

" [denature (28)
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of the conformational space into ‘native’ and

‘denatured’ regions. The Gibbs free energy differ-
ence between A and B is obtained by adding the
PAV term; that is,

AG =A{H ) + A(AGSYy —TAS®"+ PAV  (30)

If A is the denatured state and B the native
state, both of which have to be defined in some
way and both of which include many configura-
tions, Eq.(29) gives the free energy of folding.
This equation expresses the intuitive idea that
protein stability is a result of a balance between
the effective energy, which favors the native state,
and the configurational entropy, which favors the
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modes provide an alternative approach to the
dynamics in the harmonic limit. They are very
useful also for introducing quantum corrections to
the vibrational contributions to thermodynamic
guantities.

To obtain potential energy surfaces for proteins
with the required accuracy and speed, it is neces-
sary to introduce a simple model which is cali-
brated by fitting it to experimental or quantum
mechanical information. When working with mac-
romolecules, there is a need to have available a
reliable method for calculating interaction energies
many times (10°—1C energy calculationsfor
systems of hundreds to thousands of atoms. Such

denatured state. The change in average effectiveg method is supplied by empirical energy func-

energy is related to the depth of the native state
well on the effective energy hypersurface, though

tions. However, there is a price to pay for intro-
ducing this type of model for the calculation.

there may be a barrier between the two states. Thegmpjrical energy functions do not have the gen-

entropic cost of localizing the protein in this well
was estimated to be of the order of a few hundred
kcal/mol [78]. Since the overall free energy
change upon folding is usually between 5 and 15
kcal/mol [9], the depth of the native state well on
the effective energy surface is also of the order of
a few hundred kcdlimol [10].

4. Energy functions

An essential element in developing a microscop-
ic description for the interpretation of protein
thermodynamics is the potential energy function,
which makes it possible to calculate the potential
energy of the system as a function of the atomic
coordinates. The potential energy can be used
directly to determine the relative stabilities of the
different possible structures of the system. To
obtain the forces acting on the atoms of the system,
the first derivatives of the potential with respect to

erality of quantum mechanical calculations. They
are at best limited to the systems for which they
were designed.

The potential energyl/(R") of the macromol-
ecule as a function of the atomic coordina®,
has the form

URM)= Y Ky(b—b,)*+ Y Kus(S—S,)°

bonds

+ Y Ko(0-6,)°+ Y K (1

angle dihedrals
+cognyx —9))
+ Z Kimp(@_ ¢())2
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Tij
Rmin;;
i

+
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qi4
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the atom positions are calculated. These forces canwhere K,,, Kg, K, K,, and K;,, are the bond,

be used to determine dynamic and thermodynamic
properties of the system; e.g. by solving Newton’s
equations of motion to describe how the atomic
positions change with respect to time and by

calculating average properties, such as the enthal-

py, from these positionf39,4d. From the second
derivatives of the potential surface, the force con-

Urey—Bradley, angle, dihedral angle and improper
dihedral angle force constants, respectivélys,

0, x and ¢ are the bond length, Urey—Bradley 1,3
distance, bond angle, dihedral angle and improper
torsion angle, respectivelgall the internal coor-
dinates are expressed as functions R¥); the
subscript zero represents the values for which the

stants for small displacements can be evaluatedindividual terms have their minima. The dihedral

and used to find the normal modes. The normal

term depends on the parametearsand 8, which
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define the multiplicity or periodicity and phase, hydrogens. Simple Coulombic and Lennard—Jones
respectively. Coulomb and Lennard—Jones 6—12terms are used for the non-bonded interactions.
terms make up the external or non-bonded inter- The latter are important because of the central role
actions; ¢, is the Lennard—Jones well-depth and of non-bonded interactions in macromolecular
Rmin; is the distance at the Lennard—Jones mini- structure and dynamics and the computational
mum, ¢; is the partial atomic charges is the costs associated with the calculation of these terms.
effective dielectric constant ang is the distance The parameters were determined by optimizing
between atomsandj, respectively. The Lennard— the reproduction of experimental pure liquid, solu-
Jones parameters between pairs of different atomstion and crystal data, as well as the appropriate ab
are obtained from the Lorentz—Berthelot combi- initio results. Details are given in MacKerell et al.
nation rules, in whiche,; and Rmin; are derived  [36].

based on the geometric mean and the arithmetic
mean, respectively, of the parameters for atoms
and;.

As is evident from Eq(31) the potential energy ) ) ) o
function has a form that makes it simple to In molecular dynamics S|mulat|ons solvation is
calculate. This simplicity is achieved with little usually treated by surrounding the macromolecule
sacrifice in accuracy for the properties of primary With a large number of explicit water molecules.
interest for the macromolecules for which the This approach has two main limitations. First, the
potential function is designed. The bond and angle COmputational expense is exceedingly high; most
energies are treated with harmonic terms, as is the CPU time in the simulation is expended calculating
Urey—Bradley term. Thus, bond making and break- the motions of th_e solvent molecules, v_vh!ch_ofte_n
ing cannot be treated directly using the standard are qf no dl_re_ct interest. _The s_econd I|m|tat|on is
potent|a| energy funcnon However’ |t |S poss|b|e that n eXp|ICIt SOIVent S|mu|at|0ns theeffeCtlve
to study such processés.g. chemical reactions  €Nergy of a macromolecular conformation is not
by use of quantum mechani¢aholecular mechan- known, only the intramolecular energy is known.
ical (QM/MM) potential energy function$41]. The solute—solvent and solvent—solvent energies
Use of the harmonic terms is satisfactory for the can be calculated as well, but they are not directly
majority of condensed phase simulations, which related to the solvation free energy. The alternative
are performed close to or below room temperature, to explicit solvation is to include in the energy
such that configurations with large deviations from function a model for the solvation free energy; i.e.
the minimum energy bond lengths and angles are to perform simulations with arffective energy
usually unimportant. Even high temperature sim- function. This approach is referred to as implicit
ulations (e.g. protein unfolding at 600 Xhave  solvation and is approximately two orders of mag-
been shown to yield meaningful results without nitude faster than corresponding simulations with
modification of the potential functiof42]. Rota-  explicit solvent.
tions about bonds are treated with a sinusoidal The solvation free energy in Eq10) is more
function that may involve a Fourier series of the traditionally known as the excess chemical poten-
length needed for the accurate treatment of tor- tial. It is the part of the chemical potential that
sional surfaces. In most cases only one or two depends on the interactions between the solute and
terms in the series are required to obtain results of the solvent(it is zero for ideal gas particleslt
sufficient accuracy. For each pair of bonded atoms, can be thought of as the free energy of transferring
terms for all possible definitions of the dihedral the solute from a fixed point in the gas phase to a
angle are used. Improper dihedral terms, tradition- fixed point in the solution[37]. Progress in the
ally used to maintain chirality in extended atom theoretical study of the conformational properties
potential functions, are included to allow for fine of macromolecules depends critically on develop-
tuning of specific properties, such as ring torsional ment of quantitative models for the solvation free
deformations and out-of-plane bending of aromatic energy for these systems.

5. Statistical thermodynamics of solvation
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Statistical thermodynamics has been used to experimental data can serve as a basis for con-
develop several different approaches for calculat- structing models for the solvation free energy.

ing the solvation free energy. Analytical theories
are applicable only to simple fluids, such as hard

One approach that holds promise in this regard
is the ‘inhomogeneous fluid’ solvation theory, so

spheres and Lennard—Jones particles. For examplepamed because it views the solutes as inhomoge-
the thermodynamic properties of hard sphere fluids neities in the solvent and treats the solution as an

are quite well predicted by scaled particle theory
[43] and by integral equation theorigsarticularly,
the Percus—Yevick approximatipi44]. For aque-
ous solutions the XRISMX-reference interaction
site model integral equation[45—-47 has been

used to obtain the thermodynamic solvation prop-

erties of small solutes. The predictions of XRISM
are qualitatively correct but suffer from quantita-
tive deficiencies[47,4§. Solvation free energies
for complex systems, or more specifically small
changes in complex systenis.g. the effect of an
amino acid mutation of a proteincan be calcu-
lated from molecular dynamics and Monte Carlo
simulations, combined together with techniques,

such as free energy perturbation theory and ther-

modynamic integration method$49,5d0. Such
methods are exact, in principle, for given inter-
molecular potentials, but in practice, they usually
require very long configurational sampling times
to converge.

Other than quantitative deficiencies, the major
limitation of these methods is that they do not
provide a strategy for going from small molecules
to macromolecules. A possible exception is the
theory for the hydrophobic solvation recently
developed by Lum et a[51]; its range of practical
applicability has still to be determined. Performing
solvation free energy calculations for every single
conformation of a macromolecule that we want to
consider is out of the question. Even integral

inhomogeneous systeni52,53. This approach
considers the energetic and entropic contributions

separately; i.e.
AGV=AESN—TASV+ PAV sV (32

and gives the solvation energy and entropy as a
sum of a solute—solvent and a solvent—solvent
term; that is

AESN=E ,+ AE
ASSV=8 4+ AS

(33
(34)

For solute insertion at a fixed point in the
solvent[37], we have[53]

Eq= pjg(”(r)us\,\(r) dr (35
AE =1 Zf D) gM(r)—1]
ww ZP 8 8
X gA(r,r )iy (r,r") dr dr’ (36
Sew= —kpjg(])(r)lng(l)(l’) dr (37

AS = — %kpZJ'g”)(r)[g(‘)(r’)— l]

{8@(r)ing®(r.r')=g®(r.r')+ 1dr dr’ (38)

wherep is the solvent number densityg @ (r) is
the local density of the solvent located rafwith

equation theories, which are computationally much ¢(r), the pair correlation function between the

more efficient that free energy simulations, require
the numerical solution of an integro-differential
equation. This isquite expensive to do at every

solute and the solvehtu,,(r) is the interaction
potential between the macromolecule and a solvent
molecule,g®(rr’') andu,,(r,r') are, respectively,

step of a molecular dynamics run. What is needed the pair correlation function and the interaction
is simple semi-analytical models that describe the potential between two solvent molecules, one at
solvation free energy of macromolecules as a and the other at’. Egs.(35)—(38) involve certain

function of conformation. Ideally, the results of
the rigorous solvation free energy calculations

approximations, in particular, the assumption that
correlations involving more than two particles can

should be used as the basis for building such be neglected; the details are given in Lazaridis

models for macromolecules. Lacking such results,

[53]. In Eq.(32), AVsV is the excess partial molar
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volume of the solute; that is, around the solute and gives a detailed decompo-
sition of the solvation free energy. It has been used

AVS'V=f(1—g<1)) dr (39) to analyze the thermodynamics of hydrophobic
hydration [54-5 as well as the solvation in

simple fluids[57,5§. This clearly is useful for the
physical understanding of the solvation process.

conditions. Eqs.(35)—(38) are written here for  pgecayse it gives the solvation free energy compo-
monatomic solvent particles but can be generalized onts as integrals over space, it leads to a ‘modu-

to polyatomic molecules by adding integrations |5 approach to the solvation free energy of large

over orientational degrees of freeddb¥)]. molecules. To calculate the difference in solvation
The expression for the solute—solvent energy, free energy between two molecules that differ in

Es., is a straightforward extension of the energy ne group, one needs only to calculate the integrals
equation of statistical thermodynamics. The sol- i, the region around that group. Moreover, this

ute—solvent entropys,, arises from correlations  oncent can be used to transfer small molecule

between the solute and the solvent. These include;niormation to the study of macromolecular sol-

positional correlations, described by the density \aiion. For example, consider an isolated methyl
oscillations around the solute, and orientational group and a methyl group in a macromolecule. To
correlations(i.e. the fact that solvent preferentially {he extent that the solvent structure next to the
adopts certain orientations with respect o the methy| group is the same as that next to an isolated
solute). The solvent reorganization energ&EWW) methyl group, the solvation free energy coming

and entropy(AS,,,) account for changes in sol-  om “that region of space will be the same. In

vent—solvent interactions and correlations upon actuality this is not exact and so corrections may

solute insertion. All the terms_ in Eq€33) and have to be introduced51,54—58. Nevertheless,
(34) are largest close to the inhomogenelie.  his concept is used in Section 7 to develop a
the soluté and decay to zero far from the solute. gimpje analytical model for the solvation free

The components of the solvation free energy energy and other solvation properties of proteins.
can be written as integrals over the space around

the solute; that is

The PAVS" term can be neglected under ambient

6. Empirical solvation models

AGS"’=JJC(V) dr (40 Because the development of solvation models
for macromolecules based purely on statistical

where f(r) is the solvation free energy density. mechanics has proven difficult, a number of empir-
Neglecting thePAVS" term, we obtain from Egs. ical approaches have been proposed. The simplest

(33) and (34) that is the Atomic Solvation Parameté¢ASP) model
[59]. In this model, the solvation free energy is
1 [ f atomic contributions. The
A= oD(r A+ = 020t given as a sum of a _ .
Fr)=pg(Musulr) P8 () solvation free energy of a group is assumed to be
J’ proportional to its accessible surface arég,
X [8O(r) = 1]g@(r.r)umi(r 1) dr’ siv_
+XT p g(r)ing(r) AGT= ;U"A" (42

1
+§kng“’(r) [¢"(r)—1] and the proportionality coefficients, depend on
2fv o N /v ot , the type of atom and are determined by fitting
{gD(rr)ing®(r,r) —g®(r,r)+1j dr' (4D experimental data. We use the Gibbs free energy
This approach has a number of advantages oversymbol as is customary, b&Gs" is equal, for all
the traditional solvation theories mentioned above. practical purposes, to the corresponding Helmholtz
First, it provides an explicit connection between free energy, as pointed out earlier. There are two
solvation thermodynamics and solvent structure types of models that differ in the type of data that
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are used to determine the parameters. Modelsdipeptide, and the alanine tetrapeptide. The solva-
which view the protein interior as a non-polar tion enthalpy was calculated for a large number of
solvation medium use data for the transfer of conformations. It was found that for non-extended
molecules from non-polar liquids to watég9). conformations of the alanine tetrapeptide the
The second type uses data from the transfer of CONH group had solvation enthalpies lower than
molecules from the gas phase to wafén,61. the surface area proportionality assumption would
The latter solvation models can be added to molec- predict. The second test involved the calculation

ular mechanics force fields. Fraternali and van
Gunsteren[62] used a very simple surface-area
based model for molecular dynamics simulations

of CO group-solvent interactions from a MD
simulation of a protein in solution. While this is
only one component of the solvation enthalfplye

and Caflisch et al.[63] combined a simplified
version of the model of Lazaridis and Karpl[85]
and Section 7 with the Fraternali and van Gun-
steren [62] for studies of peptide and protein

other is the solvent reorganization eneigy]), it
gives an indication of the validity of this assump-
tion. The plot of the CO interaction energies versus
ASA exhibited considerable scatter. As with the
folding. integral equation results, it was found that ASA
Other empirical solvation models do not use the underestimated the interactions of buried groups
accessible surface area. For example, the hydrationwith the solvent. Even groups with zero ASA can
shell model[64] assumes that the hydration free interact significantly with the solvent. This may
energy of a group arises from the first hydration result in overestimation of the solvation enthalpy
shell and that it is proportional to the volume of change upon denaturation.
the hydration shell that is accessible to the solvent  Another set of solvation models treats the entire
(i.e. that is not occupied by other solute atdms protein at once and is based on continuum electro-
Another type of solvation model is based on the statics and the linearized Poisson—Boltzmann
contacts each group makes with other solute atomsequation [68]. This method evaluates only the
[65]. The more contacts there are, the smaller is electrostatic component of solvation. The solute is
the magnitude of the solvation free energy of the treated as a low dielectric cavity in a high dielectric
group and the contacts are weighted according to medium. This approach assumes that the electro-
some function that depends on their distance from static component of solvation free energy is
the group. This model is much faster to use described adequately by continuum electrostatics
because counting the number of contacts takesand that the laws of continuum electrostatics hold
considerably less time than calculating the surface down to the atomic scale. To obtain a complete
area. A version of this model was parametrized solvation model, the non-polar component of sol-
based on solvation free energies of small moleculesvation is added, usually a term equal to the
[66]. The model assumes a linear relationship accessible surface times a surface tension-like
between the solvation free energy and a weighted coefficient. The electrostatic treatment involves the

sum of the contacts that the group makes with
other solute atoms. A solvation parameter is
assigned to each group.

These models can be used not only for the
solvation free energy but also for the enthalpy and
the heat capacity of solvation. Makhatadze and
Privalov [67] developed such a model assuming
that the solvation enthalpy of both polar and non-
polar groups is proportional to the surface area.
Evidence for the breakdown of this assumption
was obtained by theoretical methddg€)]. The first
test was based on the RISM integral equation
theory applied tav-methyl acetamide, the alanine

numerical solution of the linearized Poisson—
Boltzmann equation which can be applied to real-
istic solute geometries(e.g. X-ray or NMR
structure of a protein[68,69.

Although the PB approach is computationally
more efficient than free energy simulations, it still
is too computationally demanding to use in a
molecular dynamics simulations. Semi-analytical
or analytical approximations that are much faster
to evaluate have been proposed. Still et [&0]
introduced a simple generalization of the Born
formula to polyatomic molecules. More recently,
the generalized Born equation was combined with
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Fig. 2. Perturbation of solvent structure by neighboring groups.

an integrated field method for self-energies to give
a completely analytical treatment of electrostatic
energies and forcef71]; successful applications
have been made to conformational equilibria of
peptides[72].

7. An effective energy function

In Section 5 it was shown that the solvation
free energy can be written as an integral over the
space around the solufsee Eq.(40)]. This can
be used as a basis for developing analytical sol-
vation models. By the use of theory or simulations
one can estimate how much of the solvation free
energy comes from the first solvation shell, the
second solvation shell, etc. Such calculations for
specific components of the solvation free energy
have been performed for a few simple systems

T. Lazaridis, M. Karplus / Biophysical Chemistry 100 (2003) 367-395

[55-58,64,78 These studies have shown that a
large portion of the solvation entropy or solvation
energy for non-polar and polar solut€s0—90%
arises from the first solvation shell. On the basis
of these results, it is reasonable to assume that
f(r) for uncharged groups is short-ranged; i.e. it
decays to zero within the second solvation shell.
A simple Gaussian function, with the appropriate
correlation length was found to exhibit such a
behavior and has been used in the Gaussian exclu-
sion model for solvation thermodynamig35].

When a solutg approaches solutehe solvation
free energy ofi is modified becausg excludes
solvent from the volume it occupies. If this was
the only effect ofj, the solvation free energy of
whenj is close by would be

AGHY=AG - J’ fir)dr (43
Vi

whereAG?" is the solvation free energy of isolated
i and the integration is ovér;, the volume exclud-
ed byj; the variabler here stands for position of
j relative toi. This is the excluded volume effect,
in which the presence of solute excludes solvent
from a certain region. The second effect is that the
structure of the solvent in the region not occupied
by j is modified by;j and this may affect the
interactions ofi with the solvent, especially if
and j are polar (Fig. 2). This is the ‘solvent
perturbation’ effect.

Based on this physical principle, we have devel-
oped a model for the solvation free energy and

AHmm TASconf
.

AGSW (N) AGsWV (U)

2

Fig. 3. Thermodynamic cycle for protein folding.
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Table 1
Calculated vacuum enthalpy of unfoldihg
Protein Nies MW AHY(vag AHR(vdW) AHg(eleg AHY(bond
Cytochromec 103 12 300 943 688 225 30
RNAse A 124 13700 1068 654 398 16
Lysozyme 129 14 300 1116 738 351 27
Myoglobin 153 17 800 1492 1020 421 51

aAll values in kcaymol calculated as described in telgee also Lazaridis et gl10], Table V). For myoglobin and cytochrome
c it is assumed that the free heme will have the same(ggifa-heme energy as in the protein.

combined it with the CHARMM polar hydrogen
energy function to obtain an approximation to the
effective energy functiodEEF1) [35]. The model
assumes that for a polyatomic solute we can write
the solvation free energy as a sum over group
contributions(see Section 10 that is

AGH= Y AGS (44)

where AGS" is the solvation free energy of group
i. Taking into account only the solvent exclusion
effect, we can write

AGV=AG!*— )» f fi(r)dr (45)

where AG!™®" is the solvation free energy of group
i in a suitably chosen small molecule in which
group i is essentially fully solvent exposed. The
integral in Eq.(44) is over the volumé/; of group

j and the summation is over all groupsround.
Although the formalism provides the basis for a
more exact treatment, in the simplest approxima-
tion the integral overf,(r) is assumed to be the
productf,(r;)V;, so that

AGM=AGE'— Y f{r,)V,

JFEi

(46)

where r; is the distance betweeh andj. The
solvation free energy density is assumed to be
given by the Gaussian function

R, (47)

F—
A

fir)admr?=oexp —x?),

X;i=
whereR; is the van der Waals radius of(1/2 of
the distance to the energy minimum in the Len-
nard—Jones potental\; is a correlation length,
and «; is a proportionality coefficient given by

where AG™® is the solvation free energy of the
free (isolated groupi; AG™¢is close toAG/®" but
not identical to it and is determined empirically
by requiring that the solvation free energy of
deeply buried groups be zero.

Eg. (45 accounts for the solvent—exclusion
effect. The solvent perturbation effect, which is
most important for polar and charged groups, is
approximately taken into account in the model by
using neutralized forms of the ionic sidechains and
a linear distance-dependent dielectric constant
(e=r). Both van der Waals and electrostatic inter-
actions are cut off at 9 A with a switching function
between 7 and 9 A. Electrostatic interactions are
calculated on a group by group basis. The value
of N, was taken to be the thickness of one hydration
shell (3.5 A) except for the neutralized ionic
groups, for which a larger valugs A) was used.
The same model can be employed to calculate
other solvation properties, such as the solvation
enthalpy, entropy, and heat capacity, by introducing
the appropriate reference solvation values for the
enthalpy and heat capacity; the solvation entropy
is obtained by difference from the solvation free
energy and enthalpy.

EEF1 has been tested extensively. It gives stable
structures for native proteins during molecular
dynamics simulations at room temperature with
modest deviations from the crystal structuigs],
it discriminates native from misfolded conforma-
tions [74] and gives unfolding pathways at high
temperatures in agreement with explicit water sim-
ulations[75]. Nevertheless, the model has a num-
ber of deficiencies: it does not account for the
directionality of polar group—solvent interactions,
assumes that all empty space is occupied by
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solvent, and neglects solvent orientational polari- configuration states. The totalG in Eq. (29) is
zation effects. These deficiencies can be rectified obtained by completing the thermodynamic cycle
by refinements(work in progresy inevitably at in Fig. 3. The same cycle can be used to analyze
the expense of simplicity and computational the enthalpy of unfolding. In that cas&({H,,, is
efficiency. the relevant quantity for the gas phase and
Unlike many of the knowledge-based energy AAHSVY for the vertical reactions. The enthalpy of
functions, which appear to be limited to the eval- unfolding in solution is
uation of protein conformations obtained by
threading and related procedures, EEF1 is appli- AH =AHmm) + AAH) (49)
cable to protein folding and unfolding studies by  Several function{Section 4 that describe the
molecular dynamics simulations, for example. The intramolecular energy of the protein are available
formulation proposed is only 50% slower than a [76,77 and can be used, in principle, to evaluate
vacuum simulation and thus makes possible many the intramolecular contribution to the enthalpy and
studies for which simulations in EXp”Cit water are free energy of unfolding. Since the native state
prohibitively expensive. Given its physical basis energy can be evaluated by molecular dynamics
and decomposability, the effective energy function simulations starting with the known structure, it is
can be used for approximate thermodynamic anal- necessary only to construct a model for the con-
ysis of contributions to protein stability. formational ensemble corresponding to the dena-
tured state. In previous work, it has been customary
8. Contribution of intramolecular interactions to approximate the properties of the unfolded state

to protein stability by summing the properties of individual amino
_ . acid residues. A better model, though still approx-
The intramolecular energy term in Eq29) imate, is to use a fully extended polypeptide chain

includes contributions from bonded ternisond to represent for the unfolded state.

stretching and bending, torsional potentials, devi-  Using the latter model for the unfolded state,
ations from planarity of aromatic rings, excand the A(H,.) term was calculated with the
non-bonded terms(dispersion and electrostatic CHARMM polar hydrogen energy function and
interactions, including hydrogen bondingThe neutralized sidechaing10]. Table 1 shows the
bonded terms are not expected to be substantiallyresults of this calculation as well as the decom-
The largest contribution tA(Hmm) is expected 10 static, and bonded contributions. The calculated
come from the non-bonded interactions. Non- yajyes forA(H,» ranged from 943 kcgmol for
bonded interactions, of course, exist between the cytochromec to 1492 kcafmol for myoglobin. It
solute and the solvent, but in the present analysis \yas indeed found that the bonded terms make a

these are included within the solvation free energy very small contribution taA(Humy. A(Hmmy Was
term.

A schematic construct that can be used t0 .-
V|Sua!|ze the partitioning O_f the free energy In EQ. van der Waals contributions to the unfolding enthalpy,
(29) is the thermodynamic cycle of Fig.[H]. AHY(vag?
The unfolding reaction is imagined to occur in the

gas phase in the same way as it occurs in solution; AHR(vdW)

i.e. the same conformational ensembles correspond np-np np—p p-p Total
to the native and the unfolded state. The t_erms in e 211 372 113 688
Eqg. (29) relevant to the gas phase reaction are rnase A 148 366 140 654
A{H > and TAS®". The vertical processes cor- Lyso 205 396 137 738
respond to inserting the folded and unfolded Mb 306 573 144 1020

ensembles into the SO'_Vent- They give rise to the  aa| values in kcaymol; see Table VII of Lazaridis et al.
AGs" terms for the nativelN) and unfolded(U) [10].
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Table 3

Estimate of the enthalpy of denaturatit2b °C)

Protein AHR(vag AHY(sol,np AHR(sol,p AH(calo) AH(exp)
Cytochromec 943 —-172 —1067 (—750) —296 21
RNAse A 1068 —159 —1127(—838) —218 71
Lysozyme 1116 —192 —1224(—866) —300 58
Myoglobin 1492 —276 —1541(—1214 —-325 14

All values in kca/mol; see also Table 1.

shown to consist 60—70% of van der Waals inter- experimental values are small and positive. Part of
actions and 25-35% of electrostatic interactions; the discrepancy arises from the assumption of the
hydrogen bonding arises mainly from the electro- proportionality of solvation enthalpy to the acces-
static term in the energy functidizq. (31)]. sible surface area, particularly for the polar terms
The van der Waals term was further decomposed (see Section 6 If one assumes the major error
into contributions from non-polar—non-polar, arises from the polar term, the reduced values in
polar—polar and polar—non-polar interactions parentheses are required to obtain agreement with
(Table 2. Non-polar atoms are all carbons except experiment; see also Table E-IV of Lazaridis et al.
the backbone carbonyl carbon and the polar carbon[10]. More important is the fact that the fully
atoms of the Asp, Glu, Asn and GIn sidechains. extended model used for the denatured state is
All other atoms are considered to be polar. What unrealistic. These issues are further explored in the
is perhaps surprising in Table 2 is the large following section.
contribution from polar—non-polar interactions. The Poisson—Boltzmann approach has also been
This shows that the interactions in the protein used to estimate the electrostatic solvation free
interior are rather complex and cannot be repre- energy for the native and unfolded forms of these
sented as a simple sum of hydrophobic interactions four proteins and for a 20 residue polyalaline helix
and hydrogen bonds. [10]. The results are shown in Table 4. The first
The estimates for the change in intramolecular two columns in Table 4 are the Poisson—Boltz-
enthalpy upon folding can be combined with sol- mann electrostatic solvation free energy of the
vation enthalpies calculated from the accessible native and unfolded protein. The third column is
surface are§66] to obtain estimates of the enthal- the difference of the two, i.e. the change in
py of denaturation. Unlike intramolecular enthal- solvation free energy upon unfolding. The electro-
pies, solvation enthalpies are highly temperature static solvation energies are more negative for the
dependent(There is a large solvation heat capac- unfolded conformations primarily because back-
ity.) The results of the calculation for four proteins bone hydrogen bonding groups that are buried in
are shown in Table 3 and refer to 26 [10]. The the native state become exposed to the solvent.
values forAH are large and negative, whereas the The fourth column is the change in intramolecular

Table 4
Electrostatic solvatiorifree) energy differences of folded and unfolded proteins in the Poisson—Boltzmann approxfmation

AGYN) AGYU) AGR(sol,p AHR(vac,eleg AGR(sol,eleg®
Cytc —441 —789 —348 +225 —123
RNAse A —539 —958 —419 +398 -21
Lyso —546 —1020 —474 +351 —123
Myo —558 —1087 —529 +421 —108
ALA20 —45 -89 —44 +60 +16

aAll values in kcafmol.
b AGy/(sol,eleg= AGY(sol,p +AHy(vac,eleq
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Table 5

Proposed contributions of polar and non-polar groups to

AHy(sol) at 25°C?

T. Lazaridis, M. Karplus / Biophysical Chemistry 100 (2003) 367-395

Polar Non-polar
Cytocromec —204 225
RNAse A —-101 171
Lysozyme —152 210
Myoglobin —315 316

aAll values in kcafmol; see Table E-l of Lazaridis et al.

(10].

electrostatic enthalpy upon unfolding. The last
column is the sum of the third and fourth columns
and gives the estimated contribution of electrostat-
ic interactions to unfolding in solution. The latter
is found to be negative for the four proteifise.
it stabilizes the unfolded stagteand positive for
the polyalanine helix.

If we use the results for the electrostatic solva-

tion free energy as an estimate of the change in

solvation enthalpy to close the cycle in Fig. 3, the
resulting unfolding enthalpies would be too posi-
tive. This is probably due to the fact that these

groups are seen to make a negative contribution
and the non-polar groups a positive contribution
to the enthalpy of unfolding. If we add the solva-
tion entropy estimatesee Table § the non-polar
groups are seen to make the dominant contribution
to the free energy of unfolding while the polar
groups make a smaller or zero contribution. This
is consistent with the traditional idd&8] that the
hydrophobic interaction provides the major driving
force for folding. The role of the polar groups is
to make the protein soluble in water and to
introduce specificity in the low free energy con-
formations that make up the native protein; i.e. the
many compact structures that exist are not com-
petitive in free energy with the native structure
due to poor polar interactions.

9. The denatured state of proteins

In past work the model adopted for the dena-
tured state was either the sum of individual amino
acids [66,79 or an extended, completely solvent-
exposed polypeptide cha[®,1d. This assumption

values correspond to solvation free energies, not!S &t odds with experimental evidence showing

enthalpies, and include a positive entropic contri-
bution (the solvation entropy is negativeAlso,
the non-electrostatic component of the solvation
enthalpy is not included in these values. Finally,
the problem with the fully extended model of the
unfolded state is still present.

The intramolecular energy ternisee Eq.(31)]
and their decomposition into polar and non-polar
contributions together with the empirical estimates
of solvation enthalpy and entropy contributions

that the denatured state in the absence of denatur-
ants is rather compad80,81]. Residual structure
has been found in the heat denatured states of
many proteins[82,83. Theoretical work on sim-
plified protein models [84,89 and molecular
dynamics simulations in explicit solveri86,87

also suggest a relatively compact denatured state.
Residual structure and compactness implies that a
significant fraction of the protein residues are
interacting with each other and are, at least in part,

can be used to address the question of the relative

contribution of polar and non-polar groups to
protein stability. The contribution of the non-polar
groups to the enthalpy is defined &s) the non-
polar—non-polar van der Waals terifhh) one half
of the non-polar—polar van der Waals term; and
(c) the non-polar solvation enthalpy change upon
unfolding. The contribution of the polar groups is
equal to(a) the polar—polar van der Waals term;
(b) the electrostatic energy ternig) one half of
the polar—non-polar van der Waals term; gt
the polar solvation enthalpy change upon unfold-
ing. The results are shown in Table 5. The polar

Table 6
Contribution of polar and non-polar groups to the entropy,
—TASK(sol, and free energyAGg(sol) , of protein unfoldihg

—TASy(so)® AGR(sol)
Polar Non-polar Polar Non-polar
Cytc 202 208 -2 433
RNAse A 225 200 +124 371
Lyso 239 240 +87 450
Myo 289 340 —26 656

aAll values in kca)mol at 25°C; see Table E-VI of Lazar-
idis et al.[10].
b Values from Makhatadze and Prival@9].
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in the structures are such that little hydrogen AC,=
exchange protection is present.
The model of a completely unfolded denatured (50)

state has arisen in part from calorimetric measure- A|though the absolute partia| molar heat capac-
ments of the heat capacity change of protein ity of a protein cannot be calculated quantitatively
denaturation. It is generally believed that the pos- by classical mechanic§100], quantum effects
itive AC, values for unfolding arise primarily from  cancel out approximately when the difference in
the exposure of non-polar groups to wa{88— heat capacity between two protein states is taken.
92]. The basis for this conclusion is that the Since the enthalpy can be decomposed into intra-
transfer of non-polar groups from the gas phase or molecular and solvation terms, the heat capacity
non-polar liquids into water is also accompanied can likewise be decomposed. The calculation of
by a large positive heat capacity charl§él. It is Fhe_ heat capacity takes into account both t_he
of interest in this regard to mention the very early Intrinsic temperature dependence of the S‘?'VaF'O”
paper of John Edsall on apparent molar heat enthalpy of the protein groups and the contnbunon
capacities of amino acid and other organic mole- from the temperature qlependence of th_e protein
cules[94]. More recently, it was realized that polar conformational distributionp(q) (see Section B

| K A hat i The latter contribution has been neglected in
groups also make a contribution ®C, that is  gmpirical models that use the fully extended chain

smaller and of the opposite sign to that for non- a5 5 model for the denatured state. An additional
polar groups([87,92,93. It has been found that small contribution, that from redistribution of the
AC, can be well reproduced assuming a fully protein population among different local minima
unfolded denatured statdall residues fully in the denatured state, is neglected because it
exposed to solvenf96]) if AC, is taken to be  would require extensive sampling of the confor-
proportional to the change in the exposed surface mational space.

area on unfolding. In such calculations the propor-  Three molecular dynamics simulations were run
tionality constants appropriate for the amino acids for 1.2 ns at 300 K, starting from a fully extended
are obtained from small model compound transfer chain, to generate models for the denatured state.
experimentd92,95,97,98 Thus, there is an appar- The resulting systems_all had relat|vely compact
ent discrepancy between the realistic description structures. The effective energies of the three
of the denatured state as being rather compact anddenatured states were between 38 and 65 /kcal

. g . . mol higher than that of the native state. This is a
the semi-empiricalC, models which yield good : N i
P reasonable difference, considering the experimen-

agreement with experiment if a fully extended 5 hotein stability and the estimated change in
denatured state is used. conformational entropy35]. The radius of gyra-
To resolve this discrepancy we have used EEF1 tion () of the denatured conformations was only
to generate models for the denatured state by 12_1g04 greater than that of the N state, in
molecular dynamics simulatior{99]. The system  agreement with experimental data. The ‘hydropho-
chosen for this analysis was the 64-residue trun- bic collapse’ from the extended state found in the
cated version of the small protein CI2, for which molecular dynamics simulations was accompanied
experimental data and unfolding simulations are by formation of a large number of protein—protein
available. The heat capacity was calculated by hydrogen bonds; the number of hydrogen bonds
performing simulations of the nativéN) and in the denatured forms was only slightly smaller
denatured(D) conformations at 280 and 320 K, than that in the native state but very few were
calculating the enthalpy at these temperatures native-like. Moreover, the three denatured confor-
using the solvation enthalpy parameters in EEF1, mations had almost no native contacfsairs of
and taking the finite difference: atoms more than three residues apart in sequence

sequestered from solvent, although the fluctuations (aAH]

[AH(320 K)—AH(280 K)J
T

40 K

P
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that are withih 4 A from each other in the crystal
structure[101]).
It was found that the average value &€, of

10. The contributions to protein stability

Analyses of protein stability attempt to provide
unfolding is 0.53+0.15 kcaf/mol K, compared to ~ an understanding of the contributions of different
the experimental value of 0.79 k¢ahol K [102]; types of interactions. This is exactly what was
the experimental value pertains to the untruncated done in the previous section, where the unfolding
form of CI2, but the contribution of the disordered enthalpy was decomposed into intraprotein bond-
region toAC, is expected to be small. The under- €d, van der Waals and electrostatic terms and

estimation ofAC, may be due to deficiencies of
the hydration mode(for example the group addi-
tivity assumption, to the obviously limited sam-
pling of the denatured state or to the neglect of
transitions on a longer time scalsee above
Covalent contributions are approximately equal in

the denatured and native conformations and thus

do not make a significant contribution to the
unfolding heat capacity, as expectgB,103. In

one of the three denatured models, the solvation

contribution was found to be negative despite the
fact that exposure of non-polar groups is higher in

the denatured state. This was due to the fact that
the rise in temperature increased the exposure of

polar groups in the denatured state and thus
decreased the solvation enthalpy difference
between the denatured and native conformation.
For one of the denatured conformations the intra-
molecular contribution was very lard®.95 kca)

mol K); for the other two it was smalldi0.05 and
0.13 kcafymol K), but still significant.

The major conclusion from this simulation study
is that a significant contribution to the heat capac-
ity of denaturation comes from protein—protein
non-bonded interactions and their changing contri-
bution as a function of temperature. The denatured
state D is relatively compact but more labile than

solvation terms. If one wishes to decompose the
intraprotein van der Waals terms further into polar
and non-polar contributions, as is often done, the
large polar—non-polar van der Waals interactions
have to be divided between the two; see Table
XXII of Lazaridis et al. [10] and the associated
discussion. This is a simple example of the fact
that some assumptions are required in decompos-
ing the enthalpy, and also the free energy into
contributions that are useful for understanding and
for predictions. The complexity of the problem is
such that there has been considerable discussion
recently concerning the validity of such decom-
positions, as described below. It has become clear
that the decompositions are meaningful, though it
is necessary to interpret them carefully and under-
stand the assumptions involved. Even the authors
who most strongly criticized the decompositions
of the free energy have begun to claim them as
their own in studying, for example, ligand protein
interactions by perturbation mod€l$04.

Two types of decompositions are in common
use. The first is a decomposition of the total free
energy of folding into types of interactions; the
second is a decomposition of the free energy into
contributions from constituent groups. The latter
is particularly useful for the interpretation of site-
directed mutagenesis experiments, where one res-

the native state so that temperature can breakidue is replaced by another and the effect of the

interactions in D more easily than in N. This
means that the enthalpy of D increases with tem-
perature more than that of N and contributes
significantly to AC,. Moreover, the results dem-

substitution on protein stability or the value of a
ligand binding constant is determined. Such
decompositions have often been performed on a
somewhat intuitive basis, although careful discus-

onstrate that relatively compact denatured statessions of the assumptions involved have been given

are qualitatively consistent with the calorimetric
data forAC,. The smaller contribution of hydro-
phobic group exposure to the heat capacity in this

in some of the experimental analysfR05]. As
mentioned above, it has been argued that such
decompositions are not possible because entropy

model for the denatured state is compensated byis a global property and cannot be dissected

the contribution of non-covalent protein inter-
actions.

[106,107. This is incorrect as we show by provid-
ing a theoretical basis for such decompositions and
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rest of protein rest of protein

Fig. 4. Free energy simulation transforming the wild type protein with Tyr in the binding site to a mutant with Phe in the binding
site. The dashed line indicates the spherical region that is studied in the free energy simulations @«d thdicates water
molecules solvating the binding site.

AG The subscripth on the brackets in Eq(51)
f indicates that the simulation is done withi(\).
Tyr 169 + Tyt ————=  Phe 169 + Tyr Calculations with Eq(51) have been referred to
as computer alchemy{108,109 because they
involve transforming one molecule into another on
AGy AGn the computer. It would be easy to satisfy the
alchemist’'s dream of transforming lead into gold
by this technique.
Tyr 169 + Tyr —>  Phe 169 + Tyr Since U(\) can be decomposed into contribu-
AGy tions from various types of interactions and Eq.
(52) is linear in U(N), the free energy itself can
Fig. 5. Thermodynamic cycle used in the Tyr 196 to Phe be Qecomposed In-a co_rrespond!ng fashion. _TO
mutation. obtain the effect of a point mutation on protein
stability, for example, the protein is simulated in
both the native and denatured states starting with
by presenting a clear definition of group contri- the wild type sequence and reversibly changing
butions to stability. the energy function to that of the mutafstee Fig.
Thermodynamic integration offers an exact way 4). It has been realized that this type of decom-
of decomposing a free energy differences into position is dependent on the integration path taken
contributions from interactions or groud408g|. in the transformation of one group into another
The basic formula for thermodynamic integration [110,111. Despite the path dependence, these
IS decompositions are usef{112,113. Formal anal-
L /U yses of these decompositions have been presented
AA= f <—> d\ (51) [114,114.
0 IN A One example of such a decomposition that
where U(\) is an empirical energy functiofe.g. offered L_Jseful insights is the analysis of the binding
Eq. (3D)] that describes the initial state far=0 of Tyrosine to tyrosyl-tRNA synthetase, where the

(e.g. the wild type proteinand the final state for ~ difference in free energy of binding of the substrate

the enzyme was calculated by thermodynamic
UN)=(1=MNUwid typet N U mutant (52 integration following Eq.(51) [117]. The experi-
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Table 7
Free energy decomposition of non-covalent interactions in
Tyr - Phe simulationgkcal/mol)

Term AG, AG; AAG
Protein 5.3 6.1 —0.83
Solvent 0.3 5.6 —-52
Ligand 8.6 - 8.6
Total 14.2 11.7 2.6

mental analysis of a series of tyrosyl-tRNA
mutants, including the Tyr 169 Phe mutant is
given in Wells and Fershf118. (An excellent
overview of ‘protein engineering’ methods, as such
mutation studies are now called, is given in Ch.
15 of Fersht[119].) The calculations showed that
the mutation reduces the binding affinity by
approximately 3 kcalmol, a result in good agree-
ment with experiment. The path chosen in the
study was the linear transformation of the hydroxyl
group of Tyr 169 to a hydrogen atom in the bound
system(enzyme plus substrateand the free sys-
tem (see Fig. 5. From the diagram, the difference
AAG in binding free energy between the mutant
(AG,, and the wild type(AG,,) is equal by Hess’s
Law (see Tembe and McCamm¢@b2(Q]) to

AAG=AG,—AG,=AG,—AG,, (53)

where AG, is the free energy difference between
the mutant and the wild type in the bound form
and AG; is the corresponding free energy differ-

T. Lazaridis, M. Karplus / Biophysical Chemistry 100 (2003) 367-395

with the ligand and the solvent. The protein con-
tribution was further analyzed into contributions
from the neighboring amino acids. It was found
that, although the total protein contribution was
small, it contained large compensating contribu-
tions from individual amino acids. This is probably
due to the fact that the position and orientation of
the mutated hydroxyl shifts between the free and
bound states, forming favorable interactions with
some residues in one case and with other residues
in the other. The solvent term was also broken
down into contributions from water molecules at
different distances. It was found that significant
contributions arise from relatively distant water
molecules.

Although the analysis just described for decom-
posing the free energy is very useful, one can ask
whether it is possible to define contributions to
stability that are path-independent. To better under-
stand the type of decomposition we are interested
in, consider a hydrogen bond in the interior of a
protein. How could one define precisely the ‘con-
tribution’ of this hydrogen bond to protein stabil-
ity? Obviously, it is not the interaction energy
between the CO and NH groups because, first, the
direct CO—NH interaction is only a small part of
the interactions in which these two groups are
involved in the protein interiof10]. Moreover,
this neglects the fact that these two groups in the
unfolded state interact favorably with the solvent.
Then the free energy contribution to stability is

ence for the free enzyme. The experiments are determined both by the folded and unfolded state,

done following the vertical paths for the wild type

as was already pointed out for the free energy

and the mutant, while the calculations are done simulations above. Clearly, any definition of the

most easily along the horizontélchemical path.

It would, of course, be possible to follow the
vertical paths, which would provide the potential
of mean force curve for binding the tyrosine ligand
to the wild type and mutant protein.

‘contribution’ of protein groups to stability must
consider(a) the multitude of interactions made by
these protein groups; arfld) the effects of changes
in the solvation of these groups.

The starting point for the present discussion is

The free energy difference was decomposed in Eq. (29). The decomposition presented in E§9)

several different ways. First, it was decomposed is rigorous as long as the intramolecular interaction
into electrostatic, van der Waals, and covalent terms are separable from the solute—solvent and
interactions. The dominant contribution was found solvent—solvent interaction terms. This is the case
to arise from the electrostatic term. The free energy for most energy functions in use toddg.g. Eq.
difference was also decomposed into interactions (31)]. Actually, Eq. (29) can be generalized to
of the mutated group with the protein, the ligand, take account of the presence of three-body forces.
and the solvenisee Table Y. As expected, the For the intramolecular energy of the macromole-
largest contributions were made by the interactions cule, H,,,,, we assume that the empirical energy
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function is valid(see Section % The non-bonded
interactions can naturally, though arbitrarily be
assigned to the interacting atoms, half of the
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(AH? is not expected to make a large contri-
bution when differences between GFEs are consid-
ered. As is indicated in Eq55), (AW;) does not

interaction to each partner. Usually, the bonded include any conformational entropy. The sum of

terms(‘strain energy) are treated separately. How-

all group contributions is not the free energy of

ever, they too can be assigned to the atoms which unfolding, AG, but the change in effective energy

are involved: two atoms for bonds, three for angles,
and four for dihedral angles. In this model, each

upon unfolding,AW.
This clear definition of group contributions can

atom in the macromolecule is assigned one half of be of use in interpreting mutation experiments.

its non-bonded binding energy with all other

Among site-directed mutagenesis experiments the

atoms, one-half of the covalent bond energy of the easiest to interpret are the so called ‘non-disruptive
bonds, one-third of the bond angle energy, and deletions’[121], where an amino acid sidechain is

one-fourth of the dihedral energy in which it
participates.

Decomposition of the solvation free energy is
more complicated. Eq.10) for the solvation free
energy is not very convenient for application to a

truncated to eliminate a particular interaction with-
out disrupting the protein structure or introducing
additional interactions. For example, the mutation
of an ILE to a VAL should give information about

van der Waals and hydrophobic interactions,

macromolecule because it does not easily lend whereas the mutation of a SER to an ALA should

itself to a decomposition of the solvation free
energy into contributions from groups. The inhom-

give information about hydrogen bonding interac-
tions. However, it is important to notgl 05,119

ogeneous theory of Section 5 is more convenient that elimination of a group by mutation does not

for this purpose. Once group solvation free ener-

measure the contribution of that group to protein

gies are defined, one can define the effective free stability. Deletion of a group leads to loss of the

energy(GFE) of groupi as

— } slv

W,=H,+ ZJZH"JFAGi (59
whereH, corresponds to the internal group energy
(including the bonded terms within groupand
any intra-group non-bonded interaction&/; cor-
responds to the interactions between groipsd

j, and AG$V is the solvation free energy of group
i (see Section b Based on these results, the free
energy of unfolding can be written

AG=Y (AW;)—TAS" (55)

where(AW ;) is equal to the contribution of group
i to stability (the brackets indicate a configuration-
al average

1
(AW )y = 2 Y (AH;)+(AH;)+ (AAGSVY (56)
j
where the extral symbols in Eq(56), relative to

Eqg. (54), denotes the the difference between the
folded and unfolded state. AlthoughAW;)

contribution of the deleted group, and modification
of the contributions of the neighboring groups:
AAG(i)={(AW})

+ Y A(AW,), j close toi

JFi

(57)

Thus, in protein engineering the sum of the
changes in stability or binding affinity upon muta-
tion of a series of groups does not give the total
stability or binding affinity, even if the protein
structure[p(q)] is not affected. This is true because
the modification of the contributions of interacting
groups is counted twicgl15].

In several protein engineering studies a hydro-
phobic sidechain, partly or fully buried, was trun-
cated to directly estimate the contribution of
hydrophobic interactions to protein stabilifty22—
127]. Simulation studies of these mutations were
also undertaken128,129. Perhaps the most sur-
prising result was that the magnitude of the desta-
bilization observed was higher than that expected
from water to octanol transfer free energies of
model compounds. Crystallographic studies
showed that the magnitude of the destabilization

includes the group’s share of the bonded energy, correlated with the size of the cavity left in the
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mutant when the group was delet¢ti26]. This between protein atoms replace similar hydrogen
finding suggested that the extra destabilization free bonds with the solvent in the unfolded state and
energy can be attributed to the free energy cost of thus lead to little net stabilization of the native
having a cavity in the protein interior structure. Their major role is then presumed to be
[126,130,13L GFEs offer a particularly simple that they restrict the number of possible folded
way of analyzing the problem. As mentioned structures and thus contribute to the stabilization
above, deletion of a group will eliminate its con- of a unique structure. Mutagenesis experiments
tribution but also modify the GFEs of its neigh- have been interpreted as indicating that hydrogen
boring groups. Consider for example the IEE  bonds make a favorable contribution to stability or
VAL mutation, in which one CH group is binding[121,134. This also emerged in an empir-
removed. In the unfolded state, where the mutated jcal treatment of protein thermodynamics based on
residue is most likely to be mainly exposed to model compound datf52,69. To analyze these
solvent, the deletion eliminates the GFE of aCH results in the present framework, we have to define
group, which is dominated by the solvation free the term ‘contribution of a hydrogen bond’ to
energy of that groupAG?*" . The GFEs of the protein stability. This corresponds to the free ener-
surrou.nd.ing groups may change sqmewhat becausqu gain from the interaction of the hydrogen
the elimination of theCd group increases the bonding groups in the protein minus the cost of
solvent exposure of th€’y group. In the folded  gesolvating these groupé.e. having them inter-
state, the sidechain is buried in the cases S_tUd'ed’acting with solvent in the denatured stat©ne

so that the GFE of the deleted group will be ,ohlem that arises in evaluating this quantity is

apprloxi_mately_equa]\cl ;[]O one—half.(;]f the van d;:r that it is not well defined because polar groups in
Waals interaction of the group with its surround- he interior of proteins are involved in a multitude

ings, Evqw. When the group is deleted, assuming ¢ jnteractions with other polar groups, some of

that the structure remains constant, what is lost is . . .
S , which are hydrogen bonding and some of which
Eue \é\’hlol[edE"dW’ onIyTEaIf Oftvl\;h'ICh betlont%s gFE are not[10]. In addition, hydrogen bonding groups
€ deleted group. The rest belongs 1o the S have significant van der Waals interactions with
of the surrounding groups. If the protein relaxes .

: nearby non-polar groups. The cost of desolvating
to completely fill the gap, the van der Waals the two hvdrogen bondin fouDS cannot be
energies of the surrounding groups will approxi- . ydrog oonding  group

assigned to their pairwise interaction alone, but

mately return to their original value. Thus, the . . . . .
measured difference in protein stability between mclu_des all the interactions in Wh'c.h these groups
are involved. Consequently, there is a conceptual

th tant th ild t to th
e mutant and the wid type corresponds to the difficulty in isolating the ‘hydrogen bonding’ ener-

intrinsic contribution of the deleted group only in L
the limit of complete protein relaxation. The van 9Y [10l. For these reasons, it is preferable to speak

der Waals interaction energy for a methylene group ©f contribution of groups, GFEs, rather than of
in the protein interior is approximately 3.5 kcay ~ Intéractions, which, as shown above, are well
mol, relative to approximately—2 kcal/mol in defined quantities. Calculation of the GFE of a
liquid-like environmentg10]. Therefore, the max-  hydrogen bonding group in the folded and unfold-
imum extra destabilization one can expect for the €d protein would give the contribution of this
deletion of a CH group is one-half of that or group to stability. If the group is buried, then its
approximately 1.75 kcgmol. The experimental stability contribution will be favorable if half of
values for lle to Val mutations are in the range of the sum of all of its interactions in the protein
0.3-1.8 kcalmol [127]. interior is more negative than its solvation free

Another area where analysis on the thermody- energy in the unfolded protein. That will be the
namics of an atomic basis is of interest concerns case, for example, if the group forms multiple
the magnitude of contribution of hydrogen bonds hydrogen bonds and possibly other favorable
to protein stability [10,132,133 The classical  dipole—dipole interactions[10] in the protein
view has been that upon folding hydrogen bonds interior.
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11. Future directions involved, it will become possible to utilize tech-
niques like the ones described here to achieve a
Equilibrium thermodynamics is an established detailed description of these events at the atomic
tool for the study of biological processes in vitro. level. Such an understanding may aid in learning
Knowing the equilibrium properties of macromol- how to control these cellular events so as to be
ecules is an essential first step for the characteri- able to alter them in desirable directions. This
zation of the processes in which they participate. offers hope of aiding in the development of meth-
In combination with molecular models and statis- ods leading to the demise of cancerous cells or to

tical mechanics, it promises to provide a micro- an increase in the resistance to viral infections.

scopic understanding of the mechanisms of many
of the phenomena operating in living systems.
The cornerstone of a microscopic analysis of
macromolecular thermodynamics is the energy
function. The size and complexity of biological

the solvation term. Significant efforts are being
made in developing quantitative models for the
solvation free energy and decomposing them into
the enthalpy and the entropy of solvation. Model-
ing of the solvent should not be restricted to pure
water but should be extended to more complex
solvent media that contain ions, non-neutral pH,
cosolvents, cosolutes etc., to be able to understand
the behavior in the complex cellular medium.

We have used protein folding as the example to
illustrate the microscopic analysis of macroscopic
thermodynamic data. This is, of course, only one
area, albeit an important one, where thermodynam-
ics can be used to study elementary biological
process. Another area that is justifiably receiving
considerable attention is the process of binding
between macromolecules or between a macromol-
ecule and a ligand. Many more complex events
occur in the living cell; they include protein
translocation through membranes, large confor-
mational changes, active diffusion, DNA unwind-
ing, vesicle budding, membrane fusion, and virus
assembly. At an even larger scale, there are pro-
cesses like cell division, cell differentiation, devel-
opment, growth, and aging. The role of
thermodynamics is to provide an approach for
understanding the driving forces responsible for
all these processes and for rationalizing the
observed pathways. As more detailed data become
available concerning the specific molecules
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