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The energetics of protein folding determine the 3D structure of a folded
protein. Knowledge of the energetics is needed to predict the 3D structure
from the amino acid sequence or to modify the structure by protein engi-
neering. Recent developments are discussed: major factors are reviewed
and auxiliary factors are discussed briefly. Major factors include the
hydrophobic factor (burial of non-polar surface area) and van der Waals
interactions together with peptide hydrogen bonds and peptide solvation.
The long-standing model for the hydrophobic factor (free energy change
proportional to buried non-polar surface area) is contrasted with the
packing—desolvation model and the approximate nature of the proportion-
ality between free energy and apolar surface area is discussed. Recent
energetic studies of forming peptide hydrogen bonds (gas phase) are
reviewed together with studies of peptide solvation in solution. Closer
agreement is achieved between the 1995 values for protein unfolding
enthalpies in vacuum given by Lazaridis-Archontis-Karplus and Makha-
tadze-Privalov when the solvation enthalpy of the peptide group is taken
from electrostatic calculations. Auxiliary factors in folding energetics
include salt bridges and side-chain hydrogen bonds, disulfide bridges,
and propensities to form a-helices and R-structure. Backbone conforma-
tional entropy is a major energetic factor which is discussed only briefly for
lack of knowledge.
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minimum free energy. Thus, predicting de novo the
3D structure of a protein from its amino acid
sequence requires knowledge of the folding ener-
getics. Likewise, understanding the structure of a
complex formed between two proteins, or between a
protein and a specific ligand, requires knowing the

Introduction

Protein folding is acknowledged today to be a self-
assembly process, guided by finding the structure of
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between AGpyq and ASA; AG,, free energy of cavity
formation; U, N, unfolded and native forms, respectively;
CED, cohesive energy density; E,, van der Waals
interaction energy; vy, surface tension; ¢, s, peptide
backbone angles; ESF, electrostatic solvation free energy;
Py, polyproline II; AS,.s, per residue change in backbone
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temperature midpoint of a thermal unfolding transition;
MP, Makhatadze and Privalov; LAK, Lazaridis, Archontis
and Karplus; DFT, density functional theory.
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folding energetics, which also governs the dynamics
of protein conformational change. If a process is not
energetically feasible, it does not happen. Knowl-
edge of protein folding energetics is needed to
understand such diverse cellular processes as send-
ing instructions along signaling pathways and
making antibodies against specific antigens.
Proteins are synthesized as unfolded polypeptide
chains and they fold after synthesis in order to
become active. Anfinsen' realized that the driving
force for folding is the gradient of free energy and
the search for the free energy minimum gives the 3D
structure, which is the most stable structure. Most
methods of predicting structure focus, however, on
finding the structure that has minimum enthalpy
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rather than minimum free energy. The reason is that
the enthalpy can be determined more reliably than
the free energy and the minimum enthalpy structure
is likely to give also the minimum free energy. This
review follows the same logic and focuses chiefly on
the enthalpy of folding, except for the discussion of
the hydrophobic factor, where entropy and enthalpy
are intertwined. The change in backbone entropy
upon folding is reviewed briefly. Because proteins
begin their biological lives as unfolded chains, it is
always necessary to consider the equilibrium
between the native and unfolded forms when
considering whether a given factor, such as the
peptide hydrogen bond, stabilizes folding.

The energetic factors that control protein folding
are the subject of a classic review by Dill* in 1990
and the outlines of the subject remain much the
same today. Dissection of protein unfolding enthal-
pies into factors such as hydrogen bonds and van
der Waals energies was the subject of two major
reviews in 1995: experimental work and empirical
analysis of the results, reviewed by Makhatadze
and Privalov,” and theoretical analysis by Lazaridis
et al.* Serious disagreement was found# concern-
ing the sizes in vacuum of the unfolding enthalpy
and its individual components, especially the
hydrogen bond enthalpy. A possible resolution of
the controversy is discussed here.

The present review focuses on two major ener-
getic factors, the hydrophobic factor (burial of non-
polar surface area) and peptide hydrogen bonds
(H-bonds), whose energetics are connected with
solvation of the peptide group. The hydrophobic
factor has long been regarded as the most important
single factor and it is the most studied. It is difficult
to separate the hydrophobic factor from van der
Waals (or packing, or dispersion force) interactions
and the two are discussed together here. Much has
been written about the physical chemistry of the
hydrophobic factor and how to obtain its contribu-
tion to the energetics of protein folding, and this
subject is discussed first. The energetics of making
peptide H-bonds is only beginning to be under-
stood quantitatively. Work on this problem has been
deferred until recently, partly for lack of viable
approaches, partly because most estimates suggest
that peptide H-bonds have only marginal stability.
However, there are clear indications today that
peptide H-bonds are a major factor in protein
folding energetics and work on this problem is now
accelerating.

There are also auxiliary factors in protein folding
energetics, including electrostatic interactions
among ionized side-chains, a-helix and P-sheet
propensities (which are closely connected with the
energetics of peptide H-bonds), and specific pair-
wise interactions among side-chains, such as H-
bonds and salt bridges. The status of these factors is
described briefly. The change in backbone confor-
mational entropy upon folding is a subject of major
energetic importance, but little is known. Its status
is described briefly together with the auxiliary
factors.

The hydrophobic factor in protein folding and
Kauzmann’s model

Hydrocarbon and other non-polar molecules have
low solubilities in water but good solubilities in non-
aqueous solvents, a property known as “hydropho-
bicity”. There are major energetic consequences of
hydrophobicity for protein folding and in 1959
Kauzmann® proposed a solvent transfer model for
quantifying them. The energetics of hydrophobicity
are referred to here as the hydrophobic factor.
Kauzmann argued that the free energy change for
burying a non-polar side-chain in the interior of a
protein can be found by experiments in which a
model compound is partitioned between water and
a non-aqueous solvent. Thus, the standard free
energy change AG® for dissolving toluene in water
gives an estimate for the free energy change that
occurs on burying a phenylalanine side-chain inside
a folded protein. The value of AG® for dissolving
toluene in water at 25 °C is 22.8 kJ/mol:

AG® = —RTlnx (1)

where X is the solubility (mole fraction) of toluene in
water. The assumptions made in analyzing solvent
transfer experiments are discussed by Tanford.’
Kauzmann gave estimates in the range —8 to —25
kJmol per side-chain for burying non-polar side-
chains inside proteins. His early analysis® indicated
that the hydrophobic factor would prove to be the
most important energetic factor in protein folding.

In the following years, a large body of accurate
experimental data was provided, first by Tanford’s
laboratory, whose work on this problem was
summarized in a book,® and later by several wor-
kers, especially by Privalov and his laboratory. Basic
questions were studied such as: which solutes will
accurately model the transfer free energies of non-
polar protein side-chains, which non-aqueous sol-
vent best models the hydrophobic core of a protein,
and how to take account of the van der Waals
interactions made by side-chains buried inside
proteins. The simplest experiments, for which the
most accurate data are available, are ones in which
the non-aqueous solvent is a neat liquid hydro-
carbon and solution of the liquid hydrocarbon in
water is studied. Protein chemists often require,
however, transfer free energy data for the amino
acid side-chains themselves, and data have been
obtained for amino acids, blocked amino acids, and
even pentapeptides.

A second major step towards quantifying the
hydrophobic factor in protein folding was taken in
the early 1970s when it was realized that the transfer
free energy is likely to be proportional to the surface
area of a nonpolar solute.”” The water-accessible
surface area (ASA) of a molecule is given by the Lee
and Richards algorithm," in which a spherical
probe with a diameter appropriate for a water
molecule is rolled over the solute’s surface:

AGhyq = kn(ASA) (2)
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After the proportionality coefficient k, has been
measured, the value of AGyyq in a protein folding
reaction can be computed from values of ASA for
the native (N) and unfolded (U) forms of the protein:

AGhya = kn[(ASA)y — (ASA)y] ©)

Different values of k, have been proposed (see
below), depending on questions such as which non-
polar solvent should be used to model the protein
interior, which solutes should be used to model the
amino acid side-chains, and whether or not the
values of AGyyq should be corrected by the ratio of
the solute/solvent molar volumes. The basic propo-
sal that the transfer free energy is proportional to the

buried apolar surface area is, however, increasingly
viewed today as controversial (see below).

The packing—desolvation model

In Kauzmann’s model the protein interior is
treated as an organic liquid. There are reasons (see
below) for doubting that this is a reliable assump-
tion. An alternative model, referred to here as the

“packing—desolvation” model, was proposed in
1988 by Pr1valov and Gill"' and also by Ooi and
Oobatake.'” The focus originally'' was on the apolar
(ap) side-chains making close-packed van der Waals
interactions in the hydrophobic core, but the polar
peptide (p) groups also have an important energetic
role both in the solvation and desolvation steps as
well as in making or breaking peptide H-bonds:

N — U (vac)
T L (solv)

N — U (aq)
Scheme 1.

Scheme 1 relates the unfolding reaction in aqueous
solution (N — U)(aq) to the (hypothetical) unfolding
reaction in vacuum (N — U)(vac) by including steps
for the desolvation of N, —AHy(solv), and the sol-
vation of anhydrous U, AHy(solv). Equating the two
routes for unfolding N in aqueous solution gives
(see equation (1) of Lazaridis et al. 4:

AHNU(VaC) = AHNU(aq) + AHNU(SOIV) (4)

AHnu(solv) = AHn(solv) — AHy(solv) (4a)

AHgoy = AHp(solv) 4+ AH,p(solv) (4b)

The unfolding reaction in vacuum includes breaking
van der Waals and H-bond interactions as well as an
electrostatic term* arising from a difference in the
dipole—dipole interactions in the peptide backbones
of N and U.

The van der Waals or dispersion force interactions
are well understood in model systems but it is not

yet possible to test the calculations for proteins.
Small alterations in distance between a pair of
interacting atoms give large changes in predicted
interaction energy and the computed energies are
sensitive especially to the parameter R, the
distance between atoms at the minimum in the
potential energy curve. The average distances R;
between interacting pairs of atoms (i) of a given
type (C-C, C-N, etc.) have been analyzed'” in a set
of 15 proteins. The interaction energy AE;; between
atoms i and j can be represented* by a Lennard—
Jones potential as:

AE;j = &[(Rmin/Rij)"? — 2(Rumin /Rj)°] (5)
To relate equation (5) to experimental enthalpy
measurements, the assumption is made® that
AE=AH. Most molecular mechanics force fields
have similar values* for Ry, and € when expressing
the interaction between a given pair of atoms. The
6th power term represents the attractive interaction
between two atoms while the steeply rising 12th
power term represents the repulsion that occurs at
too close distances. Although the distances between
atoms are widely distributed within a protein for
any given type of atom pair, average distances are
remarkably uniform'® when results for the 15
proteins are compared and only distances larger
than Ry, are found. This finding is useful in
developing an empirical calibration!® that expresses
how polar and non-polar groups contribute to
measured enthalpies of protein unfolding.

Because proper evaluation of the van der Waals
interaction energies in a protein folding reaction is
still being discussed, the packing—desolvation
model is not yet being used to quantify the
energetics of non-polar side-chain burial, in contrast
to Kauzmann’s model. Hopefully this situation will
change soon. As discussed below, there is consider-
able uncertainty about the best value of k;, to employ
when using Kauzmann’s model.

Molecular nature of hydrophobicity

A solute is hydrophobic if it is poorly soluble in
water but readily soluble in non-aqueous solvents.
Thus, mercury is not said to be hydrophobic.
Because the solvatlon thermodynamics of a solute
are defined'* by experiments in which the solute is
transferred from the vapor phase to liquid solution,
the focus now shifts from liquid— 11qu1d to gas-liquid
transfer. A particular standard state,’ namely 1M
solute in both the vapor and liquid phases, is used to
eliminate the large and unwanted change in trans-
lational entropy between the vapor and liquid
phases. Extensive thermodynamic experiments
have been made (see below) on the transfer of hy-
drocarbon molecules from the gas phase to aqueous
solution. Thus, ample data are available to discuss
the energetics of desolvation of non-polar groups in
the packing—desolvation model.

Solvation is modeled as a two-step process in
Widom's solute insertion model.'® In the first step,
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thermal fluctuations in the arrangement of solvent
molecules produce a cavity in the solvent, with a
free energy change AG.. In the second step, the
solute enters the cavity, van der Waals interactions
occur between solute and solvent, and rearrange-
ment of the solvent occurs at the cavity surface; the
solute—solvent interaction energy is denoted E,.

Lee'® has given quantitative values for the ther-
modynamic properties of the two steps in Widom’s
solute insertion model for some alkanes, including
propane, isobutane and neopentane. These are
flexible chain hydrocarbon molecules some of
whose backbone conformations are restricted by
branching: isobutane is singly branched and neo-
pentane is doubly branched. Results for AG. at 25 °C
are shown in Figure 1 as a function of ASA for the
solute. Table 1 gives values for E,, obtained from
Monte Carlo simulations'” by Jorgensen and co-
workers. The experimental transfer free energy AGg°
equals the sum of AG. and E,:

AG:° = AG. +E, (6)
The experimental AG,° values were taken from
vapor-liquid transfer data in the literature. Equation
(6)is obtarned by combining equations (15), (23) and
(30) of Lee.'® The E, values obtained by simulation
are believed to be highly reliable for these non-polar
solutes and, because the AG® values are experi-
mental, the AG.values are termed “quasi-experi-
mental”.'® E, is assumed independent of tempera-
ture in deriving the AG, values for water.

The results in Figure 1 and Table 1 show that the
work of making a cavity is large in water compared
to liquid alkanes. The difference is sufficiently large
to explain why gaseous hydrocarbons have unfa-
vorable solvation free energies in water although
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Figure 1. Comparison of the free energy of cavity
formation in water (filled circles) and in liquid alkane
(open squares) plotted against the water-accessible surface
area (0.1 nm)* of the solute for propane, isobutane and
neopentane. Data are at 25 °C from Lee."

Table 1. Energetics at 25 °C of making a cavity in water
compared to liquid alkane

Solute AG. AH, TAS, E.
Water

Propane 35.8 6.6 -29.2 -27.6
Isobutane 42.4 10.8 -31.6 -32.7
Neopentane 46.5 13.2 -33.3 —-36.0
Liquid alkane

Propane 23.7 40.1 16.4 -26.7
Isobutane 24.4 49.8 254 -35.1
Neopentane 27.6 124 15.2 -39

AG., AH. and AS, are the Gibbs energy, enthalpy, and entropy
needed to make the cavity for the alkane solute, either in water or
in liquid alkane; E, is the van der Waals interaction energy
between solute and solvent. All values are in k] /mol at 25 °C; data
are from Lee.'® The liquid alkanes are maintained as liquids under
their equilibrium vapor pressures.

they have favorable values in liquid alkanes. When
neopentane is dissolved in water, AG. is 46.5 k] /mol
while a cavity of similar size in liquid neopentane
costs only 27.6 kJ /mol. The interaction energy E, for
the van der Waals interactions (Table 1) includes the
work of solvent reorganization when the solute
enters the cavity. E, has rather similar values when
neopentane is dissolved either in water (E,=—36.0
kJ/mol, assumed independent of temperature) or in
liquid neopentane (E,, which is temperature depen-
dent, is —39.6 kJ/mol at 25 °C).

Two effects Contrlbute to the large work of making
a cavity in water.'® The first effect is the small size of
the water molecule,'® which makes it difficult to
sculpt a cavity large enough for a neopentane solute
because several water molecules must move in a
concerted fashion to make room for one neopentane
molecule. This first effect has been quantified'® by
using a hard sphere model of liquid solutions
termed scaled particle theory (SPT). Comparison of
SPT predictions with quasi-experimental values for
thermodynamic properties of the two steps in solute
insertion show surprisingly good agreement for
most thermodynamic properties. This result implies
that the small size of the water molecule makes a
major contribution to the large work of making a
cavity in water.

The second effect arises from the H-bonded
structure of water. Because water has a large
cohesive energy density (CED), it tends to squeeze
out all solutes.'82% Polar solutes are soluble in water
only because they make strong interactions with
water molecules. In a simplistic approach one might
ask which effect is dominant, the small size of the
water molecule or the high CED of liquid water, by
asking whether enthalpy or entropy dominates the
AG., for cavity formation, because CED is enthalpic
while scaled particle theory, which favors the small
size of the water molecule, is based on entropic
considerations. At 25 °C, AG, in water is dominated
by entropy (Table 1) but the proportion of AG,
controlled by enthalpy rises with temperature ®and,
in fact, AG. is controlled by ACp as is the solvation
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free energy AG,°. Either the water H-bonds respon-
sible for the large CED of water or the small size of
the water molecule may be used to explain the
unusual ACp: see below. For background reading on
the relatlon between CED and hydrophobicity, see
Graziano®' and references therein.

Temperature dependence of hydrocarbon
hydration

The energetics of hydrocarbon hydration (transfer
of a gaseous hydrocarbon into water) depend on
temperature in a highly specific and characteristic
manner, and the temperature dependence is impor-
tant in understanding the energetics of the desolva-
tion—packing model for protein folding reactions.
The values of AG°, AH®°, AS° and ACp for
neopentane hydration at 25 °C are shown in Table
2. The “signature” of hydrocarbon hydration is a
large unfavorable (negative) entropy change at 25 °C
coupled with a large positive value of ACp, the
change in heat capacity for the transfer reaction.
Note that the enthalpy change is negative and favors
solvation.

As indicated by equation (7), ACp governs the
temperature dependence of both AH® and AS®:

AC, = dAH®/dT = TdAS®/dT 7)

For hydrocarbon hydration (gas— aqueous trans-
fer), ACp decreases slowly with temperature from

5 °C to 130 °C.** The approximation that ACp is in-
dependent of temperature nevertheless occurs com-
monly in the literature, especially in discussing
protein unfolding reactions for which this is a fairly
good approxrmatlon for the protein between 0 °C
and 60 °C.* As the temperature increases, both AH°
and TAS® for hydrocarbon hydration become less
negative while AS° goes to 0 above 100 °C. AG°
(which is AH°-TAS°, and which is positive) increa-
ses slowly with temperature between 0 °C and
100 °C. 16,22

For gas—aqueous transfer of non—polar solutes,
the measured solvation enthalpy AH®, is:'

AH° = AH, + E, (8a)

where AH, is the enthalpy change for making a
cavity in water for the hydrocarbon solute. When
AH°.=0 (~95 °C for alkanes®?), equation (8a) shows

Table 2. Comparison of the transfer energetics when
neopentane is transferred at 25 °C from the gas phase
either to liquid water or to liquid neopentane

Solvent AH° TAS® AG® ACp
Water -22.8 —-33.3 10.5 363
Neopentane -212 -9.2 -12.0 38

Contributions (kJmol) to the transfer free energy (AG°) from
enthalpy (AH°) and entropy (TAS°) when gaseous neopentane is
transferred either to water or to liquid neopentane. The change in
heat capacity ACp, which governs the temperature dependence of
AH?® and AS° (equation (6)), is given in ] deg ! mol 1. Values are
referenced to the modified'® Ben-Naim standard state'* of 1 M in
both the gas and liquid phases. Data are from Lee.'®

that AH.=-E,, which i is assumed to be temperature
1ndependent in water.'® Thus, the solvation enthalpy
may be expressed as the product of ACp and (95-T):

AH,°(T) = —ACp(95 — T) (8b)

When liquid — aqueous transfer data are ana Zzed
AH°=0 at a much lower temperature ~25 °C.** This
difference between the temperatures at which
AH°=0 (95 °C for gas — aqueous transfer of alkanes,
25 °C for liquid —aqueous transfer) represents an
important energetic difference between the two
transfer reactions. The difference arises because of
the van der Waals interactions made by the alkane
solute in liquid alkane.

A long-sought goal of work on the energetics of
protein folding has been to construct a quantitative
model that will predict AH°, AS® and ACp of protein
unfolding from energetic data on model systems,
such as the solution of liquid hydrocarbons in
water™* or the transfer of gaseous hydrocarbons
into water.'"”****> Reasonable success has been
achieved in predicting ACp in protein unfolding
from model compound data.?>2¢ As mentioned
above, there is a basic problem'” in predicting AH®
values for protein unfolding from model compound
data because AH® represents a small difference be-
tween terms of opposite sign for disruption of H-
bonds and van der Waals interactions on the one
hand and hydration of newly exposed apolar and
polar groups on the other.

The energetics of transferrmg gaseous neopentane
into liquid neopentane'® has very different thermo-
dynamic properties from transfer into water, prop-
erties that are characteristic of “regular” solutions.
For transfer into liquid alkane, ACp and TAS® are
small, both AH® and TAS° are nearly independent of
temperature, and AG® is negative, i.e. favorable for
transfer (Table 2). Neopentane makes favorable van
der Waals interactions with both solvents, liquid
alkane and water, but in water the solvation ener-
getics contain a major contribution from ACp (see
below). The values of AH® for transfer of a gaseous
alkane into aqueous solution and into liquid alkane
happen to be similar at 25 °C (Table 2), but they are
quite different at 95 °C where the solvation enthalpy
goes to zero for transfer into aqueous solution.?2

The large positive value of ACp seen for hydro-
carbon hydration (Table 2) is often explained by
altered thermodynamics of the water molecules
surrounding the dissolved hydrocarbon, primarily
in the first solvation shell, as compared to bulk
water. As the temperature increases, water mole-
cules in the solvation shell gain increased freedom to
behave like bulk water molecules, and this changing
behavior can give rise to the large positive ACp
value. Monte Carlo simulations®® of the solvation
thermodynamlcs for alkanes dissolved in water,
using a potential function based on the random
network model of water,”” reproduce ACp semi-
quantitatively. More surprisingly, scaled particle
theory simulations of the thermodynamics of hydro-
carbon solvation, which omit the water H-bonds,
also reproduce ACp semi-quantitatively.'®
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Entropy convergence

An important property of hydrocarbon hydratlon
is “entropy convergence”. In 1979 Privalov™’ observed
that the specific entropies (entropy per gram) of
protein unfolding converge near 110 °C for several
proteins when extrapolated linearly versus tempera-
ture. The solution entropies of liquid hydrocarbons
in water show a related phenomenon: AS° goes to
zero at a common temperature (T;=113 °C)** when
data taken at low temperatures are extrapolated
linearly, which is equivalent to assuming ACp=con-
stant (see below). If group additivity is valid, this
observation indicates that the contribution of hydro-
phobic solvation to the entropy of protein unfolding
may be removed by extrapolation to 113 °C. The
protein unfolding data used for extrapolation should
be taken at low temperatures (<60 °C) where ACp
for protein unfolding is reasonably constant.” As
mentioned above, modern studies of hydrocarbon
hydration (gas to aqueous transfer) have been
carried to high temperatures and show that ACp
decreases with increasing temperature.”” The tem-
perature at which AS°=0 is near 145 °C** when the
decreasing nature of ACp is taken into account.
Simulations of hydrocarbon hydration have been
made that reproduce entropy convergence at T
using either the mformatlon theory model®' or scaled
particle theory.”

Spec1f1c enthalpies of protein unfolding also
converge™ near 110 °C for several proteins when
data taken at low temperatures are extrapolated
linearly. When the solvation enthalpies of hydro-
carbons are examined to investigate the underlying
basis for this observation, the situation is found to be
less well-defined. Aliphatic hydrocarbons show
AH° going to zero at a common temperature
Tw=95 °C but Ty is higher (about 125 °C) for
aromatic hydrocarbons.?> A modern survey of
calorimetric data for protein unfolding™ fails to
confirm that the specific entropies and enthalpies
converge near 110 °C, but the important point
remains that data for hydrocarbons?* show AS°=0
at a common temperature T,, which corresponds to
113 °C in a linear extrapolation.

Tests of the Kauzmann and
packing-desolvation models

Attempts have been made to determine the value
of AGpyq directly from experiments on proteins in
which “large to small” (e.g. Val — Ala) mutations are
made and AAG®, the change in unfolding free energy
produced by the mutation, is measured. The hope is
that no change in protein structure or folding
energetics occurs except for the decrease in buried
non-polar ASA caused by truncating the side-chain,
which gives an unfavorable entropy change. In a
revealing set of experiments, the X-ray structures of
the mutant proteins were measured as well as the
AAG® values for unfolding.** When the same
Leu— Ala mutation was made at different sites in
T4 lysozyme, cavities of different sizes were found.

When the AAG® values for unfolding were plotted
against the size of each cavity and extrapolated back,
the extrapolated AAG® value at zero cavity size
agreed”* with the transfer free energy obtained using
wet octanol as the non-aqueous solvent.

When this type of mutational experiment was
monitored, however, by scanning calorimetry,
which gives not only the change in AG° but also
the changes in AH® and AS° for unfolding, the
results surprisingly showed favorable entropy chan-
ges.’® This finding indicates that the dominant
entropy change caused by the mutation does not
come from the decrease in buried non-polar ASA
but instead comes from increased conformational
entropy. Consequently, the AAG® values for unfold-
ing cannot be assigned wholly to changes in buried
non-polar surface area. It remains a challenging
problem to test Kauzmann’s model with mutational
experiments on proteins.

Concern about neglecting van der Waals interac-
tions when using Kauzmann s model arose espe-
c1a11y from the observation® that side-chains buried
in the protein interior are close-packed like atoms in
an organic crystal. Close packing represents about a
10% decrease in volume compared to the organic
liquid, and the dependence of attractive van der
Waals interactions on distance between interacting
atoms indicates that substantially stronger interac-
tion energies must be present in the protein interior
than in an organic liquid. When it became possible
to redesign the hydrophobic cores of proteins and to
predict protein stability for dlfferent amino acid
sequences, a comparison was made™ of the relative
energetic roles of van der Waals interactions and
burial of non-polar surface area. The results indicate
that close-packed van der Waals 1nteract10ns do
indeed increase protein stability.”® If instead the
protein interior should resemble a non-aqueous
solvent, as predicted by Kauzmann’s model, then
the side-chains should not be close-packed and van
der Waals interactions should have little effect on
protein stability. The van der Waals interactions
would then be nearly the same for non-polar side-
chains in the folded and unfolded states, since they
have similar values for hydrocarbon solutes dis-
solved either in water or liquid alkane (Table 1).

The suggestion has been made® that van der
Waals interactions can be neglected and burial of
non-polar surface is sufficient to account for the
folding energetics of non-polar side-chains even
when they are close-packed, because melting of
hydrocarbon crystals produces only small changes in
free energy, since the entropic and enthalpic changes
nearly cancel. As discussed above, computer design
studies indicate that van der Waals interactions do
contrlbute markedly to the thermal stability of
protems

Choice of ki, values when using Kauzmann’s
model

Kauzmann’s model leaves unanswered the basic
question of which non-aqueous solvent best
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approximates the hydrophobic core of a protein.
Protein chemists often quote AGhpyq values based on
a solvent transfer system in which the non-aqueous
solvent is “wet” (water-saturated) #n-octanol.**"
However, wet octanol contains 2.3 M HZOA‘1 and in
1988 Radzicka and Wolfenden*' found transfer free
energies between water and wet cyclohexane (which
is nearly anhydrous) that are more than twice as
large as those between water and wet octanol.

For this and other reasons, it is not possible to say
with confidence that any specified values for AGyyqg
and k;, in equations (2) and (3) are the “right” values.
Some w1dely cited values are as follows. In 1974
Chothia® gave the value of k,=9.2 k] mol ' nm™?,
based on published AGyyq values from Tanford’s
laboratory for the solubilities of non-polar amino
acrds in ethanol and dioxane. Chothia drew separate
lines® for the non-polar amino acids and ones that
contain H-bonding srde chain groups. In 1983
Fauchere and Pliska™® provided revised AGpyq
values for the amino acids based on partitioning of
blocked amino acids between water and wet n-
octanol. Earlier AGyyq values, measured by using
amino acids without blocked end groups, gave
erroneous AGyyg values because the charged end
groups interfere with using the group additivity
principle to analyze the data. In 1996 Wimley et al.40
repeated the partitioning experiments between
water and wet octanol using pentapeptides rather
than blocked amino acids. They found significant
changes in the AGypyq values when pentapeptides
are studied, and they attributed this result to

“occlusion” (reducing the solvent exposure) of the
side-chain under study by neighboring srde—charns
They give a value for ky, of 10.0 k] mol m 2.

In 1991 Sharp and co-workers* suggested that
the AGpyq values from solvent transfer experi-
ments on hydrocarbon solutes should be corrected
for the ratio of solute to solvent molar volumes; a
similar correction is known in polymer chemistry
as the “Flory—-Huggins” correction. Using a series
of linear alkanes and data for their solubilities in
water they gave a value for k, of 13.0 k] mol '
nm”? for liquid-liquid transfer without the volume
correction, when the partition coefficients on the
mole fraction scale are used (Figure 2),
compared to kh—19 7 k] mol™! nm ? with the
volume correction.*” Whether or not the volume
correction should be made has been debated
extensively. This is the main sub]ect of a lengthy
review by Chan and Dill*® who recommend
against making the correction and who recom-
mend (for other reasons) using a ky, value of 13.0 kJ
mol ' nm ™2,

Proportionality between hydrophobic free
energy and ASA

The basic assumption that AGy,yq is proportional
to ASA rests on empirical calibrations such as the
one shown in Figure 2, which plots AGyyq versus
ASA for liquid-aqueous transfer of hnear alkanes
(the number of carbon atoms, n=1- 10) There are
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Figure 2. Linear dependence of transfer free energy on
ASA (0.1 nm)? for linear alkanes (from one to ten carbon
atoms) for transfer from the neat liquid hydrocarbon to
water at 25 °C (see the text). Data are from Sharp et al.*?
AG®is —RT In X, where X is the solublhty (mol fractlon) of
the hydrocarbon in water The slope is 13.0 k] / nm? and the
line does not go through (0,0).

good reasons, however, to believe that proportion-
ality between AGy,q and ASA is only a rough
approximation. Gas to aqueous transfer data for
saturated hydrocarbons show big deviations from a
single correlation line when branching, linear and
cyclic hydrocarbons are included in the same plot.**
The plot shown in Figure 2 is in effect a linear plot of
AGpyq versus the number of carbon atoms (see
similar plots byTanford® and Ben-Naim and
Marcus'?), when the ASA values are calculated for
extended alkane chains. But long, flexible alkane
molecules tend to curl up into more spherical shapes
in aqueous solution, and the plot in Figure 2 might
be curved if the ASA values could be derived for the
appropriate average conformation actually present
in aqueous solution. The theoretical basis for a
possible proportionality between AGpyq and ASA
has been analyzed recently” and the authors con-
clude that the assumed proportionality is unsatis-
factory in accurate work.

Pairwise interaction between hydrocarbon
molecules in water

The mutual interaction between a pair of hydro-
carbon molecules dissolved in water has been of
particular interest to theoretical chemists. In 1977
Pratt and Chandler studied the problem by an
analytic approach,*® with results that stimulated
much further work on simulation of the pairwise
interaction both by Monte Carlo and molecular
dynamics methods. When the pairwise interaction
energy is plotted versus distance between two
hydrocarbon molecules, two energy minima are
seen, one for the contact interaction and one for the
solvent-separated interaction.
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However, the interaction energy for pairwise
interaction between hydrocarbon molecules in
water is known experimentally to be extremely
weak, and consequently its role in protein folding is
obscure. Dimer formation by a pair of benzene
molecules in water is barely detectable: the dissocia-
tion constant has been measured at 25 °C to be 0.035
mol fraction.*

When Monte Carlo simulations are made of a
system containing several hydrocarbon molecules
in a box of 216 water molecules, contact clusters of
hydrocarbon molecules are formed and cluster
formation is cooperative.** The apparent equili-
brium constant for adding a hydrocarbon molecule
to a contact cluster is independent of cluster size
only above a critical size and smaller clusters show
weaker association behavior. In the size-indepen-
dent range the free energy change for addmg a
solute molecule to a contact cluster glves a value
of ki (equation (2)) equal to 10.0 kJ mol ' nm ?, in
agreement with values from solvent transfer
experiments. Solvent-separated clusters are found
before the contact clusters appear, suggesting that
desolvation of the solvent-separated clusters may
be a measurable kinetic step in the protein folding
process.*’

Further reading on the hydrophobic factor

(1) The hydrophobic factor is important in analyz-
ing various problems besides protein folding, nota-
bly problems involving membranes. Blokzijl and
Engberts® have provided a monumental and clearly
written review of the hydrophobic factor as it affects
a whole range of problems. (2) Dill and co-workers"
have used a simplified model of water, the “Mer-
cedes-Benz” model, to interpret the hydrophobic
factor. This water model, which emphasizes the
hydrogen bonding properties of water, allows
simulation studies to be made that otherwise
would requ1re excessive computer time. (3)
Chandler”® and co-workers have analyzed the
transition that occurs for cavity formation in water
when the cavity size changes from large to small. For
large cavities, AG, is given by the simple expression
vA, where 1 is the surface tension of water and A is
the surface area of the cavity, whereas for small
cavities the temperature dependence of AG, d1ffers
from that of v.52 (4) Hummer co-workers™ have
analyzed cavity formation in water with simulation
studies and have shown that an information-theory
model of cavity sizes provides a remarkably simple
and useful representation. (5) Further background
reading on the hydrophoblc factor in protein folding
is given m an earlier review” by me. (6) Stites and co-
workers™ have gathered mutational data on sta-
phylococcal nuclease aimed at testing whether van
der Waals interactions in the protein core stabilize
folding. They find that thermal stability of the
protein correlates well with the number of van der
Waals contact interactions. (7) Israelachvili and co-
workers”® summarize years of work on the interac-
tion between two macroscopic flat plates in water as

a function of the distance between plates. A chief
goal of this work is to obtain a first principles
perspective on the hydrophobic factor.

Peptide H-bonds and peptide solvation

The twin subjects of peptide H-bonds and peptide
solvation are closely connected because H-bonds
between water and the peptide NH and CO groups
must be broken before peptide H-bonds can be
formed. Peptide desolvation during folding is the
largest single energetic factor in folding when
desolvation is considered separately from formation
of peptide H-bonds. However, peptide desolvation
caused by folding is always an exchange reaction
accompanied by H-bonding of the buried peptide NH
and CO groups. This is shown both by modern re-
analysis® of protein structures that were initially
reported to contain buried but non- H bonded polar
groups and by an experimental study™ of Ala— Ser
and Val— Thr mutatlons 1n T4 lysozyme. The newly
introduced polar groups™ were always found to be
H-bonded either to water molecules or to protein
polar groups.

Interpreting measurements of AH° or AG° for
making a peptide H-bond in aqueous solution
necessarily includes desolvation of the NHCO
group as well as making the peptide H-bond. Never-
theless, theoretical treatments of peptide H-bonds
and peptide solvation follow different lines. Quantum
chemistry applied to molecules in the gas phase
provides most current knowledge of peptide H-bond
energies while current work on peptide solvation is
largely based on electrostatic calculations that treat
water as a continuum solvent. The reason is that the
H-bonded structure of water is too complex for
treatment by quantum mechanics when water is
represented as a random network of H-bonds. The
first serious treatments of peptide solvation by
quantum mechanics®®' have been appearing
recently, however, and further developments are
likely to come soon.

Important progress has been made on using
titration calorimetry to measure AH° values of
peptide H-bonds in peptide helices. These results
leave little doubt that peptide H-bonds are a major
energetic factor in protein folding, and they connect
the energetics of peptide H-bonds to the propen-
sities of the different amino acids to form a-helices.
In the following, experimental work on peptide H-
bonds is discussed first and then current theoretical
efforts to understand peptide H-bonds and peptide
solvation.

The energetics of peptide helices

In 1989 the surprising finding was made® that the
peptide H-bond clearly stabilizes peptide helices in
water, because alanine forms a helix without the aid
of any helix-stabilizing interactions such as salt
bridges. The term “peptide H-bond” is used here to
include the associated van der Waals and long-range
electrostatic interactions discussed by Lazaridis et
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al.* in their dissection of the helix-forming reaction.
Because the side-chain of alanine is just a methyl
group, the special ability of alanine helix to form
a stable helix strongly implies that the peptide
H-bond itself is helix-stabilizing in water. For
solubility in water, helical alanine peptides require
the admixture of a polar amino acid (Lys*, Glu™ and
GIn have been used), but a long sequence of 13
uninterrupted alanine residues is soluble when two
basic amino acids are added at each end, and the
alanine sequence forms a helix.*® Alanine is the only
one of the 20 naturally occurring amino acids known
to form a stable peptide helix®* in water unassisted
by helix-stabilizing interactions. Absolute helix
propensities, not just values relative to a reference
amino acid, can be measured in an alanine-based
pept1de host and alanine has a helix propensity of
1.70.%*

Titration calorimetry shows that alanine helix
formation is enthalpy-driven. The value for AH is
-3. 8(i0 4) kJ /mol per residue over the temperature
range 5 °C to 45 °C®°* and ACp is too small to
measure. Helix enthalpy data have been obtained
recently for several amino acids by Makhatadze and
co-workers.*” p-Branched amino acids, such as
valine and isoleucine, have somewhat smaller AH
values clustered around —2.5 kJ/mol, and amino
acids with H-bonding side-chains, such as serine
and threonine, also have AH=-2.5 kJ/mol, while
leucine and phenylalanine have values around —3.8
kJ/mol, close to that of alanine.”” Thus, peptide
helix formation is enthalpy-driven in water for all
amino acids studied while AH varies with the side-
chain. Because ACp is very small, these results
cannot be explained by burial of non-polar surface
area in the helix, which would require a substantial
positive value of ACp for helix unfolding instead of
the observed negligibly small value. The side-chains
contribute to the different helix propensities of the
amino acids®’ vuz the loss in side-chain conforma-
tional entropy®® that occurs on helix formation.

Thus, peptide helix results show that solvent-
exposed peptide H-bonds are stabilizing for protein
folding. If buried peptide H-bonds contribute
equally strongly as solvent-exposed ones, then the
energetic role of peptide H-bonds in protein folding
can be estimated as follows. A typical 100-residue
protein, which has ~70 peptide H-bonds, should
gain: AH=~(70)(—3.2)=—225 kJ/mol. A AH value of
—3.2 kJ/mol per H-bond is used as an average for
the different amino acids (see above). For compar-
ison, burial of non-polar surface area, estimated by
Kauzmann’s model, should contribute to the folding
of a 100-residue protein as follows: AG=—(100)(0.50)
(10.5)=—525 k]/ mol. On average, each residue
buries 0.50 nm” of non-polar surface as there is a
linear relation between the number of residues in a
protein and the amount of buried non-polar area.”
For the choice of k,=10.5 k] mol~! nm~2, see above.
Thus, peptide H-bonds, with their associated van
der Waals interactions, contribute substantially to
the energetics of protein folding if the AH value for
solvent-exposed peptide H-bonds is applicable.

Paradox of enthalpy-driven helix formation

There is a basic paradox concerning the fact that
peptide helix formation is enthalpy-driven. Three®
H-bonds to water (one to the peptide NH and two to
the CO group) are broken when a peptide H- bond is
made, according to a quantum chemistry study® of
the solvation of N-methylacetamide (NMA). On the
other hand, only one peptide H-bond per residue is
made in an a-helix or B-sheet. This paradox can be
stated quantitatively by using amides to model the
solvation enthalpy of the free NHCO group: the
value given by Makhatadze and Privalov® is —59.6
kJ/mol at 25 °C. The energy of the peptide H-bond
(gas phase, various model compounds) has been
estimated”’ by quantum chemistry as —25(=4) kJ/
mol and the enthalpy should be somewhat smal-
ler.®” Thus, desolvation of the free NHCO group
should cost 59.6 k] /mol®, based on calorimetric data
for amides, while less than —25 k] /mol is gained by
making a peptide H-bond, and the enthalpy deficit
is more than 34 kJ/mol. Nevertheless, alanine
peptide helix formation is enthalpy-driven with
AH°=-3.8 k] /mol per residue (see above) and there
must be either an error or an omission in this
statement of the paradox.

A plausible resolution of the paradox is glven by
electrostatic calculations of peptide solvatlon 7174 as
well as by quantum chemical calculations,®’ which
indicate that amides are unsatisfactory models for
the solvation enthalpy of the NHCO group in
peptides. These calculations are described below.

In the older literature this paradox is avoided by
the “H-bond inventory”,”” which is based simply on
counting the H-bonds made and consumed as
peptide H-bonds are made and by including
water—-water H bonds m the inventory. The H-
bond inventory fails® to predict the solvat10n
enthalpies of amides whose experimental values’®
are known accurately, and the H-bond inventory is
rarely used today.

Electrostatic calculations of peptide solvation

For along time, solvation of the peptlde group was
considered to be a fixed quantity” that is indepen-
dent of peptide backbone conformation. In this view,
the solvation enthalpy of the peptide group can be
taken directly from experimental data for simple
amides by assuming group additivity. It is necessary
to subtract the contribution from any non-polar
groups®’’ and also to make a standard state
correction”” for transfer of the amide from the gas
phase to liquid solutlon Electrostatic calculations of
peptide solvation””* indicate, however, that the
solvation enthalpy of the NHCO group is far from
being a constant and the principle of group additivity
is invalid when applied to the polar NH and CO
groups. Because dipole-dipole interactions in the
peptide backbone determine the solvation energy, its
value changes with peptide backbone conformation
and neighboring side-chains also affect peptide
solvation by controlling the access of water to the
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peptide group. The values for the solvation enthalpy
of the NHCO group in peptides found by electro-
static calculations”!~74 are almost twofold smaller
than the value used by Makhatadze and Privalov.>””
This difference between values used for the solvation
enthalpy of the NHCO group is a key factor in
explaining why Lazaridis et al.* find different values
for the enthalpies of protein unfolding than Makha-
tadze and Privalov® (see below).

Electrostat1c Calculatlons of peptide solvation have
been made’"”* by using a standard electrostatic
algorithm (DelPhi”®) to solve the Poisson-Boltzmann
equation, using continuum electrostatics. The basic
premise is that the large partial charges on the
peptide NH and CO groups are responsible for the
solvation of these polar groups. Fixed, atom-cen-
tered partial charges are used. The geometry of the
molecule under study must be known, but otherwise
there are no adjustable parameters.

A different electrostatic algorlthm based on a
Langevin dipoles model of water,” has also been
used to calculate solvation free energies of pep-
tides.”” When the results were compared with
DelPhi results, agreement within +4 kJ/mol was
found,”” which is typical of comparative results
found using different theoret1cal methods for calcu-
lating solvation energies® (see below). Recently
comparison has been made®™ of a wide range of
theoretical methods for predicting the known solva-
tion free energies of model compounds. The various
methods include different levels of quantum theory
as well as force field calculations that employ either
explicit or implicit solvent. Using either explicit
solvent or a high level of quantum theory fails to
improve the agreement with experiment signifi-
cantly. Apparently some basic problem remains to be
solved® such as finding a suitable water model for
calculating solvation energies. The results of several
methods give agreement within +4 kJ/mol.

Comparison of experimental results for solvation
free energies and enthalpies of amides show that the
free energy of solvating the NHCO group is almost
entirely enthalpic (4 kJ/mol)”' and consequently
the calculated value of electrostatic solvation free
energy (ESF) values) gives approximately the solva-
tion enthalpy of the NHCO group in amides and
peptides. Although it is surprising that the solvation
entropy of the NHCO group in amides is small
compared to the solvation free energy, the reason is
simply that the solvation enthalpy is large. The same
situation”* is found for the relative free energy,
enthalpy and entropy of hydration of simple ions.®!
ESF values are used to explain the paradox of
enthalpy-driven helix formation in the following
section.

The ESF value of the NHCO group in peptides
depends on the peptide backbone conformation
because the relative alignment of the NHCO dipoles
in neighboring residues varies strongly with back-
bone conformation. For example, neighboring
NHCO dipoles are antiparallel in the extended-p
conformation but they are parallel in the a-helical
conformation.?” Because ESF depends strongly on

backbone conformation, the ESF of the NHCO
group should play a major role in determining o-
helix and p-structure propensities of the amino
acids. The relation between ESF and p-structure
propensity was studied’” for variants of the zinc
finger proteln used to determine P-structure
propensities.”® The ESF values of peptide groups
adjacent to the substitution site in the protein, which
lies within a B-hairpin, change significantly with the
substitution. There is a linear correlation”? between
ESF and B -structure propensity, which was
determlned from the change in free energy of
unfoldlng However, the correlation is inverse,””
meaning that the amino acid substitution affects the
ESF values of peptide groups in the unfolded
protein more than those in the folded proteln

ESF values were also used to investigate® the
“blocking effect”® observed when peptide hydro-
gen exchange rates are compared for amino acids
with different non-polar side-chains. Both the block-
ing effect and the ESF of the NHCO group should
depend on the group’s access to solvent and a linear
correlation is indeed found®* between the blocking
effect and the ESF value of the NHCO group.

Unfolding enthalpies in vacuum: role of the
solvation enthalpy of the peptide group

In 1995 a major effort was made to compare theory
with experiment for the energetlcs of protein
folding. Makhatadze and Privalov® (MP) summar-
ized the extensive studies from their laboratory of
the unfolding enthalpies of four proteins. As a first
step in the interpretation of results, they removed
the effects of solvation by using model compound
data”” for both polar and apolar groups. Lazaridis,
Archontis and Karplus (LAK) then simulated the
unfolding enthalpies in vacuum of the four proteins
by using the molecular force field CHARMM. Even
at this first stage of analysis, there was a major
discrepancy between the quasi-experimental and
simulated values: the simulated values were
approximately twofold smaller than the quasi-
experimental ones. LAK* then investigated a sim-
pler system, the alanine peptide helix, and the
twofold discrepancy persisted. In computlng the
unfolding enthalpy in vacuum by the MP® proce-
dure, desolvation of the polar peptide groups makes
a much larger contribution than any other factor (see
the breakdown in Table 3) taken from LAK.*

A possible explanation for the ~2-fold discrepancy
between the quasi-experimental and simulated
values (F. Avbelj and R.L.B., unpublished results)
became apparent upon comparing ESF values for the
NHCO group in peptides versus monoamides.”"”*
As explained above, the ESF of the NHCO group in
an amide is approximately equal to its solvation
enthalpy and the same is assumed to be true in
peptides: then the solvation enthalpy can be esti-
mated from the calculated ESF of the peptide group.
The MP>”7 value for the solvation enthalpy of the
NHCO group is —59.6 k] /mol (25 °C) while the ESF
of the NHCO group in an alanine peptide (polypro-
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Table 3. Protein unfolding enthalpies in vacuum found
by the Makhatadze & Privalov® procedure

Protein AHnu(aq)  AHgp(solv)  AH(solv) AHynuMP
cytc 88 1029 6381 7498
RNase A 297 916 7757 8966
Lys 243 1092 7402 8736
Mb 6 1573 9397 10,976
Protein AHnuLAK  MP/LAK AH*,(solv) MP*/LAK
cyte 3946 1.90 4064 1.31
RNase A 4468 2.01 4941 1.38
Lys 4669 1.87 4714 1.30
Mb 6242 1.76 5986 1.21

Upper half: breakdown into component parts of the unfolding
enthalpies in vacuum of the four proteins studied by Makhatadze
& Privalov.® Columns: (1) the measured unfolding enthalpy in
aqueous solution; (2) the apolar solvation enthalpy; (3) the polar
(peptide) solvation enthalpy; and (4) the overall unfolding
enthalpy in vacuum, the sum of columns 1, 2 and 3. Lower half:
columns: (1) the simulated solvation enthalpy in vacuum of LAKY;
(2) the ratio of the MP/LAK values for the unfolding enthalpy in
vacuum; (3) the polar solvation enthalpy reduced by 1.57, as
suggested by ESF calculations (see the text); and (4) the ratio of the
MP/LAK values for the unfolding enthalpy in vacuum when the
polar solvation enthalpy is reduced by 1.57. The four proteins are:
cyt ¢, horseheart cytochrome c; RNase A, bovine pancreatic
ribonuclease A; lys, hen eggwhite lysozyme; and Mb, sperm
whale myoglobin. All entries are in kJ/mol at 25 degrees C.

line IT conformation®) is only —38 kJ /mol;84 the ratio
of the two values is 1.57. Table 3 shows the effect of
reducing by 1.57 the estimated contribution from the
peptide groups to the vacuum unfolding enthalpy:
this reduces from ~2-fold to ~1.3-fold the average
ratio of the two values for A Hyy(vac).

The alanine peptide helix, discussed by LAK*,
gives a more direct view of the role of the solvation
enthalpy of the NHCO group because the amount of
apolar surface buried in the alanine helix is small, so
that the apolar contribution to the solvation
enthalpy is almost negligible, and also because the
two polar terms (solvation of the helix and desolva-
tion of the unfolded peptide) can be taken into
account individually. For the method of obtaining
the unfolding enthalpy in vacuum, see Scheme 1 and
equations (4)-(4b) above. LAK* applied the MP?
procedure for solvating N and desolvating U and
obtained AHnuy p(solv)=43 k] /mol, AHny ap(solv)=2
kJ/mol, giving AHny(solv)=43+2=45 kJ/mol (see
their Table XIII and equation (4b), above). When the
modern calorimetric value for AHyy(aq) of 3.8k]/
mol®* is used, AHny(vac)=45+4=49 kJ/mol per
residue (see equation (4), above). This quasi-experi-
mental value of 49 kJ/mol is nearly twofold larger
than the simulated value* of 27 kJ/mol per residue
for the unfolding enthalpy of the alanine helix in
vacuum.

Better agreement is obtained between the quasi-
experimental and simulated values for A Hyy(vac) if
ESF values for the alanine helix and unfolded
peptide (together with AH(solv)=ESF) are used to
solvate N and desolvate U. The ESF of the NHCO
group in the interior of an alanine helix is —10 kJ/

mol”! and its ESF is —38 kJ/mol in the unfolded
peptide®* (polyproline II conformation®®). Then
AHny p(solv)=—10+38=28 kJ/mol, AHyuy(solv)=
28+2=30 kJ/mol, AHnu(aq)=3.8 kJ/mol and
AHnu(vac)=30+4=34 kJ /mol per residue.

These ESF values also explain fairly well the
paradox of enthalpy-driven helix formation, dis-
cussed above. The problem now is to take an
assumed value for the peptide H-bond enthalpy in
the gas phase (—25 k] /mol;”" see paradox statement
above) and use the ESF-derived values above for the
other quantities in Scheme 1 to find AHny(aq)=
AHnu(vac)-AHnu(solv). This gives AHny(solv)=
30 kJ/mol, AHyn(vac)=—25 kJ/mol and AHnu(aq)=
—25+30=5kJ/mol. This predicted value of AHynu(aq)
is 9 kJ/mol larger than the measured value of —4 kJ/
mol, while the predicted value given in the paradox is
>34 kJ/mol. A likely explanation for the 9 kJ/mol
discrepancy is that the alanine helix is stabilized not
only by the peptide H-bond but also by associated
van der Waals interactions* and possibly also by long-
range electrostatic interactions in the peptide
backbone.*

Failure of the principle of group additivity for the
polar NH and CO groups

It has been known for a long time that the
principle of group additivity may not be valid for
the polar NH and CO groups (see, for example, the
1988 paper by Roseman®’). As discussed above, ESF
values for the NHCO group in monoamides and
peptides”" revealed that the predicted solvation free
energy of the NHCO group is more negative in
monoamides than in peptides and the predicted
failure of group additivity has been examined.”*
Experimental values for the solvation enthalpy of
the NHCO group in monoamides are close (+4 kJ/
mol) to the amide ESF values,”" and so the same
prediction could be made for the solvation enthalpy
of the NHCO group, namely that it is substantially
more negative in monoamides than in peptides. In
principle this prediction can be tested experimen-
tally. The solvation enthalpy of a crystalline amide is
measured by combining the results of two experi-
ments, the heat of solution and the heat of
sublimation, and it has been difficult to obtain the
heat of sublimation for peptides.

In 2006 Della Gatta® and co-workers succeeded in
getting calorimetric data for the solvation enthalpies
of four dipeptides. They find that the average
solvation enthalpy of the two NHCO groups in
dipeptides, divided by the average for the NHCO
group in seven N-alkylamides, is 0.76. This is a
direct demonstration of the failure of group addi-
tivity. Comparison between the measured solvation
enthalpies of the dipeptides and their predicted ESF
values is forthcoming (F. Avbelj and R.L.B., unpub-
lished results). Further evidence that group additiv-
ity fails for the polar NH and CO groups is provided
by a calorimetric study of substituted ureas.®” The
measured solvation enthalpy of the HN-CO-NH
group in the substituted ureas is —71.3 kJ/mol®
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while the value estimated by summing the solvation
enthalpies of the isolated NH and CO groups is
-96.3 kJ/mol, 89 which is 1.35-fold larger. This result
further confirms the failure of group additivity.

Peptide H-bonds

A simple electrostatic model of the peptide H-
bond emerged from the ploneermg force field
studies of Lifson and co-workers.”’ In this model
the peptide H-bond is represented by the two
dipoles on the peptide NH and CO groups. Because
the dipole-dipole interaction is most favorable
when the two dipoles are collinear, the H-bond is
predicted to be linear with an 180° angle between
the C=0O group and facing N atom. This simple
electrostatic representation is well suited to rapid
computation with modern force fields, and it is
widely used today.”’ However, peptide H-bonds
deviate in some respects from the predictions of the
electrostatic model®'? and there is much current
interest in developing more accurate models.” A
key question is whether peptide H-bonds are
formed cooperatively in protein folding: for exam-
ple, whether the H-bond energy in an a-helix
increases in going from either helix end towards
the center. Most of the literature on this subject
contains simulations of anhydrous helices and R-
hairpins in the gas phase.

Quantum mechanical calculations for the gas
phase show that the energies of different backbone
conformations change drastically when the peptide
backbone is solvated. The polyproline II (Py)
conformation is the most stable conformation of
the alanine dipeptide (acetyl-alanine-N-methyla-
mide) when the Ala dipeptide is H-bonded to four
water molecules, but Pyy is not even among the stable
conformations in the absence of water.”” Moreover,
there is a large decrease in the energy difference
between any two stable conformations of the alanine
dipeptide in the gas phase when it is H-bonded to
four water molecules.”” The energy difference
between unsolvated dipeptide conformations
found by quantum mechanics is well correlated
with the local backbone  energy difference found by
classical electrostatics,”* indicating that electro-
statics accounts for a substantial part of the overall
conformational energy difference.

Crystal structures of H-bonded chains of forma-
mide and urea molecules with varying chain lengths
provide a key system for understanding amide H-
bonds in crystals. The structural results from crystals
have been analyzed by Dannenberg,”” using density
functional theory (DFT), a quantum mechanical
calculation. A basic structural result is that the H-
bond length varies with the position of the monomer
in these chams, whose chain lengths vary from 2 to
15 monomers.”” DFT analysis shows that the H-
bonds are formed cooperatively: when crystal
structures of varying chain lengths are compared,
the average energy per monomer increases and the
average H-bond length decreases with increasing
number of monomers in the amide chain.”” The H-

bond enthalpy varies from —19 kJ/mol in the
formamide dimer to —54 kJ/mol in the central H-
bond of a chain of 15 formamide units.”?

The energetics of alanine peptide helices in the gas
phase have been analyzed by a DFT procedure
similar to the one used to fit crystal structures of
formamide chains, and cooperative properties of
helix formation have been predicted.*>?> Approxi-
mately one-half of the predicted cooperativity of helix
formation in the gas phase results from redistribution
of the electron densities of atoms forming the H-
bonds and half comes from long-range electrostatic
interactions, when cooperativity is defined by the
increase in H-bond energy with position in the helix.”

It is important to obtain a better H-bond model for
use with molecular mechanics force fields in order to
represent the electron redistribution that occurs
when peptide H-bonds are formed. Polarizable
force fields are being developed for this purpose. 3
Electron redistribution in peptide H-bonds has been
observed in a hlgh-resolutlon X-ray structure of
cholesterol oxidase.”® Polarization of the -C=0
groups of a-helices is observed while the -C=0O
groups of R-sheets show electron density shared
between the C and O atoms. This difference between
the electron redistribution in a-helices and p-sheets
probably explains” the opposite signs observed for
the secondary structure chemical shifts assigned to
a-helices and p-sheets.

Interestingly, gas phase calculations for peptide
helices and p-sheet structures have been interpreted
as showing strain energy in alanine a-helices in the
gas phase, as much as 29 kJ/mol per residue for
long helices, whﬂe H-bonds in p-sheets appear to
be less strained.”” According to PDB structural
data, the average H-bond angle (the angle between
the C=0 group and facing N atom) is 153(+2)° i
protein helices and has the same mean value in
antiparallel 3- -sheets,”® while the angle is somewhat
larger in parallel p-sheets (157°-162°, depending on
the number of connecting p-strands®®). These
values are significantly different from the 180°
angle predicted by the simple electrostatic model.
The close agreement between H-bond angles for o-
helices and p-sheets suggests that the difference
between 153° and 180° does not arise from strain. In
contrast to results for a-helices, the average H-bond
angle for 3,19 helices is strikingly different from 153°
and drops from 122° to 106° as the number of
helical turns increases from one to five turns,”® and
this effect indicates the H-bonds are strained in 3,
helices. In PDB structures of proteins, the measured
H-bond length in a-helices does change somewhat
with position in the helix. The H-bond length
decreases slightly near the helix centers compared
to the ends,”® but the effect is smaller than found
for predicted peptide helices in the gas phase.”>”®

A recent DFT analysis by Baker and co-workers of
the energetics of forming the amyloid structure®
provides important insight into the role of H-bonds
in forming the amyloid spine. The amyloid struc-
tures formed by various six and seven-residue
peptides have been determined by X-ray crystal-
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lography'® and one high-resolution structure has

been subjected to DFT analysis.” An important
structural feature is that the cross-p amyloid spine is
anhydrous.'” Each amyloid layer contains two
peptide molecules and the polar seven-residue
peptide GNNQQOQNY gives an amyloid layer struc-
ture in which there are 22 H-bonds to a neighboring
layer: 12 peptide backbone H-bonds and ten side-
chain H-bonds per peptide dimer.'” The H-bonds in
conjunction with van der Waals interactions are
sufficiently strong to draw adjacent amyloid layers
close together without intervening water molecules.

The DFT energy value per peptide dimer does not
give information on the individual contributions of
H-bonds, long-range electrostatic interactions, and
van der Waals interactions, but estimates of these
factors have been made by classical procedures (D.
Baker, personal communication). The DFT value for
the total interaction energy per amyloid layer
(containing a peptide dimer) in an infinite crystal
has the impressive value —841 kJ/mol.” The total
energy in the infinite crystal estimated by classical
electrostatics is —502 kJ /mol, giving —23 k] /mol per
H-bond, while the estimated van der Waals energy
per peptide dimer is —251 k] /mol (D. Baker, personal
communication). Thus the sum of the van der Waals
energy plus H-bond energy estimated by classical
electrostatics is somewhat less negative (—753 kJ/
mol) than the total energy found by quantum
chemistry (—841 kJ/mol). The authors compare the
average total energy per H-bond (—38 kJ/mol) with
the energy of a water H-bond in ice (—28 kJ /mol) and
with the average energy per H-bond when only two
amyloid layers, containing two pairs of peptides,
interact (—33 kJ/mol). The latter comparison (—38
kJ/mol for the infinite crystal versus —33 kJ/mol for
just two layers) illustrates the energetic cooperativity
of forming this amyloid structure. Data for the
equilibrium enthalpy and free energy differences
between the amyloid structure and the unfolded
peptide are not yet available.

Although calorimetric data show clearly that
solvent-exposed peptide H-bonds stabilize folding, it
has been controversial'’'** whether or not buried
peptide H-bonds also contribute favorably to protein
stability. Resolution of the controversy may come
from considering the close-packing!%31% produced
by van der Waals interactions, since close packing
could strengthen peptide H-bonds by allowing the H-
bonding NH and CO groups to draw closer together.
The fact that strong H-bonds are observed in an
amyloid structure® that has neither buried non-polar
side-chains nor buried water within the amyloid
spine'® certainly indicates that buried peptide H-
bonds, can stabilize folding. It appears that just the
cooperativity of forming a network of H-bonds is
sufficient to stabilize this amyloid structure.

65-67

Backbone conformational entropy

The backbone conformational entropy is by far the
largest single factor in the energetics of folding that
opposes the folding process. It is the only known

energetic factor that has a large unfavorable value in
all conditions. Because the net AG value favoring
folding of globular proteins is small, between —20
kJ/mol and —60 kJ/mol,'* in comparison to the
—525 kJ/mol contribution estimated (see above) for
the burial of non-polar surface area in a 100-residue
protein, the free energy change from backbone
entropy should be nearly equal, but opposite in
sign, to the sum of all the other factors that contribute
to the free energy of folding.

The change in backbone conformational entropy
upon folding can be estimated from W, the number
of available conformations per residue, in the
unfolded peptide if these conformations are chosen
at random. It is assumed the folded peptide has just
one available backbone conformation:

AS,es = RInW (10)

In a pioneering study of peptide folding energetics
in 1955, John Schellman!®® gave estimates for an
upper bound (W=36, AS,=—30] deg” ' mol ') and
a lower bound (AS,.=—12 ] degf1 mol ), while
omitting the effects of side-chains. The lower bound
was based on the conformational entropy of the C—C
bond in alkanes. Today it is known that each of the
two backbone rotatable bonds (b,§) has three
principal conformations (trans, gauche , gauche®),
and so a first estimate of W=3x3=9. Then AS,..=
-18.3Jdeg ' mol ' and AG,.=5.46 kJ/mol at 25 °C.
However, the backbone conformations do not occur
at random in unfolded peptides, and certain amino
acids have surprisingly strong backbone conforma-
tional preferences. For example, alanine is reported
to occur chiefly in the polyproline II conformation.*®
These conformational preferences will cause —AS, ¢
to be smaller than above. Note that the estimate of
AG,.s is roughly equal but opposite in sign to the
value given above (—5.25 kJ/mol) for the average
free energy change per residue caused by burial of
non-polar surface area in a folded protein.

The effect of the side-chain on backbone conforma-
tional entropy has been analyzed in a careful simu-
lation study made by Amzel co-workers.'”” They
find AS,e= —17] deg_1 mol ! for Ala, —27 ] deg_1
mol ! for Gly, and —14] deg{1 mol ! for all other
amino acids excePt Val and Ile, which have values of
—9J deg ! mol . Thus, for Gly there is a consider-
able increase in the number of available backbone
conformations caused by the absence of a B—carbon
atom. Other effects that may contribute to AS,., such
as excluded volume, were found to be small
effects.'”

The total conformational entropy change upon
protein unfolding has been estimated* by taking the
experimental value for the unfolding entropy change
and subtracting the contribution from buried non-
polar surface area. This subtraction is possible be-
cause model compound data show that the entropy
of solvation of different non-polar compounds goes
to zero at a common high temperature (T), esti-
mated®* to be 113 °C, when a linear extrapolation is
used (see above). For hen lysozyme, this method of
estimating the total conformational entropy change
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gave®® AS,=-2280/129=-17.7 ] deg ! mol .
Comparing this value for the total change in
conformational entropy with estimates of the back-
bone entropy change (see above) indicates that other
factors contributing to the total entropy change, such
as side-chain entropy, should be small.

A possible important contribution from the solva-
tion entropy of the polar peptide groups has not
been considered here. As discussed above, it should
be small if the experimental values of AG and AH
for solvation of the NHCO group in monoamides”"
provide a reliable guide; they indicate that AG~AH
and TAS<AG. Amzel and co-workers'"” agree that
the polar entropy” is small while Makhatadze and
Privalov® consider it important.

Both the enthalpy and free energy of forming an
alanine peptide helix are known experimentally for
alanine-based peptides and AS,.s can be calculated
from AG= AH—TAS then ASres has the surprisingly
low value® of =9 J deg™' mol '. This value inclu-
des, however, an entropy change of opposite sign
from burial of non-polar surface area in the helix,
which contrrbutes a free energy change at 25 °C of
-1.9KkJ/ mol Correctlon for this effect gives AS,qs=
=157 deg mol ! for alanine.

The overall conclusion concerning how backbone
entropy changes on folding is that generally agreed-
on values for different amino acids are not yet
avallable but probably AS, is close to =17 ] deg
mol ! for alanine while most other amino acids,
except Gly, should have lower values, as discussed
by Amzel'"” and co-workers.

Specific pairwise interactions, helix and
B-structure propensities, disulfide bonds, and
cooperativity of folding

Pairs of side-chains make various types of specific
interactions in proteins such as salt bridges, H-
bonds and cation—pi interactions. An individual salt
bridge can contribute as much as —17 kJ/mol to the
stability of a folded protein.'”® This is highly
srgmflcant compared to the net stability of a folded
protein,'” but it is rare for a small protein to have
more than a few such strong pairwise interactions
and they are not reviewed here, although a few
comments are made. The strong pairwise interaction
mentioned above is a H-bonded salt bridge formed
between oppositely charged 51de—cha1ns of an Asp
and a His residue in T4 lysozyme ® Mutating one
residue to Asn and then using 'H-NMR to measure
the pK change of the other residue was used to give
the energetics of breaking the salt bridge.

Because Coulombic interactions are long-range
and other charged residues besides the salt brldge
pair can contribute, the double mutant cycle'” has
been particularly helpful in analyzing salt bridges. A
recent comparison of a salt bridge in ubiquitin with
the reverse salt bridge illustrates the usefulness of
this approach; results from other salt bridge studies
are also given.''” One reason for the wide interest in
how Coulombic interactions affect folding stability is
that, being long-range, charge—charge interactions

may | be established at early stages in the folding pro-
cess.""! Another reason is that multiple salt bridges
are frequently found in the thermophilic forms of
certain proteins, especially oligomeric forms.'"?

Side-chain to side-chain H-bonds between pairs of
polar residues occur fairly often in protelns (there are
about 11 such H-bonds per 100 residues''"”), and they
occur especially within a-helices. The H-bond
strength for a GIn-Asp (i, i+4) H-bond has been mea-
sured in a peptide helix system as AG®= —4.2 k] /mol
when the Asp resrdue 1s charged and —1.6 kJ/mol
when it is uncharged.'"*

A large number of specific pairwise interactions
are included as variable parameters 1n the algorithm
AGADIR of Mufioz and Serrano,'”” together with
parameters for helix propensities and related fac-
tors. Statistical comparison between observed and
predicted helix contents of a large number of partly
helical peptides was used to give the values of the
pairwise interaction parameters and other varia-
bles.""” Several later refinements of the original
procedure have been published.

Helix and B-structure propensities have been
studied extensively using various peptide hosts for
substitution experiments and the helix propensities
are in good agreement with values measured in
proteins where other energetic factors, such as burial
of non-polar surface, are difficult to separate out.
Much is known about helix and p-structure propen-
sities, but only a few comments are made here. The
factors believed responsible for secondary structure
propensities involve both major factors (e.g. peptide
H-bonds) and auxiliary factors (e.g. side-chain en-
tropy) in the energetics of folding. A basic property of
helix propensities is that helix formation is enthalpy
driven and the favorable enthalpy is provided chiefly
by the peptide H-bond (see above). A second main
factor determining helix proper151t1es6 is the loss of
side-chain conformational entropy on helix forma-
tion. Another basic property is that helix propensities
are context-dependent, meaning that their values
depend on the choice of host peptide. For example,
the differences between helix propensities of non-
polar amino acids are twice as large in alanine-based
peptides as those measured in a mixed-sequence
peptide from RNase T1.''® Nevertheless, there is
good linearity when the helix propensity differences
from the two systems are plotted against each
other.'® A straightforward explanation for this type
of context dependence is that helix and p-structure
propensities depend on the ESF values of peptide
groups adjacent to the substituted side-chain”!72
because the ESF change for Ala— Val is substantially
larger in an alanine-based peptide than in a mixed-
sequence peptide like the RNase T1 peptide.

Helix propensities measured in the RNase T1
peptide have the same values, relative to a reference
amino acid, as those measured in the RNase T1
protein itself''® when a solvent-exposed position is
used as, the substitution site This finding from
Scholtz''® and co-workers provides reassurance
about using helix propensities measured in peptide
helices to help analyze protein folding energetics.
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Context dependence affects both R-structure and
helix propensities as well as B-structure propensities.
B-Sheets are more complex structures than a-helices
and side-chain interactions between B-strands
obviously affect the results of substitution experi-
ments. A synthetic peptide template has been
developed recently''” that has advantageous proper-
ties for measuring the large number of possible side-
chain to side-chain interactions that are involved. In
general, differences in B-structure propensity among
the amino acids are smaller than differences in helix
propensity, and the order of helix propensities tends
tobe opposite to the order of p-structure propensities.
The peptide NH groups of the first four residues of
anisolated a-helix are not included in the NH groups
forming helical peptide H-bonds and likewise the
last four CO groups of a helix are not included.
Special “helix cap” structures are found commonly
at both ends of protein helices that compensate (or
sometimes over-compensate) for these H-bond
deficiencies.""® Gly and Pro destabilize both -
helices and B-structures, although they can be
helix-stabilizing in specific helix cap structures.''®
Covalent cross-links that connect two segments of
the polypeptide backbone stabilize folding A com-
monly occurring cross-link is the disulfide bond (-5-
S-) formed by mutual oxidation of two cysteine
residues. Proteins that contain disulfide bonds
typically unfold when they are reduced. The
conformational entropy of the polypeptide backbone
in an unfolded protein decreases when a disulfide
bond is formed. This is a large energetic effect, often
sufficient to explain the stabilizing effect of a
disulfide bond, although enthalpic effects may also
occur. There is a linkage relation between stabiliza-
tion of folding and disulfide bond stability that has
been studied by Creighton:'"” the folded structure of
a protein increases the stability of an internal -S-S-
bond exactly as the disulfide bond increases the
stability of folding. A clear example of how this
principle operates to promote folding is given by the
unfolded polypeptide chain of bovine pancreatic
trypsin inhibitor (BPTI)."*® A reverse turn that
contains a five-residue hydrophobic cluster pro-
motes formation of the 14-38 —-S-S-bond and wvice
versa.'”® This example illustrates how cooperative
interactions play a basic role in the folding pro-
cess:''”!'? each successive interaction (step i) stabi-
lizes the preceding ones (i-1, i-2...) and the earlier
interactions make possible the formation of step i.

Coulombic interactions

Globular proteins contain ionizing residues that
are partly or fully exposed to solvent, both acidic
(Asp, Glu, Tyr) and basic (Lys, Arg, His) residues.
The charges on the ionized forms of these residues
interact according to Coulomb’s law and typically
the charge—charge interaction energy becomes large
and positive (unfavorable) both at low pH, where
only the basic residues are ionized and there is a net
positive charge, and at high pH, where ionized
acidic residues dominate and there is a net negative

charge. A strong influence of charge—charge inter-
actions on protein stability is seen when Ty, the
temperature midpoint of thermal unfolding, is
plotted against pH: in typical cases Ty, drops
sharply as the pH decreases from 7 to 2. Anion
binding contributes to the net charge and is likely to
contribute substantially to the plot of T, versus pH,
which is determined in good part simply by the
variation of net charge with pH. The participation of
anion binding becomes evident'*' when these plots
are measured at a series of salt concentrations and
compared for a weakly binding anion such as Cl-
versus a strongly binding anion such as SO3 .

There is much interest in using methods of protein
engineering to increase protein stability, and Cou-
lombic interactions provide a useful tool.'**'* A
simple electrostatic model (a variant of the Tanford—
Kirkwood model) has been used to predict roughly
the changes in stability caused by mutations that
involve charged residues.'”” When the relation
between charge—charge interactions and stability is
examined in detail, using methods such as directed
evolution to increase protein stability, it is apparent
that the problem is not yet fully solved.'*®

Protein stability depends on pH via differences
between the residue pK values in the native and
unfolded forms of a protein. pH titration of the
ionizing residues can be used to determine the
change in protein stability between two pH values
provided that both the native protein and the
unfolded protein (usually in a strong denaturant
such as GdmCl) can be titrated.'** The relation was
tested for RNase A by comparing the change in net
proton charge of the protein between two pH values
with the change in protein stability measured by
denaturant-induced unfolding, and good agreement
was found.'”* This approach was used to
quantify'** the folding free energy change at pH
3.0, where there is a large positive net charge, when
NaCl is added to reduce the Coulombic interaction
energy. Until recently it has been standard practice
to assume that the pK values of the unfolded protein
can be estimated from pK data for model peptides.
This procedure fails, however, when there is
significant structure in the “unfolded protein”
because structure affects the pK values.'*
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