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ABSTRACT: A method for calculation of the free energy of residues as a function of residue burial is proposed.
The method is based on the potential of mean force, with a reaction coordinate expressed by residue burial.
Residue burials are calculated from high-resolution protein structures. The largest individual contributions
to the free energy of a residue are found to be due to the hydrophobic interactions of the nonpolar atoms,
interactions of the main chain polar atoms, and interactions of the charged groups of residues Arg and Lys.
The contribution to the free energy of folding due to the uncharged side chain polar atoms is small. The
contribution to the free energy of folding due to the main chain polar atoms is favorable for partially buried
residues and less favorable or unfavorable for fully buried residues. Comparison of the accessible surface
areas of proteins and model spheres shows that proteins deviate considerably from a spherical shape and
that the deviations increase with the size of a protein. The implications of these results for protein folding

are also discussed.

'Ee evaluation of the free energies of a protein in the de-
natured and folded conformations is crucial for the under-
standing the protein folding process. The free energy of a
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protein can be approximated by the contributions arising from
hydrophobic interactions, configurational entropy, hydrogen
bonding, electrostatic interactions of charged residues, and van
der Waals’ interactions. Unfortunately, the quantitative
contributions of the configurational entropy and of the indi-
vidual interactions to the free energy of a protein are not well
understood.

© 1992 American Chemical Society



Potential of Mean Force in Protein Folding

Although the exact origin of the hydrophobic interactions
and also its contribution to the free energy of a protein is
controversial (Kauzmann, 1954; Dill, 1990; Ben-Naim, 1990),
it has been considered as the main driving force in the protein
folding process. From analysis of experimental data using
transfer experiments, the free energy change due to the hy-
drophobic interactions has been found to be proportional to
the change of accessible surface area (A4):

AG = KAA4 (1

The constant K has been estimated to be between 0.014 and
0.024 kcal/(mol-A2) (Chothia, 1974; Eisenberg & McLachlan,
1986; Murphy & Gill, 1991, 1990; Eriksson et al., 1992). A
much larger value of the constant X of 0.046—0.047 kcal/
(mol-A2) was also proposed (Sharp et al., 1991).

The configurational entropy is the main interaction that
opposes the folding of a protein. With the exception of some
free rotating side chain atoms, the configurational entropy of
the folded state is much smaller than of the unfolded state.
The contribution of the configurational entropy to the free
energy change in protein folding has been estimated to be 1.2
keal/mol of residue (Karplus et al., 1987; Privalov, 1979).

The contribution of hydrogen bonding to the free energy
change in protein folding is also controversial (Fersht, 1987;
Privalov & Khechinashvili, 1974; Murphy et al., 1990; Privalov
& Gill, 1988; Dill, 1990; Ben-Naim, 1991; Murphy & Gill,
1991; Shirley et al.,, 1992; Scholtz et al., 1991). It has been
suggested that the hydrogen bonds do not contribute to the
stability of proteins and that they play only a selective role
preventing incorrect associations (Chothia & Janin, 1975;
Fersht, 1984). The experimental values for the free energy
contribution due to the formation of the hydrogen bond ob-
tained from the free energies of the dimerization of small
model molecules varies from negative to positive values (2.8
to +1.9 kcal/mol) depending on the molecules studied
(Schellman, 1955; Klotz & Franzen, 1962; Kresheck & Klotz,
1969; Gill & Noll, 1972; Susi, 1969; Doig & Williams, 1992).
The stability of the hydrogen bonds also strongly depends on
the solvent. For example, the stability of the N-methylacet-
amide dimers is small in aqueous solution (+3.1 kcal/mol),
slight in dioxane (+0.39 kcal/mol), and large in carbon tet-
rachloride (-0.92 kcal/mol) (Klotz & Franzen, 1962).

Salt bridges and other electrostatic interactions of the
charged residues are important for the stability of a protein.
The contribution of these interactions depends on whether the
charged residues are located on the surface or in the interior
of a protein. Mutations that affect ion pairing have shown
that the salt bridge formation on the surface of a protein
stabilize proteins by 1-3 kcal/mol (Fersht, 1972; Perutz &
Raidt, 1975), and in one case by as much as 3-5 kcal/mol
(Anderson et al., 1990). Burying a salt bridge or a charged
residue in the protein interior is very unfavorable. Using
theoretical continuum models, the free energy change for
burying a charge has been estimated to be ~+19 kcal/mol
and for burying an ion pair ~+7 kcal/mol (Warshel et al,,
1984; Honig & Hubbell, 1984; Honig, et al., 1986).

The main difficulty in obtaining the quantitative values for
the free energy contributions of individual interactions in
proteins is that small model molecules studied in polar and
nonpolar solvents do not faithfully represent the interactions
in the environment of a protein. The first reason for this is
that the less polar solvents such as ethanol and octanol are a
poor approximation for the environment in proteins (Murphy
& Gill, 1990). The second and more important reason is that
in proteins most of the residues (=93%) are in contact with
solvent to some degree and only ~7% of the residues are fully
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buried in the protein interior (on the basis of a calculation of
the accessible surface areas of residues in the high-resolution
X-ray structures of 83 proteins). This surprisingly large
percentage of the residues which are accessible to the solvent
and the fact that the free energy contributions of individual
interactions, particularly of the electrostatic interactions and
hydrogen bonding (Warshel & Russell, 1984), strongly depend
on the amount of solvent in close proximity indicate that the
free energy contributions of the individual interactions must
be described as a function of the amount of solvent in the
vicinity.

In this work, a method is introduced which can be used to
get the contributions of individual interactions to the free
energy of a protein as a function of the amount of solvent in
the vicinity. The free energies of residues as a function of the
reaction coordinate were calculated using the potential of mean
force T'(R)" (Brooks et al., 1988). Transfer of a residue from
the surface to the protein interior was used as a reaction
coordinate (Rose et al., 1985; Prabhakaran & Ponnuswamy,
1979). The reaction coordinate was expressed by the residue
burial (Rose et al., 1985). For sampling the configurational
space along the reaction coordinate, experimental high-reso-
lution X-ray structures were used. X-ray structures of 83
refined proteins with resolution better than 2 A were taken
from the Brookhaven Protein Data Bank. The potential of
mean force can be used for calculation of the free energies of
residues when two requirements are satisfied: the particles,
i.e., residues, are independent of each other and in equilibrium
with each other. Using the autocorrelation function of the
residue burial along the sequence and the hydrophobic con-
tribution of the large residues, we found out that both re-
quirements are satisfied.

The contributions of the individual interactions to the free
energy of residues were assumed to be group additive. The
hydrophobic contribution of nonpolar atoms to the free energy
of residues was calculated from the accessible surface areas
of nonpolar atoms. The contributions of the polar atoms to
the free energy of residues were then calculated from the
functions I'(R)” and the hydrophobic contribution of nonpolar
atoms.

MATERIALS AND METHODS

Accessible Surface Area, Residue Burial, and Atom Burial.
The accessible surface area A4 of an atom is defined as the area
over which the center of a water molecule (water radius 1.4
A) can be placed while retaining van der Waals’ contact with
that atom and not penetrating any other atom. The accessible
surface areas were calculated according to Lee and Richards
(1971). A spacing between section planes of 0.1 A was used.
The hydrogen atoms were not considered individually but were
included in the van der Waals’ radii used for non-hydrogen
atoms. The van der Waals’ radii used were the following:
oxygen, 1.40 A; trigonal nitrogen, 1.65 A; tetrahedral nitrogen,
1.50 A; tetrahedral carbon, 1.87 A; trigonal carbon, 1.76 A;
sulfur, 1.85 A; water oxygen, 1.40 A (Chothia, 1975).

The residue burial R’ of the residue i is defined as (Rose
et al., 1985)

R = (1 - (A;.arotein/ ‘a;tandard)) (2)

where A}y is the accessible surface area of residue 7 in the
protein molecule and 47, 4,4 is the mean accessible surface
area of a corresponding ensemble of residues of type 7 in the
stochastic standard state calculated by the method of Shrake
and Rupley (1973), where it is assumed that the frequency
with which a particular conformation is observed in a set of
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structures reflects the population of that conformation in the
denatured state. The accessible surface area of a residue in
the stochastic standard state therefore approximates the av-
erage accessible area of a residue in the denatured state of a
protein (Shrake & Rupley, 1973). Note that the superscript
i in eq 2 represents one particular residue in the protein
molecule, while the superscript 7 represents an ensemble of
residues of the same type, for example all alanine residues.

The accessible surface area of the residue in the stochastic
standard state (in eq 2) was calculated as a mean accessible
surface area of an ensemble of actual tripeptides (U-X-Z)
taken from the observed distribution in 83 proteins, rather than
the tripeptides Gly-X-Gly used by Shrake and Rupley (1973).
The accessible surface area of a residue calculated using
tripeptides U-X-Z is ~8.3% smaller than that using tripeptides
Gly-X-Gly.

The atom burial B is defined analogously to the residue
burial:

BY = (1 = (Arein/ Alfingard)) G)

where A%, is the accessible surface area of atom j of residue
i in the protein molecule and A% ,..q is the mean accessible
surface area of corresponding atoms s of residues of type r in
the stochastic standard state calculated by the method of
Shrake and Rupley (1973). The superscript i represents one
particular residue in the protein molecule, while the superscript
r represents a corresponding ensemble of residues of the same
type.

Free Energy as a Function of Residue Burial. The free
energy I'(R)" was calculated for residues of type r as a function
of the residue burial using the potential of mean force (Brooks
et al., 1988):

T(RY =-kTIn (g(RY)+ C 4

where the superscript 7 represents an ensemble of residues of
the same type. R is the reaction coordinate for burying a
residue (eq 2), g(R)" is the probability distribution function
for the occurrence of residues of type r with the value R, T
is the temperature, k is the Boltzmann constant, and Cis an
undefined constant. Residue burial R’ was calculated for
15490 residues in 83 protein structures. The probabilities
g(R)" for all 20 residue types were calculated by dividing the
residue burial into 10 equal intervals. To avoid insignificant
noise, only those g(R)” data were used that contained more
than 10 residues in each of two consecutive intervals.

The error in T'(R)" was estimated using two different
methods. In the first method, the error was calculated using
counting statistics (Wilson, 1952; Mandel, 1964):

kT
(n(R))'/2

where T is the temperature, k is the Boltzmann constant, and
n(R) is the number of residues in an interval. For the least
populated interval (n = 11) the error calculated by eq 5 is 0.18
kcal/mol. In the second method T'(R)" was recalculated, with
the binning intervals shifted by half of an interval (0.05) along
the reaction coordinate. From the maximum differences be-
tween these two sets of I'(R)", the error was estimated to be
~0.2 kcal/mol.

To test the convergence of the method, we compared the
functions I'(R)" calculated from the set of 83 proteins and a
smaller set of 42 proteins. The standard deviations between
two corresponding functions were less than 0.1 kcal/mol for
the more abundant residues such as Gly, Ala, and Ser and
~0.3 kcal/mol for the less abundant residues such as His.

&)

GF(R)’ =
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The behavior of the functions I'(R)” was tested on the
compact random coil structures (Gregoret & Cohen, 1991).
For the compact random coil structures, we would expect that
the functions I'(R)” are independent of R because there are
no interactions between residues (except steric exclusions).
Indeed, for a wide range of densities of the compact random
coil structures which are close to the density of proteins, these
functions were found to be independent of R, The analysis
of these functions will be presented separately.

Autocorrelation Function. In order to test the condition
of independence of residue burial the autocorrelation function
of the residue burial along the sequence acf(x) was calculated
using eqs 6—8 (Jenkins & Watts, 1968):

c(u)
acf(u) = «0) (6)
1 N-u .
oW = 3T (R - AR~ R )
R=1lsg @)
Ni=t

where R is the residue burial of residue 7 in the sequence, R
is the mean residue burial, u is the sequence interval, and N
is the number of residues. The autocorrelation function of the
residue burial along the sequence was calculated from 79
proteins with more than 52 residues. Averaging over 11530
origins was performed. The first and last residues were ex-
cluded from the averaging.

Hydrophobic Contribution of Nonpolar Atoms. For cal-
culation of the free energy contribution of the hydrophobic
interactions of nonpolar atoms to the free energy of residues,
the constant K in eq 1 was taken as 0.024 kcal/(mol-A?)
(Chothia, 1974). Carbon was considered as a nonpolar atom,
and oxygen, nitrogen, and sulfur were considered as polar
atoms.

Hydrogen Bonds. Because protein structures in the
Brookhaven Protein Data Bank usually do not contain hy-
drogens, the hydrogen atoms were added on the optimal
positions according to the known stereochemistry around donor
atoms. A contact between donor X and acceptor Y was treated
as the hydrogen bond when three geometry requirements for
X~H-Y-Z were satisfied (Chothia, 1975):

1. The distance between proton donor X and acceptor Y
was less than 3.4 A,

2. The angle X-H«-Y was more than 120°.

3. The angle X:+Y~Z was more than 90°.

Volume of Proteins and Model Spherical Molecules. The
volume of a protein was calculated from the average residue
volumes and the composition of the protein. Volumes were
those of Chothia (1975), except for arginine which was taken
to be 200 A3 (Teller, 1976).

To get the deviation of the shape of a protein from the ideal
spherical shape, we introduced model spherical molecules.
Model spherical molecules were cut out from a closed packed
face centered cubic lattice. The volume was calculated from
the volume occupied per atom in the face centered cubic lattice
and the number of atoms making up the model spherical
molecule.

RESULTS AND DISCUSSION

Significance of the Free Energy Functions T'(R)’. Consider
a hypothetical protein folding process in which residues are
independent of each other:

denatured state = restricted state = folded state (9)
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FIGURE 1: Autocorrelation function acf{u) of the residue burial R
along a sequence.

In the first step of this process, all movement of the protein
molecule is frozen, making the configurational entropy of the
restricted state zero. (We neglect flexibility of some long side
chains and exposed loops in folded proteins.) In the second
step of this hypothetical process, the restricted state of each
residue is transformed to the folded state by allowing inter-
residue interactions and equilibration along the reaction co-
ordinate, i.e., residue burial. Some residues stay completely
exposed, others become completely buried, but most of them
adopt an intermediate position on the reaction coordinate. The
distribution function along the reaction coordinate thus reflects
the free energy of the residues in the folded state.

We express the mean free energies of an ensemble of res-
idues of the type r, for example, all alanine residues, in the
denatured Gleparureq, Testricted Gegyricroq, and folded G(R)q
states relative to the restricted state:

AGaenatured = G;estricted - Gaenatured = AG:ntropy (10)
AG(RYa = G(R)foa = Glegtrictea (1)

The difference between the mean free energies of the restricted
and denatured states is the contribution of the configurational
entropy of residues in the first step of the hypothetical protein
folding process AGyo,,. We assume that the configurational
entropy of a protein can be separated into the contributions
from residues of different types r. The difference between the
free energies of the folded and restricted states, AG(R)fyq, is
the mean free energy change of residues of type  in the second
step of the hypothetical protein folding process.

The function AG(R)},4 can in principle be obtained using
the potential of mean force. Equation 4, defining the potential
of mean force, is valid when the particles, i.e., residues, are
independent of each other and in equilibrium with each other.
The fulfillment of the first requirement would seem to be
questionable because residues in proteins constitute a chain
which implies a strong correlation of residue burial along a
sequence. The autocorrelation function of the residue burial
along a sequence (Figure 1) shows that the correlation coef-
ficient for the first neighbors (# = 1) is only 0.24, indicating
that the requirement for the independence of residue burial
is satisfied. Proteins with known X-ray structures are stable
molecules; therefore, we assume that the requirement for the
equilibrium between residues is satisfied as well. We will see
later that the validity of these requirements can be tested for
the large non-polar residues.

For some residues, the requirements of independence and
equilibrium may not apply. For example, to maintain specific
structural features of a protein, other residues may contribute
some free energy to keep the residues involved exposed or
buried. Thus, proline is a hydrophobic residue and would
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FIGURE 2: Mean number of hydrogen bonds per donor or acceptor
N(R)y as a function of residue burial R for (a) main chain N, (b)
main chain O, (c) side chain O as donor, (d) side chain O as acceptor,
and (e) side chain N,

1.0
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FIGURE 3; Mean atom burial B(R) for some types of atoms as a
function of residue burial R: (a) main chain N, (b) main chain O,
(c) side chain C, (d) neutral side chain N and O, (e) charged side
chain N and O, and (f) lysine side chain N,

therefore be expected to be buried in protein core. However,
some proline residues form crucial parts of reverse turns in
proteins and are therefore exposed to the solvent.

To obtain AG(R)},4 from the potential of mean force D(RY,
the constant C in eq 4 has to be determined. If the values of
the Glegyricted and G(R)fq at R = 0 are equal, the function
AG(R)}, 4 can be obtained from I'(R)" by setting the constant
Cin eq 4 to get zero free energy at R = 0. To find out whether
the folded state at R = 0 in real protein structures corresponds
to the restricted state, we analyzed the interactions of the most
exposed residues (R = 0). Hydrogen bonds were assessed by
the average number of hydrogen bonds per donor or acceptor
N(R)y, as a function of residue burial for all residues in 83
proteins studied (Figure 2). The mean number of hydrogen
bonds per donor or acceptor for the most exposed residues (R
= 0) is close to zero (smaller than 0.14); therefore, the con-
tribution of internal hydrogen bonding to the free energy is
also close to zero. (Note that zero burial (R = 0) is only an
approximation because of the finite size of the intervals on the
reaction coordinate.) Contributions from hydrophobic in-
teractions and solvation of polar atoms were assessed by the
average atom burial B(R) (see eq 3) for the different types
of atoms as a function of residue burial for all residues in 83
proteins studied (Figure 3). The mean atom burial for the
most exposed residues B(0) shows that for most atoms the
deviations from zero are small (less than 0.1). From these
data, it follows that the free energies of the restricted state
and the folded state at R = 0 of neutral residues are equal,
because in both states the contributions of the hydrogen
bonding, hydrophobic interactions, and solvation of polar atoms
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T(R)AG(R),, .. [keal/mol]

00 02 04 08 08 10 00 02 04 08 08 10
R R

FIGURE 4: Functions T'(R)" (solid lines) and AG(R);onpolsr (dashed
lines) (in kilocalories per mole) for all residues ». We can arbitrarily
translate the functions I'(R)" up or down along the ordinate without
changing the meaning of these functions (note constant Cin eq 4).
The functions T'(R)" are not defined for the complete reaction co-
ordinate for some residues. The values of T'(R)” and AG(R)] onpier
were set to be equal at the smallest value of R for which the function
T(RY is defined. The distance between tick marks on the ordinate
represents 2 kcal/mol of free energy.

are equal. AG(R);,q can therefore be obtained from I'(R)".

The free energies of the charged residues for the most ex-
posed residues (R = 0) are not necessarily equal to the free
energies in the restricted state because the electrostatic in-
teractions of the charged groups are long-range interactions
which are strongly dependent on the amount of water in the
vicinity (Warshel & Russell, 1984). The amount of water in
the vicinity of the most exposed residues in the folded state
is smaller than the amount of water in the vicinity of the
residue in the denatured or restricted state.

If we assume that the free energy contributions to the total
free energy of a residue from individual types of atoms are
additive, the function AG(R)},q can be approximated as a
sum:

AG(R)gold = AG(R);lonpolar + AG(R);olar-main + AG’polar-side
(12)

where AG(R)onpalar i the contribution from nonpolar atoms
due to the hydrophobic interactions, AG(R)5ar.main 1S the
contribution from main chain polar atoms, and AG(R)}jar-side
is the contribution from side chain polar atoms. For charged
residues, the contribution from side chain polar atoms AG-
(R)}otar-sice is replaced by the electrostatic contribution from
the charged atoms AG(R)7parge:

The Potential of Mean Force and the Hydrophobic Con-
tribution to the Free Energy Agree for Large Residues. The
functions T'(R)" and AG(R);qupoier 2re shown in Figure 4. The
hydrophobic contributions of the nonpolar atoms AG(R),’,O,,M“
to AG(R);,q Were calculated using differences between the
accessible surface areas of the nonpolar atoms in proteins and
the corresponding areas in the stochastic standard state. The
constant K in eq 1 was taken as 0.024 kcal/(mol-A2). For
residues for which T'(R)" at R = 0 is not defined, the values
of functions I'(R)" and AG(R)}onpoisr Were arbitrarily set to be
equal at the smallest value of R for which the function I'(R)"
is defined (Figure 4).

The population of large nonpolar residues on the most ex-
posed part of the reaction coordinate is small, therefore T'(R)”
is not defined in that region of R (Figure 4). This is a result
of a large negative contribution of the hydrophobic interactions
to the free energies of buried nonpolar residues. In the protein
folding, most of the large nonpolar residues are removed from
the water and assembled in the protein interior (Kauzmann,
1959).

Avbelj

AG(R) [kcal/mol]

FIGURE 5: Free energy functions for alanine: (a) AG(R)AS (kilo-
calories per mole), (b) AG(R ::g:m, (kilocalories per mole), (c)
AG(R)A% . main (kilocalories per mole).

We assume that for the large nonpolar residues, the free
energy contribution of the polar atoms is small compared to
the contribution of the nonpolar atoms. The free energy
change along the reaction coordinate for these residues may
therefore be considered to be dominated by the hydrophobic
interactions. Indeed, the slope of the function I'(R)" is almost
equal to the slope of the function AG(R)jonpoiar fOr the large
residues Phe and Trp (Figure 4). The functions I'(R)” and
AG(R)jonpotar for the large nonpolar residues are not defined
along the complete reaction coordinate; therefore, only the
slopes of T'(R)” and AG(R){,O,,M,, can be compared. The av-
erage slope of I'(R)’ for the large nonpolar residues Leu and
Ile is smaller than the average slope of AG(R)jonpolars indi-
cating that for the nonpolar nonaromatic residues the value
of 0.017 kcal/(mol-A2) for the constant X may be more ac-
curate. This value of X is very close to those obtained from
the thermodynamic data on dissolution of the solid cyclic
peptides (0.014~0.018 kcal/(mol-A2)) (Murphy & Gill, 1990,
1991). The agreement between the values of the constant X,
one based on the thermodynamics of dissolution of the solid
cyclic peptides and the other on the potential of mean force
T'(RY, is very important and indicates that the method for the
calculation of the free energy functions I'(R)” introduced in
this work is appropriate.

The values of the constant X obtained from the solid cyclic
peptides and from the potentials of mean force in proteins do
not agree with the recently corrected value of the constant K
of 0.046—0.047 kcal/(mol-A2) on the basis of liquid/liquid and
liquid /vacuum transfer experiments (Sharp et al., 1991). This
disagreement supports the conclusion that a vacuum or less
polar solvents such as ethanol and octanol are a poor ap-
proximation for the environment in proteins.

The Free Energy Contribution of Main Chain Polar Atoms
Is Favorable for Partially Buried Residues and Less Favor-
able or Unfavorable for Fully Buried Residues. For the
nonpolar residues, the free energy contributions of the main
chain polar atoms AG(R)jar.main» Which includes the contri-
bution from hydrogen bonding and the free energy of solvation,
can be calculated by subtracting AG(R);onpoier from AG(R)iyq
(see eq 12). This is only possible for those nonpoalr residues
for which the function AG(R)%,4 is defined along the whole
reaction coordinate: Gly, Ala, and Pro (see Figure 4).
AG(R)}jar.main cannot be obtained for Gly and Pro because
they are often an integral part of the reverse turns which are
usually located on the protein surface. For those residues, the
requirements of independence and equilibrium may not apply.

Figure 5 shows the functions AG(R)f4» AG(R)}onpolars and
AG(R)po1ar-main for alanine. The constant K in eq 1 was taken
as 0.024 kcal/(mol-A?). The function AG(R)iar.main IS NEE-
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for Ala, Arg, Lys, Glu, Ser, Thr, Asn, Gln, and Asp.

ative for partially buried alanine residues (0 < R < 0.55) with
the minimum free energy of ~—0.5 kcal/mol. For fully buried
residues (0.55 < R < 0.9), the function AG(R)jojar.main 15
positive with the maximum free energy of ~+0.3 kcal/mol.
The function AG(R)pojar.masin Shows that at K = 0.024 kcal/
(mol-A2) burying main chain polar atoms is favorable for
partially buried alanine residues and unfavorable for fully
buried residues. If we use a smaller value of the constant X
to calculate AG(R)onpotars the function AG(R)jojar.main WOUld
become favorable along the entire reaction coordinate.

A similar functional dependence of the free energy con-
tribution of the polar groups of atoms that are able to form
hydrogen bonds was postulated by Ben-Naim (Ben-Naim,
1991), who found out that for the binding in which the two
functional groups are only partly removed from the aqueous
environment, their contribution to the free energy can be
negative and of the order of ~—1 kcal/mol. In contrast, when
the two functional groups are completely removed from the
aqueous environment, the contribution of the pair of polar
functional groups to the free energy can be as high as +6.4
kcal/mol.

Results of the theoretical study by Sneddon et al. (1989)
also show that the free energy change for the hydrogen bond
formation between two formamide molecules in water is
negative (0.3 kcal/mol). The amide hydrogen-bonded dimer
is more stable by 2.2 kcal/mol in water than in CCl,.

The Free Energy Contributions of Side Chain Polar Atoms
Is Small for Uncharged but Large for Positively Charged
Residues. For the polar and charged residues, the function
AG(R)},q can be approximated as a sum of the contributions
from nonpolar atoms AG(R);onpalars Main chain polar atoms
AG(R)giar.main» and uncharged side chain polar atoms AG-
(RYpotar-sige OF charged side chain polar atoms AG(R){perg. (€
eq 12).

In the hypothetical protein folding process (eq 9), we assume
that all configurational entropy of the residues is lost in the
first step of the process. The contribution of the configura-
tional entropy to the functions I'(R)" should therefore be zero.
In the native structure of proteins, some long side chains and
exposed loops are quite flexible, adding a new term to eq 12.
To assess the role of the configurational entropy, we compared
the functions AG(R)},q for the residues Asn and Gln, which
differ by one methylene group and therefore one internal
rotational degree of freedom. The largest difference between
their functions AG(R)%,q is only 0.4 kcal/mol (Figure 6).
Similar behavior is observed for the charged residues Asp and
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Glu (Figure 6). We concluded that the contribution of the
configurational entropy to the free energy along the reaction
coordinate is probably small and that eq 12 without an ad-
ditional term can be used.

The contribution of the uncharged side chain polar atoms
may now be assessed by comparing the contributions of all
polar atoms to the total free energy function of a residue
(AG(R)7q = AG(R)fsonpotar) for the residues: Ser, Thr, Asn,
and nonpolar residue Ala (Figure 6). We found that these
functions are very similar. The largest difference between
them is smaller than 0.5 kcal/mol. Assuming that the con-
tribution of the main chain polar atoms AG(R)jjar.main tO
AG(R)fyq is transferable from alanine to other similar residues,
the contribution from the polar side chain atoms AG(R)poar-side
for these residues must be small.

Comparing the contributions of the polar atoms to the free
energy function AG(R)fyg — AG(R)jonpotar for the charged
residues, we found a difference between the behavior of the
positively and negatively charged residues. The functions
AG(R)foia = AG(R)}onpoter for the negatively charged residues
are more similar to the free energy functions of the polar
residues and alanine (Figure 6) than to the free energy
functions of the positively charged residues, indicating that
the free energy of burying a negatively charged group AG-
(R)%harge is much smaller than the free energy of burying a
positively charged group.

The functions AG(R)fyg = AG(R);onponsr for the totally
buried lysine and arginine are positive and large (Figure 6).
We estimated the free energy of burying a positively charged
group of lysine and arginine to be ~+3.2 and ~+2.1 kcal/mol,
respectively, assuming that the free energies of a residue in
the denatured state and the folded state at R = 0 are equal,
that the free energy function of the main chain polar atoms
of alanine is also valid for lysine and arginine, and that the
energies of all hydrogen bonds are equal (including hydrogen
bonds involving the charged side chain atoms).

The estimated values for the free energy of burying a
charged group must be treated with caution, because the free
energy of a residue in the restricted state is not necessarily
equal to the free energy of folded state at R = O for these
residues (see above). In addition, using the residue burial as
a reaction coordinate for charged residues is an oversimpli-
fication. These electrostatic interactions are long-range in-
teractions; therefore, the charged residues with zero accessible
surface area can still interact substantially with the water
molecules in the vicinity.

Protein Structures Are Far from Being Globular. Hy-
drophobic interactions of the nonpolar atoms tend to make
proteins globular. To find out how much the shape of proteins
deviates from the spherical shape, we compared the dependence
of the accessible surface areas with the volume for monomeric
proteins and for model spherical molecules. For a set of solid
bodies having similar shape, the relation between the surface
area and volume ¥ follows the law

surface area = aV* (13)

with the coefficient k equal to 2/;. A similar relation between
the accessible surface area and molecular weight has been
found for proteins. For monomeric proteins the coefficient
k was found to be 2/, (Janin, 1976; Teller, 1976) and 0.73
(Miller et al., 1987).

For 55 monomeric proteins used in this work (Figure 7),
the relation between the total accessible surface area A,oin
and volume ¥ can be expressed by eq 14 and linear eq 15, with
residual standard deviations of 732.7 A? and 680.7 A2, re-
spectively. The volume of a protein was calculated from the
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FIGURE 7: Accessible surface area 4 [A?] as a function of volume
¥ [A3]: for 55 monomeric proteins (O), (a) fit for proteins with eq
14, (b) fit for proteins with eq 15, (¢) fit for model spheres (atom
radius 2.0 A), (d) fit with eq 16 for model spheres (atoms radius 1.5
A), and (e) fit for model spheres (atoms radius 1.0 A).

average residue volumes and the composition of the protein
(Chothia, 19785; Teller, 1976). Equivalent relations also exist
between Ap,qein and molecular weight:

Aprotein = 4.03(£0.92) 07600 o=7327 (14)
Aprorein = 1885.8(£172.4) + 0.261(0.007)V
o = 680.7 (15)

The linear and power functions fit almost equally well the
dependence of the accessible surface area of a protein with
volume or molecular weight, although it seems that linear
function is more appropriate for large proteins and power
function more appropriate for small proteins (Figure 7).

Figure 7 also shows the accessible surface area as a function
of volume for the model spherical molecules cut out from the
closed packed face centered cubic lattice. The face centered
cubsic lattice was constructed from atoms with radii 1.0 A, 1.5
A, and 2.0 A. The calculated accessible surface areas as a
function of volume were fitted with the power functions (Figure
7) with the residual standard deviations 49.0 A2, 87.0 A2 (eq
16), and 144.4 A2, respectively.

Anodel sphere = 11.447(£0.550) p0617(20.004) o=387.0

(16)

The accessible surface area of the model spherical molecules
is much smaller than the accessible surface area of the cor-
responding proteins with the same volume (Figure 7). Ex-
cluding small polypeptides the ratio between the accessible
surface areas of proteins and of model spherical molecules
increases with the volume (Figure 8).

The increasing deviations from the spherical shape for large
proteins show that in proteins strong interactions acting against
the hydrophobic interactions must exist. The potential of mean
force analysis shows that the largest opposing contributions
arise from the free energy cost of burying the main chain polar
and charged side chain atoms.

Implications for Protein Folding. We have found that the
largest individual contributions to the free energy change of
residues in folding AG(R)},4 are due to hydrophobic inter-
actions AG(R)fmpman main chain polar atoms AG(R)jar.mains
and electrostatic interactions AG(R){parg. Of the residues Arg
and Lys.

The contribution of the hydrophobic interactions
AG(R) onpolar to the overall stability of a protein is favorable
and large depending on the accessible surface area lost in
folding. The contribution of the main chain polar atoms

2.0

1.8

1.6

Ratio

1.4

12 - /7 -

1.0 U ! L '
4 +4
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FIGURE 8: Ratio between the accessible surface areas [A?] of proteins
and of model spherical molecules built from atoms with radius 1.5
A as a function of volume ¥ (a) eq 14 divided by eq 16 and (b) eq
15 divided by eq 16.

8

AG(R)pojar-main Stabilizes the hydrogen bonded complex for
partially buried residues, which may be important in the early
stages of the protein folding process (Ben-Naim, 1991). In-
deed, experimental data show that secondary structures are
formed more rapidly than is the overall folding (Roder et al.,
1988; Udgaonkar & Baldwin, 1988; Baum et al., 1989; Bycroft
et al.,, 1990) and that formation of the a-helix in synthetic
polypeptides occurs on the time scale of 10%-102 s (Hammes
& Roberts, 1969; Gruenewald et al., 1979). Because the
residues arranged in the secondary structures contain more
hydrogen bonds per donor or acceptor than the rest of the
residues (helix 0.90 > sheet 0.75 > other 0.48; on the basis
of the calculation of the number of hydrogen bonds in the
high-resolution X-ray structures of 83 proteins), an early
formation of the secondary structures can be explained by the
negative value of AG(R);ola,‘main for partially buried residues.
For fully buried residues in later stages of the protein folding,
the interactions of main chain polar and charged side chain
atoms prevent formation of structures which are spherical.
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