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ABSTRACT Energies required to transfer amino acid side chains from water to less polar environments were calculated
from results of several studies and compared with several statistical analyses of residue distributions in soluble proteins.
An analysis that divides proteins into layers parallel with their surfaces is more informative than those that simply
classify residues as exposed or buried. Most residues appear to be distributed as a function of the distance from the
protein-water interface in a manner consistent with partition energies calculated from partitioning of amino acids
between water and octanol phases and from solubilities of amino acids in water, ethanol, and methanol. Lys, Arg, Tyr,
and Trp residues tend to concentrate near the water-protein interface where their apolar side-chain components are
more buried than their polar side-chain components. Residue distributions calculated in this manner do not correlate
well with side-chain solvation energies calculated from vapor pressures of side-chain analogs over a water phase. Results
of statistical studies that classify residues as exposed to solvent or buried inside the protein interior appear to depend on
the method used to classify residues. Data from some of these studies correlate better with solvation energies, but other
data correlate better with partition energies. Most other statistical methods that have been used to evaluate effects of
water on residue distributions yield results that correlate better with partition energies than with solvation energies.

INTRODUCTION

It is well known that interactions with water cause polar
side chains of soluble proteins to be nearer the protein
surface than are apolar side chains. Several efforts have
been made recently to quantitate these solvent effects and
use polarity scales to analyze packing in globular proteins
(Rose and Roy, 1980; Kyte and Doolittle, 1982), to predict
secondary structure (Cid et al., 1982; Eisenberg et al.,
1984; Finer-Moore and Stroud, 1984), to predict trans-
membrane segments (Argos et al., 1982; Engleman and
Steitz, 1981; Von Heijne, 1981a, b; Kyte and Doolittle,
1982; Guy, 1984), and to evaluate amphiphilicity of a-
helices (Eisenberg et al., 1982; Finer-Moore and Stroud,
1984; Guy, 1984a). Polarity scales used in these studies
often do not agree with each other and are sometimes
based on arbitrary assumptions or averaging of different
scales. The purposes of this paper are to suggest causes for
some of the apparent discrepancies among scales, to
emphasize the importance of recognizing that most resi-
dues are neither completely buried within the protein nor
completely exposed to water and that some large residues
concentrate near the water-protein interface where their
apolar components are more buried than their polar com-
ponents, and to develop an approach that evaluates these
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effects and allows solvent energy terms to be combined
with other energy terms in more complex conformational
energy analyses.

Most polarity scales for amino acid side chains are based
on partitioning of amino acids or their analogs between
water and a less pola solvent, and on statistical analyses of
amino acid residue distributions within soluble proteins of
known structures. Chothia (1976), Janin (1979), Wertz
and Scheraga (1978), and Robson and Osguthorpe (1979)
have performed statistical analyses in which residues in
globular proteins of known structure are classified as
buried or exposed to water. Data from the Chothia and
Janin studies correlate better with solvation energies calcu-
lated from vapor pressures of side-chain analogs (Wol-
fenden et al., 1981) than with side-chain partition energies
calculated from solubilities of amino acids in ethanol
(Tanford, 1962; Nozaki and Tanford, 1971). This observa-
tion has led to claims that solvation energies better simu-
late the interior of proteins (Wolfenden et al., 1981;
Wolfenden, 1983), and led Kyte and Doolittle (1982) to
rely primarily on the Wolfenden et al., Janin, and Chothia
data in their analysis of hydrophobicity of protein
sequences.
The analysis presented here demonstrates that a prefer-

ence for these data is not justified. The data obtained by
Wertz and Scheraga and by Robson and Osguthorpe
correlate better with calculated partition energies than
with solvation energies. Differences among the data of the
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four statistical studies are probably related to methods
used to classify residues as buried or exposed, and to other
problems that are inherent in a binary classification meth-
od. Prabhakaran and Ponnuswamy (1980) have analyzed
amino acid residue distributions by dividing proteins into
layers. This method avoids some of the problems of a
binary classification and yields more information. Their
data are analyzed here to determine the distribution of
residues as a function of distance from the protein surface
and relate these distributions to apparent partition ener-
gies. Results of this analysis correlate much better with
partition energies calculated from partitioning of amino
acids between organic solvents and water than with solva-
tion energies of side-chain analogs. This method has the
additional advantage that absolute values of the energies
required to transfer residues from the surface of a protein
to its interior can be estimated and the tendency of
amphiphilic side chains to concentrate near the water-
protein interface can be evaluated. Absolute energies are
required to include solvent effects in conformational
energy calculations.

GLOSSARY

B, energy required to move residue i from water to the
reference layer divided by the energy required to
completely bury it (Eq. 9)

C constant that determines the steepness of the tran-
sition in Sig(x) (Eq. 10)

AFaa mean partition energy scale for side chains deter-
mined from studies using amino acids and organic
solvents. Values were normalized to those for octa-
nol

AF, energy calculated to transfer the ith amino acid
side chain from water to an organic solvent (Eq.
1)

AFj apparent energy required to transfer the ith residue
from the surface of a protein to its interior based on
distribution of residues in soluble proteins of
known structure (Eq. 6)

Af'(x) apparent energy required to transfer the ith residue
from water to a distance x from the protein's
surface (Eq. 5)

AfP(x) apparent energy required to move the ith residue
from the reference layer to a distance x from the
protein's surface (Eq. 8)

Mj the mole fraction of the ith residue in the entire
population of proteins used in the data base

Mb the mole fraction of the ith residue in the popula-
tion of residues that are completely buried inside
the proteins
the mole fraction of the ith residue in the popula-
tion of residues that are completely exposed to
water on the surfaces of the proteins

M,(x) the mole fraction of the ith residue in a layer that is
a distance x from the surface of the proteins

R(AF) the correlation coefficient between AFa values and
polarity scales calculated from distributions of
residues in soluble proteins

R(ASE) the correlation coefficient between ASE values and
polarity scales calculated from distributions of
residues in soluble proteins

Reference layer

ASE1

x

xO

Xr

the layer at which the mole fraction of the ith
residue equals M1
solvation energy required to transfer the ith amino
acid side-chain analog from water to the vapor
phase
relative distance from the protein surface. It is zero
at the surface and one at the center of the protein
value of x at the inflection point of Sig(x) (Eq. 10).
The residue can be considered half buried at x0
value of x at the reference layer.

RESULTS

Partition and Solvation Energies
Energies required to move amino acid side chains from
water to ethanol (Tanford, 1962; Nozaki and Tanford,
1971) and methanol (Gekko, 1981) have been calculated
using the equation

AF- = RT ln(wbi/v1)- RT ln(flw,Gly/?7s,Gly), (1)

where AFi is the partition energy of the ith side chain, R is
the gas constant, T is temperature, q, i and nv,, are solubili-
ties of amino acid i in water and organic solvent respec-
tively, and nlw,Gly and fls,Gly are solubilities of Gly in water
and organic solvent. Also, energies required to transfer
amino acids from water to octanol can be calculated from
results of two-phase partition experiments (Yunger and
Cramer, 1981; Fauchere et al. 1980; Klein et al., 1971).
Partition energies from these studies are compared in
Table I. Data in Table I are for Glu, Lys, and Arg in
octanol when the pH of the water phase is 7.0.

Data for these amino acids in ethanol probably reflect
the noncharged side chains. One might expect the magni-
tude of amino acid side-chain partition energies to increase
as solvents become less polar; however, this does not appear
to be true. Energies calculated from solubility experiments
using ethanol and methanol average 1.35 and 1.40 times
those calculated for octanol. To calculate a single polarity
energy scale, AFaa, data for ethanol and methanol were
normalized to those of octanol by dividing by the factors
above. Without normalization, data for different amino
acids would be weighted differently because they are not
all represented in each study. Units of this scale are
arbitrary because the data could have been normalized to
values for ethanol or methanol rather than octanol (see
Discussion). Solvation energies, ASE, calculated by Wol-
fenden et al. (1981) from side-chain analogs, are also listed
in Table I. These values differ substantially from amino
acid side-chain partition energies both in absolute magni-
tude and relative values.

Binary Classification
Several attempts have been made to relate solvent acces-
siblity of amino acid residues in proteins of known struc-
ture to transfer energies of their side chains from water to a
less polar environment. These analyses are often an
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TABLE I
SIDE CHAIN PARTITION ENERGIES CALCULATED BY DIFFERENT METHODS

Amino Solubilities Solubilities Partitioning Normalized Solvation of
acid in ethanol in methanol|| to octanol mean (AF.A) side-chain

Ile -2.97§ -1.93tt -2.04 ± 0.11 -2.15
Leu -2.42t -2.49 -1.43**, -2.16tt -1.76 ± 0.26 -2.28
Val - 1.68t -1.69 - 1.161 -1.18 ± 0.02 -1.99
Ala -0.73t -0.77 -0.5011 , -0.53tt -0.52 ± 0.02 -1.94
Pro - - -0.781 -0.78
Phe -2.65t -2.77 -2.16**, -2.39tt -2.09 ± 0.21 0.79
Met - 1.30§ - 1.69tt -1.32 ± 0.37 1.48
Trp - 3.00t -3.39 -2.7211 , -2.79** -2.51 ± 0.26 5.88
Tyr -2.53t - 1.44T -1.63 ± 0.19 6.11
His -0.67t - -1.581 ,0.80** -0.95 ± 0.46 10.27
Thr -0.44§ -0.2311 -0.27 ± 0.04 4.88
Ser -0.04§ -0.051 -0.04 ± 0.02 5.06
Asn 0.01§ 0.01 9.68
Gln 0.10§ - 0.07 9.38
Asp -0.54§ -0.38 6.68
Glu -0.55§ -0.40 6.45
Lys -1.50§ -1.08 4.37
Arg -0.73§ -0.53 10.92
Asp* 10.95
Glu* 0.7911 0.79 10.20
Lys* -0.0811 -0.08 9.52
Arg* - - 1.3211 1.32 19.92

All energies are in kilocalories per mole. Values for methanol and ethanol were scaled to be approximately the same as those for octanol in calculating the
mean.
*Data at pH = 7.0.
tNozaki and Tanford (1971).
§Tanford (1962).
IlGekko (1981).
lYunger and Cramer (1981).
**Fauchere et al. (1980).
t4Klein et al., (1971).
§§Wolfenden et al. (1981).

attempt to determine whether a given type of amino acid
side chain is, on the average, distributed between the
surface and interior of the protein in the same way it would
be distributed between water and a solvent with a polarity
similar to that of the protein's interior. The simplest
approach is to classify all residues as being either buried in
the protein or exposed to water. These data can then be
analyzed using the equation

AF;= RT In(Mi,J/M,b), (2)

where AF'i is an apparent transfer energy for the ith
residue and M,, and Mi,b are its mole fractions that are
exposed to water or buried in the protein, respectively
(Janin, 1979). Table II shows results of four studies using
this analysis. Comparison of these data to the partition
energy and solvation energy scales yields ambiguous find-
ings. Data from studies by Wertz and Scheraga (1978) and
Robson and Osguthorpe (1979) correlate better with the
partition energies (AFaa) of Table I, whereas data obtained
by Janin (1979) and Chothia (1976) correlate better with

solvation energies(ASE)(see correlation coefficients in
Table II).

Other Statistical Studies

Three methods that do not classify residues as buried or

exposed have been used to analyze effects of side-chain
polarities on their distributions in proteins of known struc-
ture. Correlation coefficients between any scale and AFaa
and ASE values of Table I will be called R(AF) and
R(ASE). Meirovitch et al. (1980) determined the radius of
gyration, (r), of side chains and a-carbons relative to the
radius of gyration of the proteins. The (r) values for side
chains in small proteins correlate better with the partition
energy scale, AFaa, [R(AF) = 0.80] than with the solvation
energy scale [R(.ASE) = 0.60]; however, for side-chains in
large proteins, (r) correlates slightly better with solvation
energies [R(ASE) = 0.73, R(AF) = 0.70]. It thus appears
that protein size may affect correlation of these data.
Ponnuswamy et al. (1980) developed a hydrophobicity

index, (Hf ), by summing the hydrophobic indices (as
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TABLE II
APPARENT PARTITION ENERGIES CALCULATED
BY CLASSIFYING RESIDUES AS EXPOSED OR

BURIED*

Amino Wertz and Robson and Janin Chothia
acid Scheraga Osguthorpe (1979) (1976)(1978) (1979)

Ile -0.69 -2.15 -0.66 -0.80
Leu -0.62 -1.08 -0.53 -0.44
Val -0.46 -0.75 -0.62 -0.65
Ala 0.05 0.54 -0.31 -0.27
Gly 0.31 -0.33 -0.22
Pro 0.46 -0.22 0.34 0.36
Phe -1.03 -1.51 -0.45 -0.55
Met -0.59 -0.97 -0.38 -0.31
Trp -0.98 -1.61 -0.27 0.05
Tyr -0.25 -1.13 0.40 0.48
His -0.41 -0.59 0.13 0.37
Thr 0.38 0.27 0.21 0.18
Ser 0.12 0.65 0.10 0.17
Asn 0.29 0.38 0.49 0.61
Gln 0.46 0.05 0.70 1.00
Asp 0.41 0.65 0.58 0.50
Glu 0.38 0.38 0.68 0.33
Lys 0.57 0.48 1.79 1.17
Arg 0.12 -0.16 1.30 2.00
Cys -0.84 -1.13 -0.89 -0.23

R(ASE) 0.62 0.53 0.82 0.89
R(AF) 0.95 0.92 0.60 0.56

*All apparent energies are in kilocalories per mole and were calculated
from Eq. 2. R(ASE) and R(AF) are correlation coefficients with
solvation energies of Wolfenden et al. (1981) and with the mean AF.
values of Table I.

given by Tanford, 1962, and Jones, 1975) of residues that
have an a-carbon within 8 A of the a-carbon of each
residue in a population of globular proteins. These data
correlate slightly better with AFaa than with ASE [R(AF)
= 0.77, R(ASE) = 0.74]. This may not be relevant since
the data may be biased by using some of the Tanford data
in the method.

Miyazawa and Jernigan (1985) have analyzed residue-
residue and water-residue contacts in 41 proteins. The data
base for this study was larger than for any of the other
studies described here. All proteins contained >100 resi-
dues and none of them was closely homologous. Contacts
among residues were defined as those in which the centers
of the side chains are within 6.5 A. Effective water
molecules were given the volume of an average residue, and
residue-water contacts were defined in a manner similar to
that of residue-residue contacts. These data were used to
approximate the energy required to replace a water contact
on the ith residue with a residue contact. Average values of
this energy correlate with AFaa values much better than
with solvation energies [R(AF) = 0.86, R(ASE) = 0.61].

Layer Analysis
The binary classification method has the following short-
comings: (a) Most side chains are neither entirely buried

nor entirely exposed to water. Data obtained in this
manner reflect the energy required to move residues from
an environment in which the ratio of water to protein is
high to an environment in which the ratio is low. These
data are difficult to compare with experimental results in
which amino acid side-chains are maximally exposed to
each solvent. (b) Results obtained with this approach
appear to depend greatly upon the method used to classify
residues as buried or exposed. (c) Amphiphilic side chains
may concentrate near the water-protein interface so that
their apolar moiety can be buried while their polar moiety
is exposed. This situation is impossible to represent with a
binary classification method.

These difficulties are reduced or eliminated with the
layer analysis presented here. The purpose of this analysis
is to determine whether residues in globular proteins are
statistically distributed as a function of their distance from
the protein's surface in the manner expected if the protein's
interior acted as an apolar solvent and residues were free to
move between the interior and exterior of the protein. To
analyze residue distributions, proteins can be divided into
layers that are parallel to the protein's surface. The center
of each layer is a fixed distance, x, from the protein's
surface. It is assumed here that residues exist in a dynamic
equilibrium and that after the initial folding process the
volume of each layer does not change. This assumption
requires that the movement of the ith residue from layer x,
to a more interior layer x2 be accompanied by movement of
another residue, say j, from x2 to x,. This exchange can be
expressed by the reaction scheme

i(x1) + (X2)- i(x2) + j(Xl). (3)

The energy change caused by this exchange is given by

Af(I(X2) - Afj(xI- x2)

= RTln [Mi(x,)/Mi(x2)]- RTln [Mj(xl)/Mj(x2)], (4)

where /fi(xl- x2) is the energy required to move i from
xI to x2 and Mi(x) is the mole fraction of i in the x layer.
This analysis is equivalent to treating each layer as a
solvent of different polarity, and Mi as proportional to the
concentration of i in each layer. Note that in this model the
number of residue backbone components remains constant
in each layer and thus the apparent partition energy,
Af'i(x1- x2), depends only on the relative polarity of the
residue side-chain components.
The energy required to move i from an aqueous environ-

ment to x is given by

Afi(x) = RTln[Mi(e)/Mi(x)], (5)
where Mi(e) is the mole fraction of i in a layer in which
residues are maximally exposed to solvent. The energy
required to move i from an aqueous environment to an
environment in which it is completely buried in the protein
is given by

AF = RTIn [Mi(e)/Mi(b)], (6)
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where Mi(b) is the mole fraction of i in completely buried
layers. AF' is the apparent energy term that is best related
to energies calculated from partitioning of amino acids or
their side-chain analogs between water and less polar
phases. AF is difficult to determine directly because very
few residues are maximally exposed to water or completely
buried inside proteins. It can be estimated by making a few
simple assumptions. Consider the case in which a residue,
which is treated as a sphere of finite size and uniform
polarity, is moved from water through each layer to the
center of the protein. When the residue is far from the
surface, the energy required to move it will be relatively
independent of x. The environment experienced by the
residue will be less polar in each successive layer until it
reaches layers in which residues are never exposed to water
where, if the protein is sufficiently large, the energy to
move it will be independent of x again. The transition will
be gradual because of the finite size of the residue, the
gradual change in average polarity of side chains in the
proteins, and statistical variation introduced by the method
used to approximate protein surfaces. With this rationale,
Eq. 5 can be rewritten

Af(x) = AF'Sig(x), (7)

where Sig(x) is a sigmoidal curve that equals the energy
required to move i from water to x, divided by the energy
required to completely bury it. Sig(x) may be considered as
the fraction of i that is buried at x. A residue can be
considered completely exposed when its accessible surface
area equals its accessible area in a single extended strand,
and completely buried when its accessible surface area is
zero. To analyze statistical data from proteins with this
equation, apparent energies must be calculated relative to
some point in the proteins. The completely exposed or
completely buried regions are not good reference points
because the surface is difficult to define and very few
residues are either completely buried inside the protein or
completely exposed to water. The proteins should contain a
layer in which the mole fraction of i equals its mole fraction
in the entire data base, Mi [see Fig. I where f'*(x) = 0].
This layer, which will be called the reference layer, is not
subject to the statistical problems of completely exposed or
completely buried regions. The apparent energy, /f*(x),
required to move i from the reference layer to x can be
easily calculated from the equation

Af *(x) = RTln[Mi/Mi(x)]. (8a)

The sum of Af*(x) for all residues in a given protein
should approximate the energy difference between the
actual structure and the mean of all structures with the
same surface-to-volume ratio but in which residues are
randomly distributed. Af*(x) equals the energy required
to move residue i from water to x minus the energy
required to move i from water to the reference layer. Thus,
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FIGURE I Apparent energies required to move the ith residue from the
reference layer to x vs. the relative distance, x, of the residue from the
protein surface. Af *(x) values were calculated by multiplying informa-
tion parameters of Prabhakaran and Ponnuswamy (1980) by RT/ln 2.
Curves were determined by fitting these data with Eqs. 10 or 11 using the
parameter values listed in Table III.

it can be related to zYF by the equations,

Af *(x) = RT ln[M,(e)/M,(x)]- RTIn[M,(e)/MjI, (8b)

which, from Eqs. 5-7, can be rewritten as

Af4 = AF[Sig(x) - Bi], (9)

where Bi = {ln[Mi(e)/Mi]}/{ln[Mi(e)/Mi(b)]1. B is a con-

stant equal to the energy required to move i from water to

the reference layer divided by the energy required to

completely bury it.
Prabhakaran and Ponnuswamy (1980) performed an

analysis that can be evaluated with this approach. They
determined the three axes of ellipsoids that best represent
the shapes of 19 proteins. These proteins were then divided
into six concentric ellipsoidal layers of equal volume that
had the same axial ratios as the outer ellipsoid. The mole
fraction of a-carbons of each residue was then determined
for each layer. These data were used to calculate informa-
tion parameters for each residue. They did not attempt to

fit these data with theoretical curves or relate them to

partition energies or other statistical studies of soluble
proteins. Their information parameters are proportional to

Af*(x) values calculated by Eq. 8. Fig. 1 shows Af*(x)
plotted as a function of relative distance, x, of each layer
from the proteins' outer surfaces to their centers and curves

used to fit these data.
Data for most residues were fit with the equation

At* = AF;[Sig(x) - B]

Sig(x) = 0.5C(x - x0)/(1 + Clx - x1) + 0.5, (10)
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where C and xo are constants. This equation for Sig(x)
produces a symmetrical sigmoidal curve that is zero when
x approaches -Xc and one when x approaches . It was
used because it is computationally the simplest equation
that can fit the data in a way that allows all the parameters
except AF; to be the same for all apolar residues. Other,
more complex equations could be used; however, they alter
the absolute values calculated for AF' only slightly and
have almost no effect on the relative values of AF'. The
curve's inflection point occurs at xo. Changing its value
shifts the curve to the left or right. The portion of the
residue that controls its distribution can be considered half
buried when x = x0; i.e., when Sig(x) = 0.5. C controls the
steepness of the transition between the water and protein
phases. It should be related to the reciprocal of the
thickness of the transition region from water to protein and
randomization introduced by treating irregular shaped
proteins as ellipsoids. These factors should be the same for
all residues. A value of 4 was determined for C by first
fitting all the data with no constraints. The location of the
reference layer, Xr, can be determined by solving Eq. 10 for
x when f*(x) is zero.

Prabhakaran and Ponnuswamy's data were analyzed in
four categories according to their side chains. Those with
side chains that have no distinct polar atoms are shown in
the first two rows of Fig. 1. When data for these residues
were fit with Eq. 10 using least-square analysis and no
constraints, values of B, C, and xo were about the same for
all residues. This suggests that these parameters are pro-
tein dependent and should be the same for all apolar
residues. If so, improved values of AF', which is the
parameter of most interest, should be obtained for each
residue by constraining the other parameters to be the
same for all residues. Values of B = 0.79 and xo = 0.43
were calculated by weighting the Af'i(x) values for apolar
residues to reflect their frequency of occurrence in pro-
teins, summing all of these values, and then fitting these
data with Eq. 10 with C = 4. AF values of Table III were
then determined by constraining these parameters. If this
analysis is correct and Sig(x) approximates the fraction of
the residue that is buried, then apolar residues in the outer
layer (x = 0.14) are 23% buried and those in the inner
layer (x = 0.95) are 84% buried. These values appear
reasonable.

Residues in the second category (Ser, Asn, and Asp)
have small apolar side-chain components and polar compo-
nents near the a-carbon. Their distributions are shown in
the third row of Fig. 1. These data were fit with the same xo
and C values as above; however, a slightly more positive
value for B yielded better fits and the reference layer
appears to be slightly nearer the surface than that for
apolar side chains (Table III). Pro and Gly, which distri-
bute as if they were polar, were included in this category.

Residues in the third category (Glu, Gln, Thr, and His)
have side chains with both polar and apolar components.
Alkyl side-chain partition energies are directly propor-

TABLE III
PARAMETERS FOR EQS. 10 AND 11 AND

DISTANCE xr OF REFERENCE LAYER FROM
PROTEIN SURFACE

Amino AF X, B Xr
acid

keal/mol
Phe -2.12 0.43 0.79 0.49
Met -1.59 0.43 0.79 0.49
Ile -1.13 0.43 0.79 0.49
Leu -1.18 0.43 0.79 0.49
Cys - 1.42 0.43 0.79 0.49
Val - 1.27 0.43 0.79 0.49
Ala 0.10 0.43 0.79 0.49
Gly 0.33 0.43 0.61 0.46
Ser 0.52 0.43 0.61 0.46
Asn 0.48 0.43 0.61 0.46
Pro 0.73 0.43 0.61 0.46
Asp 0.78 0.43 0.61 0.46
His -0.50 0.59 0.48 0.58
Thr 0.07 0.60* 0.43 0.58
Gln 0.95 0.68 0.21 0.58
Glu 0.83 0.63 0.33 0.58
Trp(apl) -2.19 0.48 0.79
Trp(pol) 1.68 0.92 0.14
Tyr(apl) -1.08 0.43 0.79
Tyr(pol) 0.87 0.69 0.40
Lys(apl) -0.73 0.43 0.79
Lys(pol) 2.13 0.68 0.31
Arg(apl) -0.87 0.57 0.79
Arg(pol) 2.78 0.92 0.07

*Value constrained so that xr - 0.58.
C = 4 for all residues. (apl) and (pol) indicate the parameters are for
apolar and polar side-chain components.

tional to their accessible surface areas (Chothia, 1974).
Surface areas of a- plus fl-carbons and associated hydro-
gens of Glu, Gln, Thr, and His are near that of an Ala side
chain (Lee and Richards, 1971). Ala distributes evenly
throughout soluble proteins. Thus, only the polar side-
chain components of these third-category residues should
affect their distribution. Curves fitting data for these
residues are shown in the fourth row of Fig. 1. These curves
were calculated from Eq. 10 by allowing x0 and B to be
adjustable parameters. The x0 values of these residues are
all greater than that of apolar and short chain residues.
This result is expected if the polar component of the side
chain is nearer the surface of the protein than is the
a-carbon. Other studies (Meirovitch et al., 1980) indicate
this to be the case. The difference between these values,
i.e., xo - 0.43, should be proportional to the average
displacement near the interface of the polar side-chain
component from the a-carbon. With no constraints, the
value of xo calculated for Thr was unrealistically large.
Thus, values of xo and B for Thr were constrained so that
the distance, xr, of its reference layer from the surface was
the same as that for the other residues in this category. The
reference layer for these residues appears to be more
buried than for other residues.

BIOPHYSICAL JOURNAL VOLUME 47 198566



A model that treats residues as single spheres of uniform
polarity is not adequate for some residues. Tyr, Trp, Lys,
and Arg side chains have polar components and apolar
components with surface areas substantially larger than
that of an Ala side chain. These residues would be expected
to concentrate near the interface so that their apolar
components can be buried while their polar components
are exposed. Their distribution reflects this expectation
(Fig. 1). These residues can be represented by a two
component, or two sphere, model in which the polar
component is nearer the surface and thus more exposed
than the apolar component. Thus, data for these residues
were fit by the following equation which is the sum of two
sigmodial curves with the curve for the apolar component
shifted along the x-axis relative to that for the apolar
component

Af*'(x) = {AF,[Sig(x) - B]}a + {AF'[Sig(x) - B]}p, (11)

where a and p subscripts indicate that the parameters are
for apolar and polar side-chain components, respectively.
In fitting the data, all parameters for the apolar component
were constrained: Xoa was constrained to be .0.43 and Ba
was held at the value used for apolar residues. Values of
AF'ia were approximated by relating surface areas to AF
values for alkyl and phenyl side chains. Parameters of the
polar components were given complete freedom, except for
C, which was held at 4 (Table III). Note that x,p is always
greater than xoa, indicating that the polar component is
nearer than the apolar component to the surface. AF'
values of Table III, which represent differences between
extrapolated values of the curves in Fig. 1, correlate
substantially better with the partition energy scale, AFaa,
[R(AF) = 0.84] than with solvation energies [R(ASE) =
0.65].

Comparison of Statistical Data that
Correlate with Partition Energies

Statistical fluctuation of data is a major difficulty with the
kinds of analyses described above. To determine whether
deviation ofAF' values calculated from the data of Prabha-
karan and Ponnuswamy from AFaa values are indicative of
proteins in general, data from the studies described above
that correlate better with partition energies were converted
to scales that are approximately equivalent to AF' values
(Table IV). The scale from the Ponnuswamy et al. (1980)
data equals -0.77((Hf) - 12.3), the scale from the
study of Meirovitch et al. (1980) for small proteins equals
6.66(1 - (r)), and the scale from Wertz and Scheraga
(1978) is 2.25 times the values in Table II. The conversions
were made to allow easier comparison of the data and do
not alter correlation values because the scaled values are
proportional to the original values. Although the new scales
should not be construed to be equal to transfer energies, a
mean of these scales correlates slightly better with parti-
tion energies than the AF' scale does. The correlation

TABLE IV
POLARITY SCALES CALCULATED FROM

DISTRIBUTIONS OF RESIDUES IN PROTEINS

Data AF' A B C Mean
source A

Ile -1.13 -1.38 -1.55 -1.16 -1.31 + 0.17
Leu -1.18 -0.99 -1.61 -1.04 -1.21 ± 0.24
Val -1.27 -1.55 -0.78 -0.77 -1.09 ± 0.33
Ala 0.10 0.07 0.00 0.08 0.06 ± 0.04
Gly 0.33 0.23 0.54 0.52 0.41 ± 0.13
Pro 0.73 0.71 0.60 0.77 0.70 ± 0.06
Phe -2.12 -0.60 -2.26 -1.73 -1.68 + 0.65
Met -1.59 -1.12 -1.37 -0.99 -1.27 ± 0.23
Trp -0.51 -0.32 -1.02 -1.65 -0.88 ± 0.52
Tyr -0.21 -0.51 -0.18 -0.42 -0.33 ± 0.14
His -0.50 -0.25 -0.54 -0.67 -0.49 ± 0.15
Thr 0.07 0.44 -0.06 0.64 0.27 ± 0.28
Ser 0.52 0.67 0.60 0.20 0.50 + 0.18
Asn 0.48 0.82 0.12 0.48 0.48 + 0.25
Gln 0.95 0.66 0.54 0.77 0.73 ± 0.15
Asp 0.78 0.84 0.90 0.69 0.80 ± 0.08
Glu 0.83 0.71 0.90 0.64 0.77 ± 0.10
Lys 1.40 0.93 1.43 0.96 1.18 ± 0.24
Arg 1.91 0.53 0.72 0.20 0.84 ± 0.65
Cys -1.42 -1.47 -1.13 -1.41 -1.36 ± 0.13
R(ASE) 0.65 0.74 0.63 0.62 0.66
R(AF) 0.84 0.77 0.86 0.95 0.90
R(AF')* - 0.96t 0.97 0.92 -

The sources of data used to calculate the polarity scales are (A)
Ponnuswamy et al. (1980), (B) Meirovitch et al. (1980), and (C) Wertz
and Scheraga (1978). Methods used to calculate the polarity scales from
the original data are described in the text. R(ASE) and R(AF) are the
same as in Table II and R(AF') is the correlation coefficient with the AF'
values calculated by fitting the Prabhakaran and Ponnuswamy data.
*Data for Arg was not included.
tData for Phe not included.

coefficient of the Miyazawa and Jernigan (1985) data with
the mean scale of Table IV is 0.97 and with AF' is 0.95.
Their data suggest that His is more polar than indicated by
the mean scale or AF'. Apparent transfer energies for Arg
calculated from these studies are substantially less than
those calculated by fitting the Prabhakaran and Ponnus-
wamy data or from partitioning of Arg into octanol. This
result is probably related to the long Arg side chain, most
of which may be buried even though its most polar end
portion is exposed.
AF and the mean scale from Table IV are plotted in

Fig. 2 as a function of AFaa from Table I. For Ile, Leu, Ala,
Gly, Phe, His, Thr, Ser, Asn, and Gln the correlation
coefficient relating the mean values is 0.994, the slope of
the best fit line is 1.0, and its y-intercept is 0.53 kcal/mol.
The slope of one suggests that the energies required to
move the side chains from water to the interiors of soluble
proteins are about the same as those calculated from
partitioning of amino acids between water and octanol.
The y-intercept of 0.53 kcal/mol suggests that this much
energy is required to move Gly into the interior of the
protein. Four residues (Trp, Tyr, Pro, and Lys) fall
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substantially above the line in Fig. 2, and three (Val, Met,
and Glu) fall below it. Deviation of Pro is expected since it
disrupts a-helices and A-sheets and is often found in reverse
turns on or near the protein surface. Deviation of Lys and
Glu may be related to the difficulty in determining parti-
tion energies of titratable groups. Trp and Tyr residues
appear to be exposed to water more than expected from
their AFaa values. Values of AFaa for Cys and Asp at pH 7
are not available.

DISCUSSION

It has been asserted that distributions of residues in soluble
proteins do not correlate well with partitioning of amino
acids between water and organic solvents (Janin, 1979) but
do correlate with energies required to transfer side-chain
analogs from water to vapor (Wolfenden et al., 1981;
Wolfenden, 1983) These claims do not appear justified.
More of the studies described here correlate better with
partition energies than with solvation energies. Apparent
transfer energies calculated from binary classification of
residues as buried or exposed appear to depend on the
method used to classify residues. Wertz and Scheraga
(1978) used a seven-step algorithm based on the number of
times a grid of lines parallel of each of the three axes
intersected the solvent exposed van der Waals surface of

E

U-
4.

-a -1 .@ 1 93

AFdO(.kcaI/mol)

FIGURE 2 Apparent transfer energies calculated from residue distribu-
tions in soluble proteins (AF' and mean scale of Table IV) vs. mean
side-chain partition energies (AFt,) calculated from partitioning of amino
acids in octanol and from solubilities of amino acids in ethanol and
methanol (the latter two scaled to values for octanol). Values calculated
from data of Prabhakaran and Ponnuswamy (1980) (column I of Table
IV) are represented by A, and mean values (column 4 of Table IV) are
represented by E. The AFaa values are from column 4 of Table I. The line
slope is 1 and the y-intercept is 0.53 kcal/mol. Letters represent the single
letter code for amino acids.

each residue. Apparent transfer energies calculated from
their data correlate with the partition energies, AFaa, and
apparent transfer energies, AF', calculated by fitting data
of Prabhakaran and Ponnuswamy, better than any of the
other binary classification data. Robson and Osguthorpe
(1979) classified only those residues that are highly sol-
vated as exposed and only those that are mostly buried as
buried. This method appears to classify small residues as
slightly more exposed and large ones as slightly more
buried than predicted by fitting the Prabhakaran and
Ponnuswamy data. Janin classified residues with <20 A2
accessible surface area as buried and the remainder as
exposed. This method appears to classify small residues as
more buried and large ones as more exposed than predicted
from Prabhakaran and Ponnuswamy's data. This result
might be anticipated since the accessible area of a rela-
tively exposed Gly might be <20 A2 whereas that for a
relatively buried Trp could easily be >20 A2. Data from
Chothia's study was calculated by classifying as buried
those residues with >95% of their maximum accessible
surface area buried, and by classifying the remainder as
exposed. This method yields results similar to the Janin
data. Deviation of these data from apparent energies, AF',
calculated from the Prabhakaran and Ponnuswamy data,
is more difficult to rationalize.
The layer analysis in which residue distributions are

analyzed as a function of distance from the protein surface
has the following advantages: (a) ambiguities involved in
classifying residues as buried or exposed are avoided, (b)
absolute values of transfer energies can be approximated,
and (c) concentration of residues that have substantial
polar and apolar side-chain components near the interface
can be detected. AF values and/or mean scale of Table IV
may serve as a reasonable approximation for the energy
required to transfer amino acid residues from water to the
interior of a protein. Any approximation that ignores
specific atomic interactions in proteins is crude; however,
when long range interactions are not known, this approxi-
mation should be better than using amino acid partition
energies because it avoids zwitterionic effects of amino
acids, avoids assumptions about the polarity of the protein
interior, and yields data for all residues at a pH of 7. When
using results presented here of the layer analysis, one
should be aware that some effects are not represented in
the data. Data for the layer analysis could be improved in
the following ways: (a) The data base could be separated
according to molecular weight or surface-to-volume ratio
of the proteins. Protein size probably affects the data
because a higher fraction of residues are buried in larger
proteins (Janin, 1979) and residues inside large proteins
are more polar than inside small proteins (Meirovitch et
al., 1980). (b) Data could be separated according to
secondary structure. Random coil and turn regions are
more exposed than a-helices or fl-sheets. Curves used to fit
data for a-helices, in which residues may be exposed or
buried to any degree will probably differ from those for
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3-sheets, in which residues may tend to be more completely
buried or exposed. (c) The data base could be increased.
This is probably essential for the improvements suggested
above to yield statistically significant data. (d) Distances
could be analyzed in absolute instead of relative units. (e)
A method that simulates the surface better than the
ellipsoids or that relates layers to the fraction of each
residue's surface that is exposed to water could be used.
The analysis presented here was undertaken to help

develop a method to approximate solvent and long range
protein interactions in models of protein structures in
which precise long range interactions may not be known. A
method using Eqs. 10 and 1 1, i.e., energy-distance relation-
ships similar to those in Fig. 1, has been developed to
predict the orientation and degree of solvent exposure of
amphiphilic a-helices at a water-protein or a protein-lipid
interface. In spite of the limitations of the data and analysis
described above, this method correctly classifies almost all
residues in hemoglobin as buried, partially buried, or
exposed (unpublished observation). It has been used with
other factors to predict which segments in acetylcholine
receptor channel (Guy, 1984a) and colicin El (Guy, 1983)
and colicin A channel (Guy, 1 984b) sequences are likely to
be transmembrane helices, and to predict which portions of
these helices should be exposed to water inside the channel,
to other helices, and to lipid. The polarity scale presented
here was not used in these studies to evaluate protein-lipid
interactions because the lipid environment is probably
substantially less polar than the interior of soluble pro-
teins.
The analysis presented here indicates that most residues

distribute as a function of the relative distance from the
surface of soluble proteins in a manner consistent with
side-chain partition energies calculated from partitioning
of amino acids between water and octanol phases. This
does not indicate, however, that octanol is a good model for
the interior of the protein. Yunger and Cramer (1981)
noted that side-chain partition energies calculated from the
studies using amino acids are -0.6 times those calculated
for transfer of side chains only to octanol using the method
of Hansch and Leo (1979). Also, absolute values of
side-chain partition energies to octanol calculated from
studies using amino acids are less than those calculated
from amino acid solubilities in ethanol and methanol even
though ethanol and methanol are more polar solvents.
These anomalous effects may be caused by the zwitterionic
nature of amino acids. Thus, the absolute magnitude of
energies required to transfer amino acid side chains to
organic solvents is subject to uncertainty. In addition,
absolute values of AF are dependent upon the sigmoidal
curve used in Eq. 10; e.g., if the same equation had been
modified so that Sig(x) is 0 when x < x - 0.5 and 1 when
x > x0 + 0.5, then AF' values would be two-thirds those
reported but the relative values would be the same. Abso-
lute values are not important for many applications. In
fact, the Prabhakaran and Ponnuswamy data were origi-

nally obtained from information theory and no attempt
was made to relate the terms to energies. The advantages
of absolute energies are that they can be better compared
with experimentally determined energies and can be com-
bined with other energy terms. The finding that, in most
studies, residue distributions do not correlate well with
solvation energies does not indicate that solvation energies
do not have important applications. Terms derived from
solvation energies may be appropriate when attempting to
add effects of water to other conformation energy terms
that treat proteins as if they exist in a vacuum. Thus,
selection of the appropriate energy scale depends upon
what one is trying to calculate.

Received for publication 10 January 1984 and in finalform 13 August
1984.
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