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A hydrophobic substance is readily
soluble in nonpolar solvents but only
sparingly soluble in water (/). The hy-
drophobic effect is believed to play a
major role in organizing the self-assem-
bly of water-soluble, globular proteins
(I-4). Upon folding, residues with non-
polar side chains that are driven from
water will comprise a molecular interior
where they can be shielded from solvent

tophan and tyrosine to be very hydro-
phobic, while Wolfenden and co-work-
ers (2) find these residues to be very
hydrophilic. Scales are compared and
their differences have been discussed (6).

We now derive two new scales that are
based on accessibility to solvent for resi-
dues within proteins of known structure.
These scales measure two quantities that
can be distinguished:
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proteins of known structure were used to measure the average area that each residue

buries upon folding. This characteristic quantity, the average area buried, is

correlated with residue hydrophobicity.

access. The effect is analogous to the
segregation of oil in water, with the
important distinction that residues in
proteins are covalently bound to their
chain neighbors and cannot partition in-
dependently.

To quantitate this effect, many scales
of hydrophobicity for the amino acids,
their residues, and their analogs have
been proposed (I-5). Such scales can be
classified as solution measurements, em-
pirical calculations, or some combina-
tion of the two. Solution scales are based
on distribution coefficients between an
aqueous phase and a suitably chosen
organic phase, while empirical scales are
based on partitioning between the sol-
vent accessible surface and the buried
interior in proteins of known structure.

Significant differences exist among
scales. Residues that are strongly hydro-
phobic on one scale may appear to be
strongly hydrophilic on some other
scale. For example, in solution measure-
ments, Nozaki and Tanford (/) find tryp-
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1) The area lost when a residue is
transferred from a defined standard state
to a folded protein. The area a residue
buries upon folding is proportional to its
hydrophobic contribution to the confor-
mational free energy, AG.ons (7).

2) The fractional accessibility of a res-
idue, defined as its mean accessible area
in protein molecules divided by the stan-
dard state area. The fractional accessibil-
ity is an intrinsic measure of hydropho-
bicity.

Although related, these quantities are
not equivalent. For example, a bulky
arginine residue makes a large hydropho-
bic contribution to AG..¢ because its
area loss upon folding is large, approxi-
mating that of leucine. Yet, the fractional
accessibility of an arginine is compara-
tively high because the remaining unbur-
ied area is also large.

In his influential review (8), Kauz-
mann used model compounds to show
that burial of hydrophobic groups is a
significant source of stabilization energy

in proteins. More than a decade later,
analysis of x-ray elucidated proteins dis-
closed that many hydrophobic groups
remain unburied (3—4, 9). Summarizing
these findings, Richards wrote (7):

Of the accessible areas of native structures,
roughly half represents polar atoms and half
nonpolar atoms. Thus the ‘grease’ is by no
means all ‘buried’. In the folding process
there are roughly equivalent decreases in the
accessibility of both the polar and nonpolar
groups. The relevant forces and the final
structure require more careful definition than
is implied by the common feeling that inside
equals nonpolar and outside equals polar.

Subsequent studies revealed further
complexity: the correlation of hydropho-
bicity with total residue surface area is
excellent (10), but the corresponding
correlation with residue area buried
upon folding is poor (3, 4).

Thus, it has been widely accepted (2—
4, 11) that only a weak relation exists
between the tendency for residues to be
buried within proteins and their hydro-
phobicity, when measured as the free
energy of transfer from water to organic
solvent (I). However, we now report
findings that lead to the opposite conclu-
sion, revealing a strong correlation be-
tween hydrophobicity and the surface
area residues bury upon folding.

Calculation of solvent-accessible sur-
face areas. The solvent-accessible sur-
face area (9) was calculated for 4410
residues taken from monomers of 23 x-
ray elucidated proteins (12); atomic radii
used were those of Richards (9). Normal-
ized distribution functions were then
compiled, as shown in Fig. 1. Each dis-
tribution is, in effect, a histogram show-
ing the percentage of residues of each
type that are: fully accessible, 5 percent
buried, 10 percent buried, and so on until
completely buried.

Accessibility must be measured rela-
tive to a defined standard state. Two
ways of specifying a standard state have
been discussed (13, 14). The extended
standard state for a residue, X, is taken
to be the surface area of that residue in
the extended tripeptide Gly-X-Gly (see
Fig. 2), with dihedral angles ¢ = —140°,
¢ = 135°, x; = —120°, and x2. .~ =
180° (13). In the present study we use
a stochastic standard state, defined as
the mean accessibility of an ensemble of
tripeptides having dihedral angles taken
from the observed distribution in actual
proteins (I4). For example, if there are N
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phenylalanines in the database of pro-
teins, then N tripeptides, Gly-Phe-Gly,
are constructed with angles

Cbi, llli, Xi(n where i = 1, 2, e ,N

The mean accessibility for phenylalanine
and Aits substituent groups is the ensem-
ble average. Physically, the stochastic
standard state reflects the degree to
which residues are buried by backbone
atoms from covalent neighbors in the
ensemble. Both extended and stochastic
standard states give similar values; indi-
vidual residue differences range between
1 and 15 percent.

Surface area and hydrophobicity.
Mean accessibilities, <A;>, were calcu-
lated for the distributions shown in Fig.
1. Using the mean and standard state
accessibilities, we derived several char-
acteristic quantities for each residue.
These are listed in Table 1 and include:

1) A% the stochastic standard state
accessibility—that is, the solvent acces-
sible surface area of a residue in the
standard state.

2) <A>, the mean solvent-accessible
surface area—that is, the average sol-
vent accessible surface area of a residue
in folded proteins.

3) A® — <A>, the mean area buried
on transfer from the standard state to the
folded protein (proportional to the hy-
drophobic contribution to AG gng).

4) (A° — <A>)/A°, the mean fraction-
al area loss, denoted f, where

f=1-(<A>/A%

5) AG; the Nozaki-Tanford (I) free
energy of transfer from water to organic
solvent, in kilocalories per mole (scale
includes 11 residues only).

The mean fractional area loss, f, is the
average area a residue buries upon fold-
ing, normalized by its standard state
area. The relation between area buried
upon folding and standard state area is
presented graphically in Fig. 3. The resi-
dues can be divided into three groups: (i)
hydrophobic, including (Gly), Ala, Cys,

Fig. 1. Normalized distribution functions of
accessibility to solvent for the 20 residues,
calculated from proteins of known structure
(12). Each function is, in effect, a histogram
showing the percentage of residues of that
type that are: fully accessible, 5 percent bur-
ied, 10 percent buried, . . . , completely bur-
ied. An integrated curve is superimposed on
the histograms; the curve is a plot of percent-
age of residues that are 0 to 5 percent buried,
0 to 10 percent buried, . . ., 0 to 95 percent
buried, 0 to 100 percent buried. (By defini-
tion, the integrated curve must range from 0
to 100 percent of total number of residues as
the proportion of buried residues is varied
from 0 to 100 percent.)
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Table 1. Mean (designated <A>) and standard state surface areas (A°) for the amino acid

residues.

A A° <A> A% — <A> o_ 0 AG?
Residue ( Az) ( Az) ( Az) (A <A>)A (kcal)
Ala (397) 118.1 31.5 86.6 0.74 0.5
Arg (137) 256.0 93.8 162.2 0.64
Asn (221) 165.5 62.2 103.3 0.63
Asp (239 158.7 60.9 97.8 0.62
Cys (98) 146.1 13.9 132.3 0.91
Gln (164) 193.2 74.0 119.2 0.62
Glu (217) 186.2 72.3 113.9 0.62
Gly (435) 88.1 25.2 62.9 0.72 0.0
His (99) 202.5 46.7 155.8 0.78 0.5
Ile (255) 181.0 23.0 158.0 0.88
Leu (297) 193.1 29.0 164.1 0.85 1.8
Lys (288) 225.8 110.3 115.5 0.52
Met (66) 203.4 30.5 172.9 0.85 1.3
Phe (135) 222.8 28.7 194.1 0.88 2.5
Pro (152) 146.8 53.7 92.9 0.64
Ser (341) 129.8 44.2 85.6 0.66 -0.3
Thr (265) 152.5 46.0 106.5 0.70 0.4
Trp (75) 266.3 41.7 224.6 0.85 3.4
Tyr (181) 236.8 59.1 177.7 0.76 2.3
Val (348) 164.5 23.5 141.0 0.86 1.5

*The values in parentheses are the numbers of residues of each type in the database. All other quantities are
described in the text.
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