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Background: The tractability of many algorithms for determining the energy
state of a system depends on the pairwise nature of an energy expression.
Some energy terms, such as the standard implementation of the van der Waals
potential, satisfy this criterion whereas others do not. One class of important
potentials that are not pairwise involves benefits and penalties for burying
hydrophobic and/or polar surface areas. It has been found previously that, in
some cases, a pairwise approximation to these surface areas correlates with the
true surface areas. We set out to generalize the applicability of this
approximation.

Results: We develop a pairwise expression with one scalable parameter that
closely reproduces both the true buried and the true exposed solvent-
accessible surface areas. We then refit our previously published coiled-coil
stability data to give solvation parameters of 26 cal/mol Å2 favoring hydrophobic
burial and 100 cal/mol Å2 opposing polar burial.

Conclusions: An accurate pairwise approximation to calculate exposed and
buried protein solvent-accessible surface area is achieved.

Introduction
Many energy minimization schemes require an energy
expression that depends exclusively on the superposition
of two-body interactions. Of particular interest to us is the
dead-end elimination theorem [1], which allows at most
two-body interactions between amino acid sidechain rota-
mers and the protein backbone (or template) and between
pairs of rotamers. Terms that depend on more than two
bodies cannot be included. This leads to a general problem
of accommodating surface area dependent terms in such
energy expressions because the buried and/or exposed
surface areas of three or more interacting bodies cannot be
calculated exactly as the sum of two body interactions.

The problem is exacerbated when calculating surface
areas using the Lee and Richards’ [2] definition of solvent-
accessible surface area, in which 1.4 Å is added to every
atomic radius before calculation of the area. This increases
the number of intersecting atoms and makes an accurate
calculation of solvent-accessible surface areas by a two-
body method problematic (Figure 1). As Figure 1b shows,
a simple two-body method to calculate exposed hydropho-
bic solvent-accessible surface areas correlates poorly with
the true surface areas, and as such limits the use of a
simple two-body method in protein design calculations.

A two-body approach has been considered in the context of
increasing the speed of calculation of buried hydrophobic
surface area for folding studies [3,4] in which the areas of
individual atoms or pseudo-atoms were calculated pairwise.

These areas were either combined statistically (assuming
randomly distributed atoms) or added and scaled and a
high correlation with the true Lee and Richards surface
areas was found. The use of reduced van der Waals radii
to compensate for pairwise over-counting has also been
discussed [5,6]. Other (not necessarily pairwise) tech-
niques for calculating surface areas have been reviewed
recently [7]. Here, we find empirically that by scaling only
the portion of the expression for pairwise area that is
subject to over-counting, we can achieve excellent agree-
ment with both the true buried and the true exposed
solvent-accessible surface areas.

Results and discussion
The pairwise calculation of surface areas used in this
study differs in several key respects from that of our pre-
vious work [8]. Here, we include backbone atoms (N,
HN, CA, HCA, C and O) in the calculation of surface
areas. For each sidechain rotamer r at residue position i
with a local tri-peptide backbone t3 ([CA, C, O]i – 1, [N,
HN, CA, HCA, C, O]i, [N, HN, CA]i + 1), we calculate
Ao

ir t 3, the exposed area of the rotamer and its backbone in
the presence of the local tri-peptide backbone, and Air t,
the exposed area of the rotamer and its backbone in the
presence of the entire template t, which is the protein
backbone (Figure 2). The difference between Ao

ir t 3 and
Air t is the total area buried by the template for a rotamer r
at residue position i. For each pair of residue positions i
and j and for rotamers r and s on i and j, respectively, we
calculate Air jst, the exposed area of the rotamer pair in the
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presence of the entire template. The difference between
Air jst and the sum of Air t and Ajst is the area buried between
residues i and j, excluding that area buried by the tem-
plate. The pairwise approximation to the total buried
surface area is:

(1)

As shown in Figure 2, the second sum in Equation 1
over-counts the buried area. We have therefore multiplied

the second sum by a scale factor s whose value is to be
determined empirically. Expected values of s are discussed
below.

Noting that the buried and exposed areas should add to
the total area:

Σ
i

Ao
ir t 3 (2)

the solvent-exposed surface area is:

(3)

The first sum of Equation 3 represents the total exposed
area of each rotamer in the context of the protein template
ignoring interactions with other rotamers. The second sum
of Equation 3 subtracts the buried areas between rotamers
and is scaled by the same parameter s as in Equation 1.

Some insight into the expected value of s can be gained
from consideration of a close-packed face-centered cubic
lattice of spheres of radius r. When the radii are increased
from r to R, the surface area on one sphere buried by a
neighboring sphere is 2πR(R – r). We take r to be a carbon
radius (1.95 Å), and R is 1.4 Å larger. Then, using:

(4)

and noting that each sphere has 12 neighbors, we have:

(5)

This yields s = 0.40. We note that a close-packed face-cen-
tered cubic lattice has a packing density of 74% and that
protein interiors have a similar packing density, although
because many atoms are covalently bonded the close pack-
ing is exaggerated [9,10]. We therefore expect s = 0.40 to
be a lower bound for real protein cores. For non-core
residues, where the packing density is lower, we expect a
somewhat larger value of s.

We classified residues from ten proteins ranging in size
from 54 to 289 residues into core or non-core, as described
in the Materials and methods section (Table 1). The clas-
sification into core and non-core was made because core
residues interact more strongly with one another than do
non-core residues. This leads to greater over-counting of
the buried surface area for core residues.

Considering the core and non-core cases separately, the
value of s that most closely reproduced the true Lee and
Richards’ surface areas was calculated for the ten proteins.
The pairwise approximation very closely matches the true
buried surface area (Figure 3). It also performs very well
for the exposed hydrophobic surface area of non-core
residues (Figure 4b). The calculation of the exposed
surface area of the entire core of a protein involves the

s
R

R R r
=

× −
4
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Figure 1

A comparison of true solvent-accessible surface area and the area
calculated with the simplest pairwise technique (Equations 1 and 3
with s = 1) for subsets of 1mol. (a) Buried area. The line of best fit has
a slope = 1.24 and a correlation coefficient R2 = 1.00. The differences
between calculated and true buried areas are in the range 0–22%.
(b) Exposed hydrophobic area. The differences between calculated
and true areas in the range 0–250% for small areas converge to 100%
for areas > 1000 Å2. The line of best fit (not shown) has a slope = 0.00
and R2 = 0.00. In each case, a dashed line of slope = 1 is shown.
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difference of two large and nearly equal areas and is less
accurate (Figure 4a); as will be shown, however, when there
is a mixture of core and non-core residues, a high accuracy
can still be achieved. These calculations indicate that for
core residues s is 0.42 and for non-core residues s is 0.79.

To test whether the classification of residues into core and
non-core was sufficient, we examined subsets of interacting
residues in the core and non-core positions, and compared
the true buried area of each subset with that calculated by
Equation 1 (using the above values of s). For both subsets
of the core and of the non-core, the correlation remained
high (R2 = 1.00) indicating that no further classification is
necessary (data not shown). (Subsets were generated as
follows: given a seed residue, a subset of size two was gen-
erated by adding the closest residue; the next closest
residue was added for a subset of size three, and this was
repeated up to the size of the protein. Additional subsets
were generated by selecting different seed residues.)

It remains to apply this approach to calculating the buried
or exposed surface areas of an arbitrary selection of inter-
acting core and non-core residues in a protein. When a
core residue and a non-core residue interact, we replace
Equation 1 with:

(6)
buried
pairwise o

3
<

( A A A )A A A s s si t
i

i t i i t j j t ij i j t
i j

r r r s r s= ∑ ∑− + + −( )
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Figure 2

Areas involved in calculating the buried and
exposed areas of Equations 1 and 3. The
dashed box is the protein template (i.e. the
protein backbone), the heavy solid lines
correspond to three rotamers at three
different residue positions, and the lighter
solid lines correspond to surface areas.
(a) Ao

ir t3 for each rotamer. (b) Air t for each
rotamer; notice that the template has buried
some area from the lower two rotamers.
(c) Ao

ir t3 – Air t summed over the three
residues. The upper residue does not bury any
area against the template except that buried in
the tri-peptide state Ao

ir t3. (d) Air jst for one pair
of rotamers. (e) The area buried between
rotamers (Air t + Ajst – Air jst) for the same pair
of rotamers as in (d). (f) The area buried
between rotamers (Air t + Ajst – Air jst) summed
over the three pairs of rotamers. The area
intersected by all three rotamers (and only
that area) is counted twice and is indicated by
the double lines. The buried area calculated
by Equation 1 is the area buried by the
template, represented in (c), plus s times the
area buried between rotamers, represented in
(f). The scaling factor s accounts for the over-
counting shown by the double lines in (f). The
exposed area calculated by Equation 3 is the
exposed area in the presence of the template,
represented in (b), minus s times the area
buried between rotamers, represented in (f).

(a) (b)

(c) (d)

(e) (f)
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Table 1

Selected proteins, total number of residues and the number of
residues in the core and non-core of each protein (glycine and
proline were not considered).

PDB code Total size Core size Non-core size

1enh 54 10 40
1pga 56 10 40
1ubi 76 16 50
1mol 94 19 61
1kpt 105 27 60
4azu-A 128 39 71
1gpr 158 39 89
1gcs 174 53 98
1edt 266 95 133
1pbn 289 96 143



and Equation 3 with:

(7)

where si and sj are the values of s appropriate for residues i
and j, respectively, and sij takes on an intermediate value.
Using subsets from the whole of 1pga, the optimal value of
sij was found to be 0.74. This value was then shown to be
appropriate for other test proteins (Figure 5). The correla-
tion shown in Figure 5b represents a substantial improve-
ment over that shown in Figure 1b and demonstrates the
utility of our approach.

In previous work, we examined the ability of a simple van
der Waals potential energy function to predict the thermal
stability of a series of coiled coils [8]. We noted a significant
improvement in the correlation between calculated stabili-
ties and experimentally measured stabilities when a
hydrophobic burial benefit of σnpAnp

buried was included in the
calculated energies, where σnp is a hydrophobic solvation
parameter whose value was determined to be 23 cal/mol Å2

and Anp
buried was the calculated buried hydrophobic area. The

correlation between calculated energies and experimental

exposed
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Figure 3

A comparison for ten proteins of the true buried surface area and the
pairwise buried surface area calculated using Equation 1. (a) Core
residues using s = 0.42. (b) Non-core residues using s = 0.79. In each
case the correlation coefficient R2 = 1.00. The lines of best fit have
slope = 0.99 and slope = 1.00 for (a) and (b), respectively, and
differences between calculated and true buried areas are ≤ 2.5%.
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Figure 4

A comparison for ten proteins of the true exposed hydrophobic
surface area and the pairwise exposed hydrophobic surface area
calculated using Equation 3. (a) Core residues using s = 0.42, with
R2 = 0.69 (a dashed line of slope = 1 is shown for reference). The
maximum difference between calculated and true exposed
hydrophobic areas is 170%. (b) Non-core residues using s = 0.79.
The line of best fit has slope = 1.02 and a correlation coefficient
R2 = 1.00. The maximum difference between calculated and true
exposed hydrophobic areas is 5%.
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melting temperatures was further improved by penalizing
polar surface area burial by σpAp

buried, where σp is a polar
solvation parameter and Ap

buried was the calculated buried
polar area. The best values of σnp and σp were found to be
16 cal/mol Å2 and 86 cal/mol Å2, respectively, when both
solvation terms were used together. In order to benefit
from the more accurate pairwise surface area method in
protein design studies, it is necessary to update the values
of σnp and σp. We use Equation 6 and the values of s
described above. Residue 26 of the coiled coil used in the

previous study was the only residue determined to be in
the core. When only the hydrophobic burial benefit was
considered, the best fit value of σnp was determined to be
48 cal/mol Å2. When both the hydrophobic burial benefit
and the polar burial penalty were considered together,
the best fit values of σnp and σp were determined to be
26 cal/mol Å2 and 100 cal/mol Å2, respectively (Figure 6).

By examining a test set of proteins of various sizes, we
have determined that the true Lee and Richards’ buried
and exposed surface areas can be approximated well as a
superposition of two-body interactions using Equations 6
and 7, with values for the parameter s that depend on the
structural context of each residue. For core residues
s = 0.42, for non-core positions s = 0.79, and for interactions
between core and non-core positions sij = 0.74.

Materials and methods
We considered ten representative proteins whose Brookhaven PDB
codes [11] are listed in Table 1. The program BIOGRAF (Molecular
Simulations Incorporated, San Diego, CA) was used to generate expli-
cit hydrogens on the structures, which were then conjugate gradient
minimized for 50 steps using the DREIDING force field [12].

We classified residues as core or non-core using an algorithm that
considered the direction of each sidechain’s Cα–Cβ vector relative to
a surface computed using only the template Cα atoms with a carbon
radius of 1.95 Å, a probe radius of 8 Å and no add-on radius. A residue
was classified as a core position if both the distance from its Cα atom
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Figure 5

A comparison of true surface area and that calculated with Equations 6
and 7 for subsets of 1mol using sij = 0.74. The subsets are the same
as in Figure 1. (a) Buried area. The line of best fit has slope = 1.01, a
correlation coefficient R2 = 1.00, and a maximum difference between
calculated and true buried area of 2%. (b) Exposed hydrophobic area.
The line of best fit has slope = 1.05 and a correlation coefficient
R2 = 1.00, with differences between calculated and true areas of
0–30% for small areas, converging to 5% for areas > 1000 Å2. These
differences represent approximately an order of magnitude
improvement over Figure 1.
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Figure 6

Correlation between calculated and measured stability for designed
coiled coils using buried surface areas calculated using Equation 6
(compare to Figure 5b of [8]). Solvation parameter values are
26 cal/mol Å2 favoring hydrophobic burial and 100 cal/mol Å2

opposing polar burial. The labels A–H correspond to proteins
PDA-3A–PDA-3H of [8].
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(along its Cα–Cβ vector) to the surface was > 5.0 Å and the distance
from its Cβ atom to the nearest point on the surface was > 2.0 Å [13].
The advantage of such an algorithm is that a knowledge of the amino
acid type actually present at each residue position is not necessary.

Surface areas were calculated using the Connolly algorithm with a dot
density of 10 Å–2 [14], using a probe radius of zero and an add-on
radius of 1.4 Å [2] and atomic radii from the DREIDING forcefield [12].
Atoms that contribute to the hydrophobic surface area are carbon,
sulfur, and hydrogen atoms attached to carbon and sulfur.

Energy calculations and parameter optimizations for the coiled-coil
system were performed as previously described [8].
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