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Residue-specific potentials between pairs of side-chains and pairs of side-
chain—backbone interaction sites have been generated by collecting radial
distribution data for 302 protein structures. Multiple atomic interactions
have been utilized to enhance the specificity and smooth the distance-
dependence of the potentials. The potentials are demonstrated to success-
fully discriminate correct sequences in inverse folding experiments. Many
specific effects are observable in the non-bonded potentials; grouping of
residue types is inappropriate, since each residue type manifests some
unique behavior. Only a weak dependence is seen on protein size and
composition. Effective contact potentials operating in three different en-
vironments (self, solvent-exposed and residue-exposed) and over any dis-
tance range are presented. The effective contact potentials obtained from
the integration of radial distributions over the distance interval r < 6.4 A
are in excellent agreement with published values. The hydrophobic inter-
actions are verified to be dominantly strong in this range. Comparison of
these with a newly derived set of effective contact potentials for closer
inter-residue separations (r < 4.0 A) demonstrates drastic changes in the
most favorable interactions. In the closer approach case, where the num-
ber of pairs with a given residue is approximately one, the highly specific
interactions between charged and polar side-chains predominate. These
closer approach values could be utilized to select successively the relative
positions and directions of residue side-chains in protein simulations,
following a hierarchical algorithm optimizing side-chain-side-chain inter-
actions over the two successively closer distance ranges. The homo-
geneous contribution to stability is stronger than the specific contribution
by about a factor of 5. Overall, the total non-bonded interaction energy
calculated for individual proteins follows a dependence on the number of
residues of the form of #'%, indicating an enhanced stability for larger
proteins.
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Introduction

residues along the chain backbone. Studies based
on short-range interactions only, or local propensi-

Among the interactions responsible for the stabil-
ization of the native structures in globular poteins,
those occurring between sequentially distant but
spatially close amino acid residues are recognized
to play a dominant role. These are referred to as
non-bonded or long-range interactions, in the
sense that they involve residue pairs that are not
near-neighbors in the primary structure, but close
to each other in the three-dimensional configur-
ation. Short-range interactions, on the other hand,
refer to those occurring between near-neighbor
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ties for secondary structures, succeed in predicting
the secondary structure up to about 72% accuracy
(Rost & Sander, 1993). However, it is clear that the
tertiary interaction problem is more difficult. The
native state is stabilized by various residue-
specific, non-bonded interactions that hold a pro-
tein together in a compact form, in a delicate
balance.

Because a large number of degrees of freedom
must be optimized simultaneously to reach the
most probable state, coarse-grained models, or

© 1997 Academic Press Limited



196

Long-range Interactions in Proteins

so-called low-resolution approaches including
fewer numbers of conformational variables
(Jernigan, 1992) have been adopted in several stu-
dies (Crippen & Viswanadhan, 1985; Wilson &
Doniach, 1989; Sippl, 1990; Casari & Sippl, 1992;
Sippl et al.,, 1992; Bryant & Lawrence, 1993; Sun
et al., 1992; Sun, 1993; Jones et al., 1992; Wallqvist
& Ullner, 1994). The original work of Levitt &
Warshel (1975) and Levitt (1976) revealed that
such simple models could capture the character-
istics of the overall folds. The basic idea therein
was to combine the atoms into unified groups, or
effective interaction sites and connect them by vir-
tual bonds. Threading of sequences through struc-
tures indicated that such simplified models
together with database-extracted residue-residue
contact potentials could effectively discriminate
among alternative folding motifs (Covell &
Jernigan, 1990; Hendlich et al., 1990; Bowie et al.,
1991; Jones et al., 1992; Casari & Sippl, 1992;
Maiorov & Crippen, 1992; Bryant & Lawrence, 1993;
Kocher et al., 1994; Miyazawa & Jernigan, 1996).

Yet, it is recognized that for design purposes and
dynamic simulations, more precise expressions
including both the residue-specific distance-depen-
dence of the potentials and the conformational
preferences of the polypeptide backbone, should
be developed. Incorporation of an artificial dis-
tance-dependence to Miyazawa-Jernigan (M])
(1985) contact potentials, for example, was shown
by Park & Levitt (1996) to increase the efficiency
of the potentials in discriminating X-ray and near-
native folds from amongst an ensemble of decoy
conformations. In a recent comparison of detailed
and reduced protein models tested for simulating
the folding of proteins, Monge et al. (1995) empha-
sized the importance of improving the inter-resi-
due potential functions. That is the purpose of this
study. Long-range potentials are elaborated here,
using 302 structures from Brookhaven Data Bank
(PDB: Bernstein et al., 1977; Abola et al., 1987),
which were recently used for characterizing the
coordination geometries of non-bonded side-chains
(Bahar & Jernigan, 1996). In a separate study, we
demonstrated with a thorough analysis of short-
range potentials, the importance of combining the
two types of potentials (I. B.,, M. Kaplan & R. L. J,,
unpublished results).

One deficiency of the MJ contact potentials is their
quite weak specificity. The radius for interaction
(6.5 A) used for their derivation is an obvious
source of this non-specificity. On average, about
six-non-bonded residues are found in the sphere
centered on a buried side-chain. Probably not all
of these are interacting directly with the central
side-chain; consequently, this overcounting of
interacting pairs leads to a smoothing of the speci-
ficity. Here, we are going to take a smaller radius
where only one interacting pair is found on aver-
age and, as will be seen, these yield a significantly
stronger specificity.

Each residue is represented here by two inter-
action sites, one on the backbone, and the second

on the amino acid side-chain. The side-chain sites
are selected on the basis of the specific structure
and energy characteristics of the amino acid
(Bahar & Jernigan, 1996). Distance-dependent side-
chain-side-chain interaction potentials extracted at
0.4 A resolution are used to estimate the effective
contact potentials operating over different distance
ranges. For example, we reproduce the M] contact
potentials that were recently updated (Miyazawa
& Jernigan, 1996), as one case for integration of
the present potentials over the range r < 6.4 A.
We generate effective inter-residue potentials oper-
ating in two distinct distance ranges, close
(r < 4.0A) and distant (4.0 <7 < 6.4 A). Tt is gen-
erally accepted that hydrophobic interactions exert
the strongest forces leading to the collapse to a
compact globular shape, whereas hydrophilic resi-
dues are distinguished by their more specific but
weaker effects (Miyazawa & Jernigan, 1985, 1996).
That hydrophobicity is a major determinant of
protein structure is supported by the success of
models based on atomic solvation alone (Wang
et al. 1995a,b). Although the predominant role of
hydrophobic interactions in the range r < 6.4 A is
confirmed in the present study, a contrasting
behavior will be revealed for the close distance
regime: the hydrophilic interactions are found to
gain importance over hydrophobic interactions,
and to dominate the contact preferences at
close separations. This suggests the successive
use of two sets of effective inter-residue potentials
corresponding to (1) the broad distance
range 2.0 <7 < 6.4A, and (2) close distance
2.0 <7 <4.0A, via a hierarchical simulation al-
gorithm, for a more precise discrimination of the
structural preferences of globular proteins in the
native state.

Finally, we note that the accuracy of statistical
potentials extracted from protein structures was
recently questioned by Thomas & Dill (1996). In
view of their arguments on the limits of applica-
bility of Boltzmann statistics to Data Bank struc-
tures, and on the biases in extracted potentials
arising from chain connectivity and excluded
volume effects, a systematic analysis of effective
contact energies as a function of the size and com-
position of the learning dataset of proteins has
been performed here. The reproducibility of the
results has been verified using two independent
protein sets, Set I and II, presented on the Internet
(Bahar & Jernigan, 1996), comprising each >150
proteins. In contrast to the results of Thomas &
Dill (1996), no significant dependence on the size
of the proteins or on the fraction of hydrophobic
residues is observed. Such excluded volume and
sequence effects were apparently magnified in
their cases for two dimensions and with two-letter
model chains of n < 18 monomers. Furthermore,
the partition propensity, a property related to the
effectiveness of the burial of hydrophobic residues
in a given protein, is shown to have only a
small perturbing effect on the effective contact
potentials. These results, together with successful
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threading experiments, confirm the adequacy of
knowledge-based potentials and low-resolution
models as a first-order approach to elucidate
sequence-structure relations in proteins.

Theory

Potentials of mean force

The potential of mean force between two residues’
side-groups A and B expressed relative to the
average potential Eyx(r) is given (Sippl, 1990) by:

AE4p(r) = Eap(r) — Exx(r)
= —RT In[gar(rc)/ gxx(11)] 1

where g4p(r) is the normalized radial pair distri-
bution function corresponding to the pair A and B
located at a distance r X Ar from each other (see
Materials and Methods) and gxx(r) is the mean
pair radial distribution function averaged over all
types (N = 20) of amino acid pairs as:

XXV
axx(r) =N~ 848(7) (2)
A=1 B=1

Exx(r) may be regarded as a homogeneous inter-
action energy existing between an average pair of
amino acid residues in the native state of globular
proteins, upon which particular attractive and/or
repulsive preferences AE,3(r) are superimposed,
leading to the specific interaction potentials E 45(r).
In analogy with equation (2), it proves useful to
define for each type (A) of residue a pair corre-
lation function, gax(r), averaged over all types of
interacting partners, as:

8aB(7) 3)

B=1

gax(r)=N""

The summation in equation (3) includes all con-
tacts [A,X] of a given amino acid A, with all other
non-bonded residues (X) located at a distance
r X Ar.

We note that the expression for the potential of
mean force presented in equation (1) differs from
that adopted in the original work by Sippl (1990),
in that the radial distribution functions are nor-
malized here with respect to (1) the total number
of contacts observed for each pair of amino acid
residues, and (2) the volume 4nr?Ar of the spheri-
cal shell associated with a given inter-residue dis-
tance range r X Ar (see equation (19) in Materials
and Methods). The second normalization ensures
the convergence of the potentials to vanishingly
small values at separations r > 12 A. Additionally,
no dependence on the topological separation of
residues A and B along the backbone is included
here, all pairs of sites separated by five or more
virtual bonds being treated equally. Nearer neigh-
bors, on the other hand, will be subject to a funda-
mentally different treatment based on Markov
statistics, their interactions being strongly con-

strained by chain connectivity (I. B., M. Kaplan &
R. L. J., unpublished results).

Effective inter-residue contact energies

Effective inter-residue contact energies between
the pair of residues A and B located at a separ-
ation r < r. are given by (Miyazawa & Jernigan,
1985):

eap(re) = Eap(re) + Eoo(re) — Eao(re) — Epo(re)  (4)

and
eapre) = Eap(re) — (Eaa(re) + Epp(rc))/2  (5)

Here E,y(r.) is the solvent-solvent interaction
energy representative of all groups of water mol-
ecules located at a distance of . or closer to each
other, E, ,(r.) and Egy(r.) are the interaction ener-
gies between solvent and residues of type A and
B, respectively. A group of solvent molecules 0
comprises the number of water molecules that are
collectively the size of an average residue. e,p(r.)
is the energy difference accompanying the for-
mation of the contact pairs [A, B] and [0, 0] from
the contact pairs [A, 0] and [B, 0], and e,z%r,.) is
the energy associated with the formation of the
contact pair [A, B] at the expense of the pairs [A,
A] and [B, B]. e 5(r.) and e, zAr.) will be referred to
as solvent-mediated effective contact potentials
and effective self contact potentials, respectively,
in the following. e,zAr.) may be expressed in
terms of the radial distribution functions as:
kKZ,

eap(rc) = — RTIn gap(r) dr
KZ re 7z re )\._1/2)\.
C) gaa(r)dr  gpp(r) dr (6)
0 0

which follows from equations (1) and (5). On the
other hand, to evaluate e,z(r.) is somewhat more
complex; it may be conveniently estimated from:

K Z A

eap(te) = — RTIn qax(re)gex(re)  gas(r) dr
0

- EAO(rc) - EBO(rc) + E(/)‘()(rc) (7)

Here q.x(r.) represents the average coordination
number of residue A, on the basis of all inter-resi-
due contacts [A, X] within a spherical volume of
radius r,., centered about residue A. The product
gax(re) qpx(r.) takes into consideration the differ-
ences in the intramolecular coordination numbers
of different residues. Eg, (¥.) includes the solvent—
solvent interaction and other non-specific contri-
butions within a sphere of radius r.. E,u(r.) or
Ego(r.) is determined from:

A
Nax(rc)
ga(re)Na

where N x(r.) = XN 5(r.) is the total number of

K
Eqo(rc)) = —RTIn 1-— + const. (8)
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contacts between all residues of type A in the
dataset and all other residues located within a dis-
tance r < r, from A, and N, is the total number of
residues of type A. Equation (8) is based on a lat-
tice description of protein structure following the
Bethe approximation (Miyazawa & Jernigan, 1985,
1996). qu(r.) is the total coordination number of
residues type A. It includes both solvent molecules
and all other side-chains located at r < r.,, such
that the total number of contacts involving A may
be written as:

P Nas(r) £ Naor) = garONa )

This conservation equation simply states that, on
average, coordination shells are completed by sol-
vent molecules. Rearrangement yields:

Nap(re)/[9a(rc)Nal + Nao(re)/[qa(rc)Nal = 1
B

(10)

We note that the internal coordination number
may be expressed as gax(r.) = ZpNap(t.)/Na.
Equation (9) provides a means of estimating the
number N ,4(r.) of effective contacts with solvent
molecules. As may be inferred from equation (10),
the term in square brackets in equation (8) is equal
to the probability of observing an [A,0] contact
within 7 < 7. In the calculations, E,y(r.) and
Epo(r.) will be conveniently expressed relative to
the solvent—glycine interaction Eq(r.), and all con-
stant contributions will be incorporated into
EBO(rc)'

Finally, the residue-mediated effective contact
energies (Miyazawa & Jernigan, 1985, 1996):

ea™(re) = Eap(re) + Exx(rc) — Eax(rc) — Epx(rc)
(11)

are found directly from the pair radial distribution
functions, using the expression:
K Z te Z T

eapre) = — RTIn gap(r)dr  gxx(r) dr
0

0z, z, )
gax(r)dr gpx(r) dr (12)
0

Equations (7) and (12) yield the effective contact
energies for two different reference states, solvent-
exposed and residue-exposed states. These ener-
gies may be evaluated for any distance range of
interest upon suitable selection of the integration
limits.

Results and Discussion

Side-chain pair correlation functions and
hydrophobicity profiles

In order to gain an understanding of the general
behavior of each type of residue, results have been
consolidated into the integrated distributions
gax(r) defined by equation (3). The results for
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Figure 1. Normalized pair radial distribution functions
gax(r) for contacts between pairs [A, X], for a particular
residue type A and all residues X in the same protein,
defined by equation (3). The multiple atoms listed in
Table 4 of Bahar & Jernigan (1996) characterize the inter-
actions of each type of residue. The mean distribution
3xx(r) defined by equation (2) is shown by the continu-
ous boldface curve. Curves in (a) are drawn for A = Val,
Leu, Ile and Phe; gax(r) for the charged residues
A = Arg, Lys, Asp and Glu are displayed in (b). gax(r)
curves for the hydrophobic residues lie above the aver-
age gxx(r), which is characteristic of residues preferen-
tially located in the interior regions of proteins. In the
case of charged residues (b) a new peak emerges near
2.5 A that indicates a tendency for these residues to
come into close proximity to particular neighbors. Erra-
tum: in (b), for glutamatic read glutamic.

hydrophobic and charged residues are illustrated
in Figure 1(a) and (b), respectively. The continuous
heavier curve is the mean distribution gxx(r)
defined by equation (2); it serves as a reference.
The curves are drawn by interpolating results
compiled at 0.4 A intervals. ) )
Two peaks located at about 45 A and 9 A are
observed in the gxx(r) curve. These peaks reflect
the distance between a given side-chain and those
in the first and second shell of neighbors, respect-
ively. Examination of a particular radial distri-
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bution, on the other hand, reveals that the inter-
residue spacing varies considerably with residue
type. For the charged residues (Figure 1(b)), an ad-
ditional peak appears at about 2.5 A, indicating
that those residues tend to come into closer proxi-
mity for some particular neighbors.

The radial distributions provide an indirect esti-
mation of the location, on the surface or in the in-
terior, of different residue types. In fact, the
division by 4nr* in evaluating the distributions
at different separations (see Method) effectively
diminishes the contribution of contacts occurring
at larger 7, and emphasizes the relatively shorter-
range contacts. As a consequence, those residues
buried in the globule, which experience a larger
number of contacts at relatively shorter distances,
exhibit higher g4x(r) values on the observed scale,
compared to residues on the surface. For example,
the curves for the hydrophobic residues, in Fig-
ure 1(a), lie above the average gxx(r). Met, Trp
and Tyr exhibit (not shown) a similar trend.
Charged and polar residues, on the other hand
yield gax(r) curves that remain lower than gxx(r),
except for the extremely small r region where
strong specific interactions can occur. Among
other residues not shown, Pro approximates the
behavior of charged and polar residues; His, Ala
and Gly do not show a strong preference for
particular locations; Cys, and particularly those
forming disulfide bridges, exhibit the strongest
apparent hydrophobic behavior.

A quantitative assessment of the hydrophobicity
profiles emerging from the present approach is
made by evaluating standard deviation coefficients
o[A,B] for each residue pair as:

olA, B] = sign(Agap)h(Zax(r) — Zex ()i (13)

Here the brackets represent the average over all
separations and all types of residues X, and
5ign(Agap) refers to the sign of the mean devi-
ation Agap = Igax(rc)—gex(rv)i. A negative value
for o[A,B] means that the residue type A is more
exposed to solvent compared to B. And the absol-
ute value jo[A,B]j provides a measure of the simi-
larity between amino acid residues A and B,
insofar as long-range interactions are concerned,
with smaller jo[A,B]j values corresponding to
more similar pairs of residues. The complete list of
o[A,B] for all [A, B] is available upon request. The
average of o[A,B] over all B yields a hydrophobi-
city ranking in the order of Cys > Ile > Met > Phe
> Val > Leu > Trp > Ala > Tyr > His > Pro > Gly
> Thr > Ser > Asn > GIn > Arg > Asp > Glu >
Lys. Hydrophobicity scales have been obtained in
a large number of studies wusing various
approaches (Nozaki & Tanford, 1971; Levitt, 1976;
Meirovitch et al., 1980; Wolfenden et al., 1981;
Miyazawa & Jernigan, 1985; Rose et al., 1985;
Cornette et al., 1987). We note that the present
ordering closely approximates that obtained by
Rose et al. (1985) on the basis of mean-solvent
accessibilities. In their study, the fractional area

loss upon folding yields the quite similar rank Cys
> lle = Phe > Val > Met = Leu = Trp > His > Tyr
> Ala > Gly > Thr > Ser > Pro = Arg > Asn > GIn
= Asp = Glu > Lys.

Homogeneous interactions

For estimating the mean potentials E, () and E,(r)
corresponding to the respective side-chain-side-
chain (5-S) and side-chain—backbone (S-B) inter-
actions averaged over all residue types, a limiting
distance ry,, needs to be set, beyond which the
non-bonded correlations become vanishingly
small, and the interaction energies decay to zero.
Accordingly, the homogeneous background poten-
tial between pairs of side-groups is expressed as:

Exx(r) = —RT In[gxx(7)/ §xx(T1im)] (14)

A similar expression holds for E (r) in terms of the
corresponding normalized pair radial distribution
functions and cutoff distance.

Selection of the cutoff distance is made by analyz-
ing the number of contacts taking place at separ-
ations 7 X Ar, within bins of size Ar=0.1 A. The
results are shown in Figure 2, as a function of 7.
The S-B contacts are denoted as Nggz(r X Ar) in (a),
and the S-S contacts as Ngg (r X Ar) in (b). At
short separations, the preferences embodied in the
radial distribution functions are effective; whereas
at large separations, the numbers of contacts
should increase linearly with %, conforming with
a uniform density of particles. Such a region
where the number of contacts scale linearly with
r* may be delimited in the curve Ngg(r X' Ar) start-
ing from rz 11 A and endmg at rw 15A. The
slope of the tangent to this region, drawn by linear
regression, reflects the uniform density of atoms in
compact globular proteins. The decrease in the
slope at larger separations reflects the limited sizes
of the proteins. It is interesting to observe that the
best fit line through the linear portion of the Ngg
(r ¥ Ar) curve in Figure 2(b) also has the same
slope as the Ngp(r X Ar), confirming that the same
uniform density region is approached regardless
of the types of interacting atoms. It is clear from
the Ngg (r X' Ar) curve in Figure 2(b) that a separ-
ation exceeding £12 A would introduce biases
from the finite sizes of the proteins. Likewise,
r=15A is the maximum separation at which the
gx(r) curves are likely to remain meaningful. In
view of these considerations, the lower value
im = 12 A has been adopted.

The resulting potentials of mean force E, (1) and
E.(r) are presented in Figure 3 in dimensionless
form. The absolute values of these curves at the
minima are small. Yet, the overall contribution of
homogeneous interactions to stability is large, as
will be shown in Applications, in view of the fact
that these are summed over all residues separated
by r < 1. The sum E_(r) + E (), which is the
effective S-S5 and S-B homogeneous potential ex-
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Figure 2. (a) Total number of contacts Ngg(r X Ar)
between side-groups (S) and backbone (B) atoms, taking
place at separations r ¥ Ar, in the 150 structures of Set I
(Bahar & Jernigan, 1996). Results are given as a function
of 7%, using bms of size Ar=0.1A. Ngg(r X Ar) scales
lmearly with 7 in the range 11 < r < 15 A, approxi-
mately, in conformity with the uniform density of atoms
at long separations. The tangent to this region is drawn
by linear regression, and the corresponding equation is
displayed. The decrease in the slope at r > 15 A is due
to the finite sizes of the proteins. Thus, 1y, 7 15 A, indi-
cated by the arrow, is the maximum separation at
which gx(r) curves can be reliably adopted in evaluating
S-B potentials of mean force. (b) Total number of con-
tacts between pairs of side-group atoms, Ngg(r X' Ar).
The best fitting line in the range r < 12 A exhibits the
same slope as the tangent to Ngg(r X' Ar). This demon-
strates the existence of a uniform distribution of atoms
at long distances, regardless of the type of atoms.
im @ 12 A is indicated as an upper limit beyond which
the number of S-S contacts is biased by the finite size of
the proteins.

perienced by a side-group, is also shown in Fig-
ure 3.

The residue-specific potentials, AE,p(r), differ
from a typical 6-12 Lennard-Jones atomic potential
function in the existence of multiple minima. This
is a characteristic property of potentials of mean
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Figure 3. The homogeneous potentials Exx(r) and Ex(r)
obtained with 7, = 12 A for all S-S and S-B contacts, re-
spectively, regardless of the type of residue. The sum
Exx(r) + Ex(r) is given as the heavy line.

force is dense systems. Another feature of poten-
tials of mean force is their long correlation lengths.
Cutoff separations in the range 10 < 1, < 15A
have been considered in previous studies (Wilson
& Doniach, 1989; Sun, 1993; Jones et al., 1992;
Bryant & Lawrence, 1993). This range may be
compared with 7, # 7.0 A commonly used with
Lennard-Jones potentials. In fact, information
about supersecondary structures and overall top-
ology is included in the potentials of mean force.
For example, the residues belonging to parallel o-
helices are separated by 8 to 10 A (Wilson &
Doniach, 1989). The range of 5.5 <1 <65 A is typi-
cal of the pairs [C}, Cf, ,] in o-helices; whereas
the same atoms are separated by 11 < r < 14 A in
extended B-strands.

Specific interactions between side-chains

Due to the large number, 210, of distinct side-
chain pair types (S-S) for the 20 types of amino
acids, we limit our presentation to a few illustra-
tive examples. The complete set of interaction
energies is available upon request.

The interaction potentials between hydrophobic
residues and other groups of residues are illus-
trated in Figure 4(a). The curve labeled [H¢, Ho]
represents the potentials of mean force AE,p(r)
averaged over the residues H =1Ile, Leu, Val, Phe
and Met. [H¢, polar] refers to the average inter-
action between H¢ and polar side-chains Asn,
GlIn, Ser, Thr and His. [H¢, Lys] illustrates the
interaction between H¢ and charged residues; the
interactions with Glu and Asp closely approximate
that of [H¢, Lys], while that of the pair [Hp, Arg]
is slightly more favorable. Tyr and Trp are com-
bined in the last curve, as their interactions with
the hydrophobic residues exhibit comparable
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Figure 4. The potential of mean force AE 45(r), the excess
over the homogeneous interaction Eyxx(r), calculated
with equation (1) for [A, B] = [H$, Hol, [Ho, Lys], [Ho,
polar] and [Ho, Tyr & Trp] in (a), [Arg, Lys], [Arg, Ser
& Thr] and [Arg, Asp & Glu] in (b), and [Asp, Ser],
[Asp, Thr], [Asp, H¢] and [Asp, Lys] in (c). The group
H¢ includes the hydrophobic residues H¢p =1Ile, Leu,
Val, Phe and Met. The [Ho, polar] curve describes the
potential of mean force averaged over the group H¢
and the polar residues Asn, Gln, Ser, Thr and His. Tyr
and Trp are also combined, their interactions with the
hydrophobic residues being similar. The interactions of

trends. In many instances, Trp exhibits behavior
quite similar to that of the hydrophobic residues,
but it is definitely distinguished from them by its
favorable interaction with Arg. This is an inter-
action upon which others have remarked (Levitt &
Perutz, 1988; Flocco & Mowbray, 1994).

Figure 4(b) and (c) typify the interactions
between charged and polar residues. Comparison
with Figure 4(a) shows that the energy wells are
now narrower and shifted to closer separations.
We obtain an attractive potential of & —2.5 RT
for oppositely charged residues at a separation of
about 3 A; whereas the same type of interaction
was reported to be subject to an attraction of
only ¢ —15RT at £4 A in the work of Wilson &
Domach (1989), or only & —075 RT at
0<r<5A in work of Bryant & Lawrence
(1993). The choice of side-group interaction cen-
ters at specific atoms in the present work (see
Table 4 of Bahar & Jernigan, 1996) leads to stron-
ger interactions at close distances.

Another observation is that the clusters of amino-
aromatic or pairs of aromatic residues are favored,
which was pointed out by Burley & Petsko (1988)
to play a considerable role in stabilizing native
structures. We have also observed in other studies
(Wallqvist et al., 1995) a segregation between ali-
phatic and aromatic carbon atoms. Stacking of sp*
hybridized nitrogen atoms above aromatic rings
such as Phe and Tyr has been pointed out by
Mitchell et al. (1994) to be more frequent than the
formation of hydrogen bonds between those
groups. A relatively high frequency of Arg side-
group nitrogen atoms approaching Tyr and Trp is
found here; whereas a tendency for close approach
of Arg to Phe is not observed.

Effective inter-residue contact energies

In Table 1, we present the effective inter-residue
contact energies e,p(r.) and e45(r.) obtained from
the integrations of the radial distribution functions
in the range 2.0 < 7 < r.= 6.4 A. The upper limit
is chosen as 6.4 A so as to be able to compare
with the contact energies derived by Miyazawa &
Jernigan (1985, 1996). The range r <2.0A is
excluded in all integrations, inasmuch as no con-
tact takes place below this lower limit. Values of
eqp(r.) are given on the diagonal and in the upper
triangular elements of the 20 ® 20 matrix. The di-
agonal elements are underlined for clarity. The
lower triangular elements represent the e,zAr.)
values. The residue types are listed in the first col-
umn and first row of the Table. The corresponding

Ser and Thr with Arg are quite similar, as well as those
of Asp and Glu with Arg, hence their representation by
single representative curves in (b). Results are obtained
at 0.4 A intervals, starting from 2.0 A, and connected by
smooth curves for visualization. The strong tendency of
Lys, Ser and Thr to cluster together with Asp is illus-
trated in (c).
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Table 1. Effective broad contact energies in RT units for inter-residue distances r <

triangular half and diagonal, e,3%r.) for the lower half

.= 6.4 A: e, 5(r.) for the upper

Gly Ala Val Ile Leu Ser Thr

Asp Asn Glu GIn Lys

Arg Cys Met Phe Tyr Trp His Pro

Gly —2.13 —2.55 -3.10 —3.37 —3.55 —2.03 —2.16 —1.90 —1.88 —1.44 —1.85 —1.25 —2.12 —3.27 —3.37 —3.65 —2.95 —3.43 —2.12 -1.77
Ala 0.14 —3.24 —4.02 —4.38 —4.52 —2.42 —2.50 —2.02 —2.21 —1.86 —2.34 —1.49 —2.20 —3.96 —4.14 —4.59 —3.53 —4.13 —2.84 —2.26
Val 037 0.01 —4.81 —5.27 —5.42 —2.95 —3.06 —2.33 —2.74 —2.59 —3.13 —1.97 —3.10 —4.61 —5.01 —5.44 —4.36 —5.04 —3.54 —3.03
Ile 0.54 0.08 —0.03 —5.69 —5.86 —3.42 —3.62 —2.93 —3.00 —3.09 —3.36 —2.54 —3.47 —5.20 —5.51 —5.93 —4.82 —5.48 —3.83 —3.47
Leu 0.53 0.11 —0.01 —0.01 —6.02 —3.43 —3.58 —2.95 —3.30 —3.15 —3.68 —2.61 —3.67 —5.24 —5.66 —6.11 —4.92 —5.47 —4.13 —3.47

Ser 0.04 021 046 043
Thr 0.04 025 048 0.35
Asp —0.08 036 0.82 0.66
Asn 0.16 039 0.65 0.83
Glu 024 037 043 0.36
GIn 0.15 023 022 042

0.59 —2.01 —2.09 —1.97 —1.92 —1.99 —1.94 —1.29 —2.05 —3.13 —3.33 —3.49 —2.77 -3.14 —2.64 —1.77
0.56 0.05—-2.26 —2.06 —2.06 —1.95 —2.10 —1.46 —2.23 —3.29 —3.38 —3.60 —2.81 —3.32 —2.60 —1.86
0.81 -0.21 —-0.17 —1.50 —1.85 —1.47 —1.82 —1.90 —2.54 —2.38 —2.75 —3.04 —2.75 —2.97 —2.51 —1.37
0.69 0.07 0.05-0.12 -1.96 —1.81 —2.15 —1.54 —1.98 —3.02 —3.20 —3.38 —2.84 —3.32 —2.39 —1.56
0.47 —0.37 —0.20 —0.11 —0.21 —1.23 —1.72 —1.98 —2.64 —2.59 —3.09 —3.20 —2.76 —3.10 —2.45 —1.45
0.27 0.00 -0.03 —0.13 —0.23 —0.17 —1.88 —1.64 —2.30 —3.00 —3.42 —3.73 —3.05 —3.49 —2.51 —1.90

Lys 0.09 041 070 0.57 0.68-0.01 —0.06 —0.88 —0.28 —1.09 —0.43 —0.54 —1.08 —2.02 —2.58 —2.85 —2.50 —2.96 —1.56 —0.90

Arg 0.10 0.57 046 0.53 049 0.11

0.05 —0.63 0.16 —0.87 —0.21 0.34 —2.31 —2.94 —3.15 —3.80 —3.22 —3.90 —2.59 —2.07

Cys 060 047 060 045 057 068 065 117 076 083 075 1.06 1.02-5.61 —4.99 —5.49 —4.26 —4.61 —3.96 —3.16

Met 044 023 014 0.08 0.10 042 050 0.75

Tyr 0.15 0.13 0.08 0.06 0.13 027 036 0.03
Trp 024 0.10 —0.03 —0.03 0.15 048 0.42 0.39
His 059 043 052 066 052 0.01 0.18—-0.11
Pro 0.09 016 017 0.17 034 003 0.07 0.18

SLV 0.00 028 0.75 1.13
corr(e) 098 0.99 0.98 0.99
corr(¢) 095 0.79 0.88 0.93

053 027 027 044 076
Phe 054 015 0.09 0.03 0.02 064 065 084 072 054 033 054 048
0.17 —=0.11 —0.08 —0.19 —0.03 0.59 0.10 0.21 —4.07 —4.64 —3.62 —3.09
0.27 0.12 0.06 —0.08 —0.14 0.81 —0.01
024 -0.18 0.07 036 021 049 029 034 0.06 0.18-3.30-2.30
022 -0.04 -0.16 0.17 -0.12 0.44 0.07 0.23 -0.26 —0.24 0.15 -1.59

1.33 —0.08 —0.01 —0.08 —0.04 —0.09 —0.03 —0.24 0.06 0.25 1.03
0.99 097 097 097 096 097 098 095 097 098 0.99
093 091 095 097 098 098 093 098 096 0.78

0.57 —5.50 —5.84 —4.69 —5.37 —4.11 —3.48

044 0.03 —6.24 —4.94 —5.68 —4.43 —3.69

0.05 0.00 —5.22 —4.07 —3.65

1.67 070 153 0.27 0.01
099 098 098 0.97 0.98
0.87 092 0.87 0.82 091 0.89

corr(e) and corr(e) are correlation coefficients between present results and those of Miyazawa & Jernigan (1996) calculated for e,
and e, respectively. SLV refers to solvent, and the corresponding row represents the interaction potentials E ,,(r.) between solvent
and residue type A, normalized with respect to that between solvent and glycine.

residue-solvent (SLV) interaction energies E,4(r.)
normalized with respect to that of glycine, and the
correlation coefficients between the present results
for e,p(r.) and e 5%r.) and those of the updated MJ
potentials (Miyazawa & Jernigan, 1996) are listed
in the last three rows, respectively. Here Ey(r.)
has been simply taken as —3.3 RT, the value lead-
ing to the highest correlation between the two sets
of results.

We note that Miyazawa & Jernigan (1996) used a
similar distance integration (r. = 6.5 A), but differ-
ent centers for interaction. They used side-chain
centers and here we use selected atom pairs. Over-
all, excellent agreement between the two sets of
data is observed. The pair of residues subject to
the most favorable intramolecular interaction
e gAr.) is [Lys, Glu] in both cases; whereas [Asn,
Cys] is subject to the strongest repulsion. On the
basis of the solvent-mediated contact energies
eap(ry), on the other hand, [Leu, Leu] and [Lys,
Lys] pairs exhibit the extreme behaviors of oppo-
site character, in conformity with the MJ results;
the respective contact energies are —6.02 RT and
—0.54 RT. The agreements are excellent for the
eqp(r.) values, on average, better than 0.98; for the
eqap(r.) values, correlation coefficients are slightly
lower, averaging 0.94. This agreement verifies the
consistency of the present approach with previous
work. The data and formalism presented here per-
mit, on the other hand, the derivation of effective
inter-residue contact potentials for any distance
range, which may be conveniently used in on and
off-lattice simulations of proteins.

We note from Table 1 that the strongest attractions
are those between pairs of hydrophobic side-
chains; whereas interactions between hydrophilic
groups are relatively weaker. However, from the
distance-dependence of the particular potentials of
mean force AE,(r), illustrated in Figure 4, it is
not hard to realize that the character of the effec-
tive contact potentials should be considerably
altered at shorter separations. In fact, most of the
attractive potentials between hydrophobic groups
occur in the range 4 <r < 6 A (Figure 4(a));
whereas pairs of polar and charged groups experi-
ence the strong attractions in the interval
2 < r < 4 A, approximately (Figure 4(b) and (c)).

In order to quantify these arguments, calculations
are repeated for .= 4.0 A. The coordination num-
bers of the different residue types excluding first
neighbors along the chains are given in Table 2,
for both r,=4.0 and 6.4 A. These are obtained by
applying the approach of Miyazawa & Jernigan
(1985) to buried residues (located within a distance
of 70 A of the center of protein). The proteins
with size n > 100 in our dataset (Bahar &
Jernigan, 1996) were considered in evaluating g(r.).
Also shown are the total numbers of contacts
Nx(r.) observed between A and all other side-
chain groups located within a distance r. of A. It
can be seen that the average coordination number
of 61X09 for r.=64A is now reduced for
r.=40A to 09 $0.6. This indicates that highly
spec1f1c, individual pairs are now to be observed
within this narrower distance range of r, < 4.0 A.

The results are presented in Table 3, in the same
format as Table 1. In order to facilitate the com-
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Table 2. Coordination numbers, g4(r.), for r.=4.0 and
6.4 A

A r.=40A r.=64A
Nax(r)? qu(r) Nax(r)? qa(r)
Gly 750 1.48 7095 6.61
Ala 880 1.45 8963 6.26
Val 439 0.88 8986 6.17
Tle 410 0.75 7717 5.92
Leu 480 0.71 12,080 5.90
Ser 888 1.26 5148 6.98
Thr 767 1.15 5131 6.75
Asp 742 1.05 4308 6.26
Asn 439 1.03 3360 6.31
Glu 679 0.80 4046 6.17
Gln 307 0.92 2804 6.54
Lys 638 0.76 3654 6.80
Arg 462 0.49 3223 6.23
Cys 895 1.29 3149 6.59
Met 156 0.72 2702 5.96
Phe 188 0.54 5839 5.58
Tyr 211 0.65 4278 5.72
Trp 113 0.26 1856 5.30
His 199 0.69 2232 6.03
Pro 159 1.31 3327 5.91

2Total number of inter-residue contacts occurring between resi-
due A and any other residue at r < ..

parison, e,p(r.) values for A=B = Gly in the two
Tables are set equal, by choosing Ego(r. =4 A) as
—5.6 RT. No normalization is required for e,zYr.)
values. Values missing in Table 3 correspond to
pairs of residues not observed at separations
r < 4 A, mainly [Trp, Trpl, [Trp, Tyr], [Trp, Glul],
[Trp, Met], [Met, Asp] and [Trp, SLV]. The most
striking observations in Table 3, in comparison to
Table 1 are:

(1) In Table 1, hydrophobic pairs, and in particular
those involving Phe and Leu, experience the stron-
gest attractions, of the order of —5 RT, insofar as
the solvent-mediated effective contact potentials

Table 3. Effective close contact energies in RT units for inter-residue distances r <

half and diagonal, e,z%r.) for the lower half

e p(r) are concerned; whereas these interactions
do not appear to be as favorable at close separ-
ations. In fact, an average value of only about
—1.5 RT for the e,p(r.) values of hydrophobic pairs
follows from Table 3.

(2) For charged residues the situation is reversed:
even the [Lys, Lys] pair, which was subject to the
weakest e,p5(r.) among all pairs at r < 6.4 A, is
found to be much more favorable (-3.70 RT),
when the range r < 4.0 A is considered. Oppo-
sitely charged side-chains are now subject to the
strongest interactions, as expected, their interaction
being of the order of —7.0 RT. The strongest
attraction occurs between Arg and Glu.

(3) Interactions between polar and charged side-
chains also emerge as an important group of
attractive potentials at r < 4.0 A. The correspond-
ing effective contact potential is about —5 RT, on
the average, and varies from —3.7 RT for [Asp,
GIn] to —6.6 RT for [Arg, Thr]. These may be com-
pared with the respective values —1.72 RT and
—2.23 RT in Table 1. We also note an enhancement
in the attractive interaction of the pair [His, Arg].

(4) In both Tables, pairs involving Cys exhibit
highly favorable interactions.

(5) From the comparison of the effective self
contact potentials e,zqr.) in the lower triangular
part of Tables 1 and 3, the first observation is
the broadening of the range of effective potentials
from 2.3 RT at r.=6.4 A to 42 RT at r,=4.0 A.
This indicates a 51gr11f1cant increase in spec1f1c1ty
for the narrower distance range. The pair [Lys,
Glu] is subject to the strongest attraction, —1.1 RT
and —2.3 RT in the respective Tables 1 and 3.

(6) Some amino-aromatic pairs such as [Phe, Arg],
[Tyr, Arg], [Pro, Asp], [Tyr, Lys] and [His, Asp]
exhibit an enhancement to the number of close
contacts, leading to more favorable contact poten-

r.=4.0 A: e y5(r.) for the upper

Gly Ala Val Ile Leu Ser Thr Asp Asn Glu Gln Lys Arg Cys Met Phe Tyr Trp His Pro

Gly —213-272-1.31-1.63 -1.42-3.90-3.92 —3.89 —3.28 —4.04 —3.05 —4.92 —-4.92 592 —-3.33 —244 -2.67 - —3.05-0.34
Ala 0.05 —3.44 —2.41 —2.84 —2.23 —3.86 —3.79 —3.78 —3.33 —3.41 —3.16 —2.60 —5.18 —6.14 —3.17 -2.33 -2.72 - -3.16-0.83
Val 0.47 0.00 -1.41 -1.73 —1.15 —2.66 —2.69 —5.44 —1.70 —2.18 —2.22 —2.77 —4.20 —-5.38 -2.13-1.17-1.73 - =239 0.75
Ile 0.55-0.05 0.07 —2.15 -1.73 —2.92 —2.78 —1.82 —1.96 —2.43 —2.05 —1.82 —491 —544 —242-1.80-2.08 - —4.73-3.20
Leu 0.09 —0.06 —0.02 —0.20 —0.91 —2.26 —2.44 —1.56 —1.84 —2.29 —2.28 —1.33 —3.81 —-5.23 —-3.08 -1.92-151 - —-195 0.74
Ser —043 0.25 044 0.59 058 —4.81 —4.86 —5.38 —4.41 —5.21 —4.26 —4.43 —6.28 —6.74 —3.15-1.63 —2.08 - —4.70-2.28
Thr -026 053 0.62 0.87 0.32 0.06 -5.19 —5.22 —4.55 —5.19 —4.40 —4.55 —-6.56 —6.71 —3.11 -1.88 -2.36 - —4.38-2.31
Asp -0.85-0.04 125 1.28 0.89 —1.89 —0.62 —4.03 —4.01 —4.25 —-3.71 —5.96 —7.58 —6.23 —1.88 —0.56 -1.09 - —6.43 —1.39
Asn —022 0.37 095 0.33 059 0.01 0.02-0.02—-4.06 —4.66 —3.74 —4.29 -537 —-5.30 —2.54 -1.70-198 - —3.42-0.89
Glu -051 046 052 0.66 0.31-0.85-047 —0.23 0.35-4.31 -3.85-5.99 -7.75 —6.11 —-2.61 —-091 —2.34 - —4.49-152
Gln -0.17-1.27 032 0.89-0.02-0.02 0.09-0.06 0.08 0.09 -3.74 —-4.30-5.84 —5.88 —2.71 -0.40-185 - —-3.18-1.57
Lys 0.02 096 1.66 1.06 0.77—-0.14-0.14 —2.07 —1.16 —2.27 —0.68 —3.70 —6.77 —7.42 —-225-1.29 -3.05 - —3.90-0.86
Arg 022 073 055 031 068 0.16 0.26-1.33 0.65-1.93 —0.03 0.54 —7.65 —7.26 —5.44 —4.65—-490 - —5.95-3.00
Cys 090 137 123 143 095 150 171 175 1.63 176 1.62 152 198 —-10.64 —6.48 —4.77 -520 - —6.65—-5.39
Met —0.64 —0.38 —0.25 —0.48 —0.24 0.03 057 - 1.29 0.20 -0.07 0.13 0.93 059 —-2.07 034-192 - -3.01-1.19
Phe -0.61 -0.52-0.36 —0.74 -0.40 0.82 0.79 152 0.23 125 1.66 0.63 —1.18 1.17 1.88-042 106 - -238-0.12
Tyr -1.52-0.67 -1.34 -1.41 -0.81 0.70 0.38 0.84 0.20 1.65—0.07 —1.38 —0.94 0.72 —-1.05 144 -024 - -3.60-1.05
Trp -1.01 0.36-0.32-0.04 -0.61 0.65 1.01 191-0.02 - 1.71 0.25-0.34 147 - 071 - - - -

His -0.24 0.12-0.06 —0.10 0.00 —0.68 —0.12 —0.96 0.22 —0.56 0.37 —0.20 —0.25 1.27  0.37 -0.64 —0.75 0.30 —3.30 —1.57
Pro 0.10 0.23-1.01 0.95 0.56 —0.41 —0.37 —1.42 0.35-0.05-0.35 0.36 0.30 093 —-0.15-0.75-1.14 —1.23 —0.52 1.06
SLV  0.00 0.19 -0.27 —0.03 —0.34 0.58 0.66 0.70 0.22 0.79 029 057 256 3.04 0.04-031-0.09 - 0.65 —0.98
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Figure 5. Potential of mean force AE,(r) = E(r) — E,(r)
for the S-B interaction between the side-group of residue
A and backbone atoms separated by at least four inter-
vening residues, shown for (a) A = Ser, Thr and Gly, (b)
A =Asn, GIn, Asp and Glu, and (c) A =Leu, Ile, Val
and Phe. The three residues in (a) exhibit the strongest
affinity for backbone atoms; AE,(r) is calculated by
using the counterpart of equation (1), with the S-B pair
radial distribution functions g4(r) and gx (7).

tials e,p\r.) at r < 4.0 A, compared with those at
r < 6.4 A. [Tyr, Gly] and [Asp, Gly] are also dis-
tinguished by their enhanced attraction at close
distances. )

In summary, the range r < 6.4 A may be viewed
as consisting of two different regimes of effective
contact potentials: at short distances, r < 4A,
highly specific interactions, predominantly attrac-
tive, occur between pairs of hydrophilic residues,
while pairs of hydrophobic side-chains exhibit
relatively weaker contact interactions. This beha-
vior is reversed at longer separations, i.e.
40 <r<65A.

Side-chain—backbone (S-B) interactions

The side-chains that display the strongest affi-
nity for backbone are Gly, Ser and Thr, as illus-
trated in Figure 5(a). The departure from the
homogeneous S-B interaction Ex(r) is designated
here as AE,(r) for residue type A interacting
with the backbone. The residues that exhibit
the next most favorable interactions are
Lys > Argw Asn>GInnw Asp >Glu, in order of
decreasing strength of attraction. Some of these
are illustrated in Figure 5(b). We note that Asn
and Asp display two minima, which may be
attributed to the specific interactions of the two
terminal atoms. The behavior of Glu is quite dis-
tinct from the chemically comparable residue Asp,
which brings attention to the effect of side-chain
flexibility on S-B interactions. Leu, Ile, Val, Phe,
Met, Cys, Tyr and Trp have qualitatively different
and rather weak, but favorable,ointeractions with
the backbone, centered near 7.5 A as illustrated in
Figure 5(c).

Applications

Relative contributions of homogeneous and
specific interactions to stability

The overall non-bonded interaction energy
between side-groups in a given protein, hereafter
referred to as E,(S-S), is evaluated by summation
of the potentials E,5(r) over all S-S pairs separated
by at least five intervening virtual bonds. Nearer
pairs along the chain are not included in this cat-
egory, since their interactions are likely to be bet-
ter accounted for by short-range energies. Each
interaction may be expressed as the sum of two
terms, Exx(r) and AE,p(r), representing the homo-
geneous and specific contributions. We will com-
pare the strengths of the two contributions. The
overall specific interaction potential in a given pro-
tein will be designated with the superscript s, as
Eii(S-9).

Results are displayed in Figure 6, as a function of
the number n of residues in each of the proteins
given in Set I on the Internet (Bahar & Jernigan,
1996). The filled circles represent the total S-S ener-
gies in dimensionless form, E,,(S-S)/RT. The open
circles show the contribution of specific inter-
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Figure 6. Total interaction energy E(S-S) between the
side-chain groups of 150 PDB structures of Set I (Bahar
& Jernigan, 1996), as a function of the protein size. The
abscissa gives the number of residues in each protein.
The filled circles are obtained from the summation of
homogeneous (Exyx) and specific (AE,p) interactions
between all side-chain groups separated by r < 12 A,
excluding the nearest neighbors; the open circles rep-
resent the contribution of specific interactions to the
total energy. Lines obtained by least-squares fitting indi-
cate an average total of —2.57 RT per residue stabilizing
globular proteins, and, of this, —0.43 RT comes from
specific effects.

actions. From the slopes of the best fit lines
obtained by linear regression, the average S-S po-
tential of mean force per residue is estimated to be
—2.57 RT. Of this, only —0.43 RT is from specific
interactions. A similar analysis for S-B interactions
yields the respective average values of —0.13 RT
and —1.07 RT for the specific and homogeneous
contributions to S-B potentials. These results show
that the native structures are stabilized mostly by
homogeneous attractions rather than by specific
interactions. However, we note that the homo-
geneous contribution is invariant to primary struc-
ture; whereas the specific contribution, alone,
discriminates between different amino acid
sequences for a given folded state.

Detection of non-native-like structures

The S-S and S-B potentials of some proteins are
found to be relatively weak compared to other
native structures. The Brookhaven Protein Data
Bank (PDB) names of these proteins, their number
of residues, the resolution of the X-ray coordi-
nates, if applicable, and the corresponding total
interaction potentials are listed in Table 4. The
results are divided into two groups. The upper
part of the Table lists relatively small proteins
(n <120), in which both the S-B and S-S inter-
actions per residue are found to be weaker than
—1.0 RT. The lower part shows those proteins
with n > 150, whose non-bonded interaction ener-
gies are weakest among the 302 PDB structures

Table 4. Proteins with weak non-bonded potentials

Resolution
PDB code n (A) E(S-S)/n  E(S-B)/n Others®
A. Small
9ins 20 1.70 —-0.76 —0.79
2zta“ 31 1.80 —0.41 —0.57
1ctaa® 33 NMR —-0.73 —0.54 NH,, Ca?™*
1tabi 34 2.30 —0.64 —0.10
2bpa3€ 35 3.40 —0.26 —0.13
1r094¢ 39 2.90 —0.43 —0.30 JEN, DMS
1ltsc® 40 1.95 —0.24 —-0.37
2madl* 50 225 —0.79 —0.49
laaf 54 NMR —0.96 —0.51 Zn?+
2mev4© 57 3.00 —0.30 —0.19 PO; ~
1pi2 60 2.50 —0.35 —0.74
Inxb¢ 61 1.38 —0.65 —0.70 SO3 -
3ebx 61 1.40 —0.46 —-0.97 SO3% ~
2cdve 106 1.80 —0.96 —0.98 Heme
lcy3€ 117 2.50 —0.59 —0.64 Heme
B. Large
7wga 170 2.00 —1.08 —1.28
1hgeb® 174 2.60 -1.13 —0.96
3pgm* 229 2.80 —1.48 -1.33 SOz —, MP3
4rcrh® 280 3.00 -1.26 —1.36
2plvl 296 2.88 —1.45 -1.22 MYR, SPH
3pgk 414 2.50 —1.67 —1.60 ATP, Mg**, MP3
2dpv*© 547 3.25 —1.66 —1.49

Energies are given in RT units.

2 Number of residues whose coordinates are reported in the PDB.

® Heterogeneous group reported in PDB. JEN, C;cH,,N,O; DMS, C,H,O S; MP3, 3-phosphogly-
cerate; MYR, C,,H,,0,; SPH, C,3H;sNO,.

¢ Proteins whose specific S-S or S-B interactions are also unusually weak (< — 0.15 RT per resi-
due) or repulsive, in addition to their homogeneous S-S and S-B interactions.
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considered in the present study, the complete list
of which is available on the Internet (Bahar &
Jernigan, 1996).

The structures subject to weak E,(S-S) and E,(S-
B) may be susceptible to unfolding, unless the
total energy is supplemented by other effects
not included here. In this connection, we note
that these non-bonded potentials do not include
the enhanced stability from (1) covalent bonds
between the disulfide bridge-forming cysteine resi-
dues, (2) coordination with a metal ion or other
prosthetic group buried in the protein, (3) inter-
actions with small molecules if present or the
other monomers in multimeric proteins, (4) strong
interactions with immobile structural water mol-
ecules or (5) the environment difference for mem-
brane proteins. Some of these effects are present
among the proteins listed in Table 4. For example,
7wga, 2madl, Inxb and 3ebx have 16, seven, four
and four disulfide bridges, respectively, which
might offset the weak non-bonded attractions to
stabilize the structure. Other proteins, such as
1tabi, 2plvl, 3pgm, 1lcy3, 2cdv and 1r094, form
complexes with oligomeric or prosthetic com-
pounds, and their weak energies suggest that
these structures might be unfolded, except for the
stability imparted by their complex formation.
Examination of the specific contribution to E..(S-
S) and E, (S-B) reveals that many of the proteins
listed in Table 4 (marked €) have relatively unfa-
vorable (< — 0.15 RT per residue) specific inter-
action potentials. Some counter-examples, i.e.
proteins whose specific interactions are much
more favorable than the average native structure,
are 2mrt, Imhu, 1cbh, latf, 4rxn, 3sici, 2ssi, 1tho,
1ppfe, 1sgt, 1tpa, 1tgs, 1s01, 8adh and lace.

Smaller proteins (n < 60) are generally subject to
relatively weaker non-bonded interactions. This
feature may be confirmed by plotting the log-
arithm of [E.(S-S) + E,,«(S-B)] against log n
(Figure 7) for the 302 proteins of Sets I and II. A
power law of the form E, § n'?® is found from
the slope of the best fit line from linear regression
giving a strong correlation coefficient, 0.987. The
proteins in Table 4, whose non-bonded energetics
are relatively weak, are shown by the plus signs
on the figure, some of which are also labeled;
whereas the results for the remaining 279 proteins
are indicated by the open squares.

The observed departure from a linear dependence
on n is evidence of the enhanced stability of larger
proteins. Smaller proteins might owe a consider-
able part of their stability to disulfide bridge-form-
ing cysteine residues, in a rather natural way to
compensate for their weaker internal non-bonded
energies. In fact, the average number of cysteine
residues forming disulfide bridges decreases with
increasing size of the proteins. The 46 proteins of
our dataset (Bahar & Jernigan, 1996) having
n < 60 exhibit, on average, 1.65 disulfide-bonded
Cys per protein; whereas this number drops to
0.87 in the case of the 65 proteins with
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Figure 7. Dependence of the overall non-bonded ener-
gies E, of databank protein structures on the number
of residues. Results are plotted for 302 known structures
given in Sets I and II on the Internet (Bahar & Jernigan,
1996). The logarithm of E,,/RT is plotted against log n.
This yields a power law of the form E, & n**® with a
correlation coefficient of 0.987. The proteins listed in
Table 4, which are subject to unusually weak interaction
potentials, are shown by + signs; these are excluded
from the least-squares calculation of the best fit line. The
results for the remaining 279 proteins are indicated by
squares.

60 < n <120, and to 0.49 for the remaining 187
structures with 7 > 120.

Threading experiments

Threading or inverse folding experiments are per-
formed without gaps or insertions using a struc-
ture-recognizes-sequence protocol (Hendlich et al.,
1990; Kocher et al., 1994) for 62 PDB structures of
size 29 < n < 292, determined to a resolution bet-
ter than 2.8 A. Sequences of 32 additional proteins
with 185 < n < 488 are utilized so as to increase
the number of variants (sequence fragments of all
larger size proteins, obtained by advancing one
residue at a time) threaded through the 62 target
structures, in parallel with the approach of Hen-
dlich et al. (1990). The results are presented in
Table 5. The first two columns give the PDB name
and the size of the known structure. The number
of sequence variants threaded onto each structure
is given in the third column. The rank of the
native sequence amongst all variants, classified on
the basis of total energy E., = E.(S-S) + E,«(S-B),
is given in the fourth column. Of 62 structures 52
correctly recognize the native sequence. The fifth
column represents the energy difference AE,,, per
residue between the native sequence and the var-
iant yielding the lowest energy. The ten cases that
yield a positive AE,,, and therefore fail to identify
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Table 5. Results of threading experiments based on residue-specific S-S and S-B potentials

Number of Rank (long- AE/mRT (long- Lowest energy

PDB name n variants range) range) variant
1rhd 292 1548 1 —5.25

1pyp 280 1873 1 -1.36

1dri 270 2155 1 —-3.51

laai 261 2419 1 —2.08

1dnk 259 2452 1 —-3.80

1caj 258 2570 1 —4.50

2ca2 256 2581 1 —5.62

1baa 242 3057 1 -1.95

3pgm 229 3540 1 —0.51

2cla 213 4032 1 —0.02

1bbt2 209 4341 1 —-1.38

labm 197 4871 1 -127

3adk 193 5008 1 -0.78

1gky 185 5429 1 —0.75

lcpe 173 6011 1 —0.03

lcpcl 173 6011 1 —-0.80

lcd4 172 6063 1 —1.58

2fcr 172 6063 1 —0.55

5p21 165 6433 1 -1.07

1184 161 6665 1 -1.20

3dfr 161 6665 1 —0.96

5Stnc 160 6711 1 —0.09

1mbn 152 7172 1 —0.53

11h3 152 7172 1 -0.70

1f3g 149 7333 1 —0.81

laak 149 7333 1 -1.32

4cln 147 7475 4 +0.11 1po4, 1
1mba 146 7537 1 —0.95

1fx1 146 7537 1 —1.48

1bab 145 7601 1 -1.52

1bar 137 8116 7 +0.50 1po4, 10
lend 136 8181 1 —0.11

leco 135 8250 1 —-0.85

2snm 134 8245 1 —0.46

1bbh 130 8595 1 —0.82

1ifb 130 8595 1 —0.08

1lhm 129 8666 1 —0.78

1bw4 124 9024 1 —0.55

4p2p 123 9097 1 —0.48

lalc 121 9245 1 —0.43

1paz 119 9391 1 —0.64

lcy3 117 9541 22 +0.32 1brd, 102
1cd8 113 9844 1 —0.76

2ssi 106 10,381 1 —-1.31

lacx 106 10,381 1 —0.88

1fkf 106 10,381 1 —0.92

1fdd 105 10,468 1 —0.62

laps 97 11,142 1 —-0.10

lten 89 11,711 1 —0.06

2gn5 86 12,603 1 —0.08

1c5a 65 13,736 65 +0.73 1po4, 21
Inxb 61 14,066 348 +1.15 lacx, 34
laaf 54 14,649 1 —0.01

legf 52 14,819 19 +0.45 8adh, 174
1gps 46 15,331 1 —0.06

latx 45 15,418 1 -3.25

1cbn 45 15,418 1 —0.26

1pdc 41 15,774 1 —-0.12

2bpa 35 16,311 4684 +0.29 laai, 121
1bba 35 16,311 178 +0.59 1po4, 64
2mrt 29 16,864 11 +0.48 1brd, 166
1mhu 29 16,864 4 +0.16 1po4, 56

The rank refers to the position of the native sequence in the energy-sorted list obtained for all variants
(column 3) threaded onto the reference structure (first column). The evaluation function is Ej,(S-
S) + E;,«(S-B). The fifth column is the excess energy of the native sequence relative to the lowest energy
variant. It assumes positive values if a non-native sequence (column 6) yields a lower energy than the
native sequence.

The PDB name of the 32 additional proteins used to enlarge the set of sequences to be threaded onto
the tabulated structures are 1lap, 1gly, 3tsl, 6icd, 3pgk, 3cp4, letu, lefm, 8adh, latna, lald, 2reb, 2liv,
5ldh, 1labh, lavha, 4tms, 4tln, lads, 1lfnr, 2gbp, 3cpa, 3ccp, 1pyp, 3blm, 1brd, 1sgt, 2act, 1bbtl, 1po4,
labma and 4sgb.
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the correct sequence-structure match are generally
smaller proteins, as expected. The PDB name and
the index of its starting residue for these best
ranking variants are given in the last column.

We have found that including the additional con-
tributions of short-range interactions together
with those of the non-bonded potentials in evalu-
ating threaded sequences improves the recognition
of correct sequence-structure pairs due to a com-
pensating effect between short-range and long-
range interactions (I. B, M. Kaplan & R. L. ],
unpublished results).

Discussion and Conclusion

How accurate are contact potentials?

Thomas & Dill (1996) have drawn attention to the
limits of applicability of knowledge-based poten-
tials, and to possible systematic errors arising
from the neglect of chain connectivity and
excluded volume. Most of the observed features in
databank-extracted potentials are pointed out to
be biased by hydrophobic (H) interactions. For
example, charged or polar residues (P) are said to
be driven to the protein surface by the non-polar
attractions of other amino acid residues, rather
than their favorable interaction with the solvent.
As a consequence, the contact potentials are
pointed out to be strongly dependent on the size
and composition of the proteins, on the surface-to-
volume ratio, and particularly, on the extent of
burial of hydrophobic residues in the protein in-
terior. The partition propensity m = 2n./(nyqy) of
the protein, for example, is presented as an im-
portant parameter controlling the values extracted
for the effective contact potentials. Here 7. and 1y
are the total number of contacts and the number
of hydrophobic residues in a given protein, and g
is the average coordination number of hydro-
phobic residues.

The basic assumptions and approximations
adopted in the extraction of empirical potentials
from known structures were recently discussed in
some detail (Jernigan & Bahar, 1996), and will not
be elaborated in depth here. The reader is referred
to this review for a more thorough description of
the limitations and/or achievements of knowl-
edge-based potentials. However, in view of the
recent issues raised by Thomas & Dill (1996), we
perform here a rigorous analysis of the depen-
dence of the effective H-H, H-P and P-P contact
potentials on the size, the fraction of hydrophobic
residues, and the partition propensities of the pro-
teins included in the learning dataset. Also a few
remarks on the adoption of Boltzmann statistics
and on the effect of environment on extracted po-
tentials are presented.

We note that Thomas & Dill (1996) base most of
their remarks on the results obtained with short
model chains (1 < 18 monomers) of two types (H
and P) of residues on a two-dimensional lattice.
As also recognized by those authors, excluded

volume is a more stringent constraint in two
dimensions than in three, size and sequence effects
may be more pronounced in their short-chain
models and the effect of dominant interactions
may be overestimated in chains composed of only
two types of monomers, the real energetics of the
proteins undoubtedly being more complex. The
results from calculations presented below aim at
giving an estimate of the actual errors incurred by
neglecting size and composition effects.

Dependence of effective contact potentials on the
size of the proteins

We have calculated the solvent-mediated effective
contact potentials for subsets of proteins of differ-
ent sizes selected from our original dataset of 302
structures. Results are displayed in Figure 8 for
the case r.= 6.4 A. The filled circles refer to sub-
sets of proteins with n ranking in the succes-
sive intervals 0 <n <150, 50 <»n <200, ...,
350 < n < 500. Such overlapping ranges are
selected so as to ensure that each subset comprises
at least 50 protein structures. The abscissa rep-
resents the average number of residues of the pro-
teins in each subset, and the ordinate represents
the solvent-mediated effective contact energies
averaged over different categories of residue pairs,
mainly H-H, H-P, P-P and C-C. In the group H,
we included the residues Ala, Val, Ile, Leu, Met,
Phe, Trp, Tyr and Cys, following Thomas & Dill
(1996); all other residues belong to the group P. C-
C refers to oppositely charged residue pairs. The
dependence of the effective contact potentials on
the size of the proteins is found to be negligi-
bly small. Calculations repeated for the effective
self contact potentials e,;z° and for the close dis-
tance interval r < r.=4.0A confirm that the
extracted potentials calculated according to
equations (6) and (7) are practically independent
of the size of the proteins included in the learning
set. Results for the extremely short model chains
used by Thomas & Dill (1996) showed a stronger
dependence on chain size.

Dependence on the fraction of
hydrophobic residues

Examination of the compositions of known pro-
teins demonstrates that the fraction xy; of hydro-
phobic residues is rather narrowly distributed.
Precisely, 248 out of the complete set of 302 pro-
teins have the fraction of hydrophobic residues in
the range 0.36 < xy; < 0.46. Evidently, within such
a narrow range, the changes in effective contact
potentials are well bounded. Calculations per-
formed for subsets of at least 50 proteins lying in
successive xy; ranges showed that the variations in
the effective H-H, H-P, P-P and C-C contact poten-
tials from their mean values remain lower than
X5%, in general (results not shown).
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Figure 8. The weak dependence of solvent-mediated
contact energies on the size (number of residues) of the
proteins included in the learning dataset. Results are
shown for H-H, H-P, P-P and C-C pairs, for subsets of
> 50 proteins lying in a given size interval. The results
are the averages over the individual contact potentials
eap(r.) obtained using equation (7) for all pairs of side-
chains A and B belonging to the groups H and P. C-C
represents oppositely charged side-chains.

Dependence of the effective contact potentials on
partition propensities

Results of calculations performed for 7, < 6.4 A
are displayed in Figure 9. The inset shows the dis-
tribution of partition propensities, i.e. the numbers
of proteins lying in successive overlapping n inter-
vals, each comprising >50 proteins. The solvent-
mediated contact potentials appear to be more
favorable as the partition propensities of the pro-
teins increase, i.e. as the surface-to-volume ratio
and composition of the protein permit a more effi-
cient burial of the hydrophobic residues in the
core, in qualitative agreement with the results of
Thomas & Dill (1996). Yet the deviations from the
mean contact potentials are confined to the range
X10% in general, which may be viewed as a sec-
ondary effect. Even the H-H contacts, which are
those most sensitive to m among all observed cat-
egories, exhibit a moderate departure (X12%)
from their mean values over the range
0.76 < m < 1.36. This range includes 240 proteins
out of 302. This result differs significantly from the
much stronger effect shown in their Figure 8 by
Thomas & Dill (1996). The curves displayed in our
Figures 8 and 9 provide a measure of the errors
brought about by the adoption of the mean effec-
tive contact energies extracted from the complete
dataset of proteins, without considering size and
composition effects. If one so desired, these curves
could be utilized to correct for these minor effects.

.640-..1Av,| - 1 (I

08 09 1 11 12 13 14
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Figure 9. Dependence of solvent-mediated contact ener-
gies on partition propensity, n. The inset displays the
distribution of partition propensity in terms of the num-
ber of proteins belonging to successive m intervals of
width An=0.1. The effective H-H, H-P, P-P and C-C
contact potentials are shown for subsets of given =n
range comprising > 50 proteins.

On the validity of a thermodynamic equilibrium and
the applicability of Boltzmann statistics

A basic postulate underlying the present approach
is that the native state is the most thermodynami-
cally stable form. However, the possibility remains
that the native state may be at a non-global energy
minimum attained as a result of a particular
folding pathway favored by lower-energy barriers
in the conformational space accessible to a given
protein. Such effects would of course hamper
the computational determination of the protein’s
native fold on the basis of knowledge-based mean
fields. The more detailed semi-empirical potentials
commonly used in atomic simulations would also
suffer from the same limitation. Furthermore, the
Boltzmann statistics applies, in a strict sense, to a
single system that can visit several configurational
states at a given temperature; whereas in knowl-
edge-based approaches an ensemble of systems
(proteins) having each a fixed (native) configur-
ation is analyzed on the basis of the assumption
that the ensemble average represents the equili-
brium populations of different microstates. The
validity of an effective Boltzmann temperature,
roughly equal to room temperature, has been dis-
cussed elsewhere, although this is still an open
issue (Thomas & Dill, 1996). Here, we have chosen
to test the reproducibility of the results by per-
forming the calculations for two independent sets
of proteins, comprising each >150 proteins, and
repeating the calculations for subsets of proteins of
given sizes, compositions and partition propensi-
ties. In addition, threading experiments have been
performed here and elsewhere (I. B., M. Kaplan &
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R. L. J., unpublished results) which confirm the
success of the potentials in recognizing correct
structure-sequence matches; experimental hydro-
phobicity scales have been satisfactorily repro-
duced, and widely tested inter-residue effective
contact potentials, which were recently validated
for 1661 protein subunits (Miyazawa & Jernigan,
1996), have been obtained as a special case of the
present potentials of mean force. All these results
lend support to the applicability and utility of
knowledge-based approaches, as an excellent first-
order approximation to a complex problem.

Effect of environment

It is intersting to note that similar knowledge-
based interaction parameters derived from high-
resolution X-ray structures and from low-resol-
ution X-ray structures agree with a correlation of
0.91 (Godzik et al., 1995), whereas the parameters
extracted from NMR structures show a signifi-
cantly weaker correlation (0.46) with those
extracted from X-ray structures. This invites atten-
tion to the role of environment in determining the
effective interactions, and the necessity of properly
defining the reference state in simulations. As we
discussed in a recent review (Jernigan & Bahar,
1996), a mixture of two reference states, for solvent
exposure and residue exposure, might be appro-
priate in folding simulations, and either solvent-
mediated or residue-mediated effective inter-resi-
due contact energies (equations (7) or (12)) should
be utilized depending on the local environment of
a given residue.

Major findings and their implications

Hydrophilic interactions are more important than
hydrophobic ones for close inter-residue distances

The connection between the knowledge-based pair
radial distribution functions and the effective
inter-residue contact energies operative over any
distance range in different environments is estab-
lished through equations (6), (7) and (12). Appli-
cation of these expressions to two different
distance ranges, reveals that at “close” distances,
i.e. ¥ < 4 A, specific interactions between pairs of
hydrophilic residues are predominantly important;
whereas at longer separations hydrophobic inter-
actions supersede in this role. The latter are much
stronger and dominate the apparent behavior
over the “broad” range r < 6.4 A. These obser-
vations have important implications insofar as the
simulations of low-resolution models are con-
cerned. Broad distance potentials (Miyazawa &
Jernigan, 1985, 1996), which are closely repro-
duced in Table 1, have proven to be useful in nu-
merous studies for recognizing native-like folds
(Jernigan & Bahar, 1996). However, a finer level of
description may now be achieved by adopting a
hierarchical approach, mainly using the close dis-
tance effective potentials (Table 3) after native-like

structures have been attained with the broad dis-
tance potentials.

Stability is predominantly imparted by
homogeneous interactions, the contribution of
specific interactions being about five times weaker

Two types of non-bonded interactions are distin-
guished here: specific interactions that discriminate
between the different sequences for a given fold,
and homogeneous interactions that stabilize a
given fold regardless of the identity of the amino
acid residues. The latter is found from the average
of all S-S and S-B interactions. Homogeneous S-S
interactions contribute by —2.1 RT per residue to
the stability of native structures, and are stronger
than the specific interactions by a factor of ap-
proximately 5. Thus, the drive for forming a com-
pact structure appears to be much stronger than
the tendency to select a particular conformation
satisfying individual specific interactions. The lat-
ter type of interaction gains importance at close
inter-residue separations only, i.e. after a certain
degree of collapse is achieved. These two stages
could conceivably correspond to the hydrophobic
collapse manifested in the molten globule inter-
mediate and the subsequent folding to native
form.

The total non-bonded energy in globular proteins
scales with the number n of residues as E £ n'-28

This relationship is obeyed with a correlation co-
efficient of 0.987 by the enlarged ensemble of
302 proteins available on the Internet (Bahar &
Jernigan, 1996). The departure from a linear
dependence evidences the enhanced stability of
larger proteins. The fact that the observed prob-
ability of disulfide bridges in small proteins is
more than twice that for large proteins, suggests
that smaller proteins may owe a considerable
part of their stability to disulfide bridge-forming
cysteine residues, in a rather natural way to com-
pensate for their weaker internal non-bonded
energies.

It is inappropriate to combine residues into a
reduced set of representative groups

Apart from hydrophobic residues whose non-
bonded interactions with the surroundings are
similar, the potentials of mean force between indi-
vidual pairs of amino acid residues are strongly
residue-specific and cannot be satisfactorily
accounted for in terms of unified groups. And
even the residues classified within the hydro-
phobic group exhibit some unique characteristics,
imparted by size and shape effects. These distinc-
tions become more pronounced upon examination
of the short-range effects and geometric prefer-
ences on a local scale (I. B.,, M. Kaplan & R. L. ],
unpublished results).
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Future directions

The precise evaluation of specific interactions
takes on a critical importance for protein design
and engineering applications. One suggested
improvement to these non-bonded interactions is
to incorporate effects of directionality in inter-
actions (Bahar & Jernigan, 1996). Inasmuch as the
protein interior is composed of a network of intra-
molecular hydrogen bonds, each residue compris-
ing at least two polar bonds, the specificity
imparted by the directional effects for interaction
may be critically important in reducing the search
space for the selection of native folds. One particu-
larly interesting feature revealed in the present
analysis is the characteristic difference in behavior,
over distance, of hydrophobic and hydrophilic
pairs. This characteristic is true for both S-S and
S-B pairs. For hydrophobic pairs, the minimum in
energy occurs at larger distances: in the range of
4 to 6 A for most S-S pairs, and 6 to 8 A for these
residues with backbone atoms. The minima for the
polar pairs always occur at smaller separations,
usually in the range of 2 to 4 A, as may be seen in
Figures 4 and 5. This distance corresponds to an
average of only one residue interaction per central
residue. The behavior of the residue pairs in the
closer range reflects the same overall intermolecu-
lar characteristics recently reported in an atomic
surface interaction investigation (Wallqvist et al.,
1995), which also corresponds to a close approach.
Perhaps the values in Table 3 for close approach
can serve to span the gap between atomic and
single-point residue models.

Materials and Methods

In the low-resolution model adopted here, each residue
is represented by two interaction sites, one on the back-
bone, and the second on the amino acid side-group. a-
Carbon atoms are conveniently used for the backbone
structure points. Such a simple representation of the
polypeptide backbone finds its roots in the pioneering
work of Brant & Flory (1965). Side-group interaction
centers are determined on the basis of a selection of
their atoms that are subject to the most distinctive inter-
actions (Table 4 in Bahar & Jernigan, 1996).

Similar simplified representations of protein side-groups
have been adopted in a number of studies (Wilson &
Doniach, 1989; Sun, 1993; Hendlich et al., 1990; Sippl
et al, 1992; Bryant & Lawrence, 1993; Maiorov &
Crippen, 1992). The model used by Wallqvist & Ullner
(1994) provides a relatively more refined description of
side-groups by allowing for more than a single inter-
action site for flexible and bulky amino acid residues.
Here, the potential of average force assigned to each
pair of residues is evaluated on the basis of multiple
interactions taking place between the selected atoms
along the side-chain, as opposed to a consideration of
a single centroid point. The advantage of adopting such
multiple site correlations is twofold. First, strong inter-
actions incidentally involving particular atoms of the
side-groups are explicitly taken at their actual locations.
This can yield a more specific set of residue-residue

interactions. We note that an extreme approach in this
direction was that of Godzik & Skolnick (1992), in
which residue contacts were identified on the basis of
the close approach of any two atoms. Secondly, the use
of multiple interactions enlarges the sample size, and
consequently enhances the statistical accuracy and the
smoothness of the data. These multiple interactions are
of course correlated due to the connectivity of the side-
group atoms, and consequently do not provide as much
information as would an independent sample of the
same size. Yet, their explicit consideration provides a
more accurate mean field assessment of residue inter-
actions. In another recent study of protein-ligand inter-
actions we have developed atomic surface area based
interaction energies (Wallqvist et al, 1995); that
approach provides another way to obtain more specific
interactions.

Materials. Overall characteristics

The proteins examined in the present study consist of
two sets, I and II, available on the Internet (Bahar &
Jernigan, 1996). The structures in Set I are selected from
the set of proteins studied by Brauer & Beyer (1994) in
generating pair potentials based on mutation data
matrices. The original set was derived by Hobohm ef al.
(1992) and comprises 185 high-resolution structures,
chosen to avoid homologous proteins. Protein structures
in Set II are utilized for veryifying the reproducibility of
the results obtained from Set I, and for further appli-
cations such as threading experiments, detection of
structures whose energetics deviate from native-like
behavior. These are taken from the enlarged set of 305
non-homologous structures presented by Hobohm &
Sander (1994). We exclude those crystal or NMR struc-
tures whose side-group coordinates are not reported,
and of course those already included in Set I.

The radii of gyration s of the proteins in Set I are calcu-
lated to depend on the number n of residues as
log s* = (2/3) log n + 0.92, with a correlation coefficient
of 0.92. A power law of the form s?& n?/% is in fact an-
ticipated for spherical compact globular shapes; this in-
dicates a direct proportionality between the volumes
occupied by the chains and their chain lengths. This re-
lationship supports the use of the radius of gyration,
within a reasonable tolerance, as a property constrain-
ing the structure of a globular protein of known size, n
(Hao et al., 1992). We note that Maiorov & Crippen
(1992) presented a similar equation, s.;, = — 1.26 +2.79
n'/3, as a lower bound s, for the radius of gyration of
native proteins.

Analyses of the locations of different types of residues
with respect to the centers of mass of the proteins
yielded the probability distributions displayed in
Figure 10. The frequencies of occurrences of residues
within various concentric zones from the centroid of the
protein reflect the spatial preferences of the residues
(Prabhakaran & Ponnuswamy, 1980). The curves are
shown here for (a) the group of hydrophobic residues
Val, Ile, Leu, Phe, (b) the charged residue group Lys,
Arg, Glu, Asp, and (c) all residues. All cases are normal-
ized for comparison. The variable (r—r.,) of the
abscissa denotes the distance of a given residue from
the center of mass of the protein. It is normalized with
respect to the radius of gyration s of the protein, so as
to eliminate biases due to size effects. The distribution
of hydrophobic (or charged) residues indicates their
tendency to be placed at inner (or outer) positions, as
expected. It is interesting to observe that these distri-
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Figure 10. Normalized probability distributions of the
radial location for different types of residues with
respect to the centers of mass of proteins. The curves in
(@), (b) and (c) represent the behavior of hydrophobic,
charged and all residues, respectively. These are given
for the groups (a) Val, Ile, Leu, Phe, (b) Lys, Arg, Glu,
Asp, and (c) all residues. (r — r.,)/s is the distance of a
given residue from the center of mass of the protein,
divided by the radius of gyration s of the protein.

butions are non-Gaussian and exhibit a rather bimodal
character. The highest peak in all cases is closely coinci-
dent with the root-mean-square radius of gyration. Cal-
culations indicate that the second peaks arise from the
contribution of particular residues such as Phe and Val
in Figure 10(a), and Lys and Glu in Figure 10(b). Thus,
residues presumed to be comparable in character, inso-
far as the interaction energetics are concerned, exhibit
different preferences for location in globular structures.

Method

The potential of mean force between two particles A
and B located at spartial positions r; and r,, respectively,
may be written as (Ben-Naim, 1992):

Eap(r1,r2) = —RT In g4p(r1, 12) (15)

where g5 (1), 1,) is the pair correlation function, also
called the radial distribution function, R is the gas con-
stant and T is the absolute temperature. g,p (r;, 1) is
proportional to the joint probability P,z(r;, 1,) dr; dr, of
finding particle A at a position r;, and B at r,, within
the differential volume elements dr; and dr,, respect-
ively. In the case of a uniform distribution of indepen-
dent particles in a multicomponent system, this joint

probability reduces to the product of the respective
mole fractions x, and xp whereas in the presence of
concentration fluctuations imposed by specific inter-
actions, a relationship of the form:

Pap(t1, 12) = x4xpgap(r1, 12) = (/pafPp/pH)gan(t1, 12) (16)

holds. Here p is the mean number density of the system,
and p, =x,p and pg=xpp are the densities for com-
ponents A and B. The product x, x; gives the a priori
probability of having a residue pair or a contact of type
[A,B] in the ensemble, and g, (r;r,) describes the
further conditional probability that this residue pair will
be located at (ry, r,), in the volume elements dr, and dr,
respectively, given that we are considering the subset of
residue pairs [A,B].

For the spherically symmetric interactions adopted here,
gag (1, 1) is a function of the scalar distance jr; —r)j=r
only, and is proportional to the number Np;,(r) of par-
ticles of type B within a differential spherical shell of
volume dr = 4nr? dr, at a distance r from a central par-
ticle A. The number N p(r) of pairs [A,B] at a separation
r from each other is:

Nap(r) = Npja(r)Na = NApBgAB(r)4nr2 dr 17)

In the present analysis of protein crystal structures,
N () is simply evaluated by counting pairs at a given
separation as:

X
NAB(") =
i

S(jr,qi — I‘B]:/' — l‘) (18)

Where r,; indicates the position vector of the ith residue
of type A, and ry; that of the jth residue of type B, 5(x)
is the Kronecker delta, which is equal to 1 if its
argument is equal to zero, and zero otherwise. The
summation in equation (18) is performed over all occur-
rences of residues i and j, of types A and B, respectively,
in the set of protein structures, sequentially separated
by five or more virtual bonds. Bins of thickness
Ar=04 A are used for collecting the values of N,p(r).
From equation (17), we obtain the normalized radial
pair distribution function in a different form:

_ p8m()_ p Nap(n)/(4mr?)
- ,848(1) [ANap(r)/(4nr2)]

3ag(r) reflects the probability of contact for a given pair,
as a function of distance, unbiased by the frequencies of
the particular residues in the database. The overbar in
gap(r) indicates that g,p is normalized for the subset of
pairs [A,B]. The corresponding potential of mean force
is:

848(7) (19)

K s X A
Eap(r) = —RT'In (41r2) 'Naz(r) (4nr®) N ap(r)

(20)

The summations in equations (18) to (20) have been per-
formed over all contacts between side-chains separated
by five or more virtual bonds. The contribution of the
terms for larger r (r > 16 A for instance) is vanishingly
small, and the exact choice of the upper limit for the
above summations has only a negligible effect on the
results. The contacts with separations r <2.0 A, which
are presumably due to the inaccuracies in the crystallo-
graphic measurements and modeling, are approximated
here by r =2 A.
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