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ABSTRACT The role played by non-homogeneous interactions in stabilizing cooperative structural changes in proteins was
investigated by exhaustive simulations of all compact conformations compatible with several well-defined globule-like shapes
in three dimensions. Conformational free energies corresponding to the association of residues i and j were computed both for
the unperturbed system, all subject to identical intramolecular interactions, and for the perturbed system in which a single pair
of residues is probed by changing its interactions with an attractive or repulsive interaction. The high packing density leads to
strong coupling between residues so that specific interactions between a given pair of residues are accompanied by considerable
enthalpy changes. Relatively weak, about 1-2 kcal/mol, attractive interactions can exert a dramatic effect on the free energy
distribution. Usually, central positions in the sequence most affect the conformational characteristics. Some of these interaction
pairs appear to be capable of effecting major conformation transitions because of the high level of cooperativity in the dense
state. Effects of repulsive interactions, however, do not depend so strongly on residue pair and cause more localized structural
changes. This approach can suggest more, or less, sensitive loci for amino acid substitution.

INTRODUCTION

Simulations of model proteins were performed as described
in the accompanying paper (Bahar and Jernigan, 1994) to
investigate the role of homogeneous intramolecular attrac-
tions in stabilizing intermediate density equilibrium states of
globular proteins (Kuwajima, 1989), which have been ex-
perimentally observed under mild denaturating conditions.
The analysis suggests the possibility for the formation of
those compact but denatured states, provided that the intra-
molecular potential energy favoring compact forms com-
petes efficiently with the entropy opposing it. The choice
between the two density regimes, corresponding to 1) the
most compact, and 2) the compact but less tightly packed
equilibrium structures, respectively, rests on a delicate bal-
ance between the entropic and enthalpic effects. The packing
density in the most compact state is comparable with that of
the native state of globular proteins and is naturally favored
in the presence of stronger attractive interactions between
residues. On the other hand, the compact but less tightly
packed states are entropically driven due to their larger con-
formational freedom. Those intermediate equilibrium states
in which native-like regular structural domains persist might
be identified with the so-called molten globule state. Their
stability relative to the completely unfolded state does ne-
cessitate attractive interactions between residues, but not
strong enough to completely overcome the adverse entropic
effect.
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In the present work, we studied the most compact states,
among these two high density regimes. This regime is rep-
resented by the subset of on-lattice, self-avoiding confor-
mations, subject to the maximum number of intramolecular
topological contacts allowable by the particular lattice ge-
ometry and confined to well-defined globular shapes in three
dimensions. The space of accessible conformations in this
subset, as well as the number of topological contacts between
residues, increases with chain length, i.e., with the number
of residues N + 1 comprising the chain, due to the absence
of heterogeneous and/or specific interactions in the model.
Thus, a unique most favorable compact state, equivalent to
the native state, is not distinguishable in this regime, unless
specific interactions discriminating between different
residue-residue interactions are introduced.

Correlations between topological contacts and their per-
turbation by specific interactions were explored in this en-
semble of highly compact structures. More specifically, the
response of the overall chain conformation to attractive or
repulsive interactions between different pairs of residues
was studied. The objective was to understand the relative
influence of different residue pair coupling or aversion on
the secondary and possibly tertiary organization of com-
pact chains. Experimental data indicate that the replace-
ment of a single amino acid sometimes has no effect and
other times significantly alters the structural characteristics
of proteins. Both solvent exposure and internal organiza-
tion of the amino acids exhibit considerable changes for
different mutant forms. The purpose here was to search for
specific locations along the primary sequence of polypep-
tides, which are potential candidates for developing coop-
erative structural changes. The question was to find which
residues, if any, and which type of interactions are most
effective in generating stabilized correlated structures. In
general, residues near the chain termini would be expected
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to exert a weaker effect on the equilibrium distribution of
conformations, while interactions involving inner residues
might be more effective in perturbing conformational ener-
gies. This feature follows in a simple manner from chain
connectivity. Yet, the effectiveness of a given residue pair
interaction to induce cooperative structural changes might
be correlated with the particular three-dimensional shape
of the globular protein. The particular shape might imply
certain loci along the chain primary sequence which are
most effective in prescribing tertiary structures. These is-
sues are clearly of fundamental importance in designing or
modifying proteins with well-defined structural and func-
tional characteristics. The so-called inverse protein folding
problem, i.e., determination of sequences that will fold to
specific compact structures, has been the focus of several
recent studies (Pabo, 1983; Ponder and Richards, 1987;
Yue and Dill, 1992).

Topological contacts of various orders are operative in
the ensemble of conformations belonging to the high den-
sity regime under study. In conformity with previous work
(Ishinabe and Chikahisa, 1986; Chan and Dill, 1989a, b;
Chan and Dill, 1990a, b; Bahar and Jernigan, 1994), a to-
pological contact refers to the occupancy of two adjacent
sites in the lattice by a pair of non-bonded residues, as-
suming the residues along the chain to be connected to
each other by virtual bonds. The contact order refers to the
number of intervening bonds in the sequence between a
pair of residues in contact. Contacts of lower order stabi-
lize helical structures in general (Zimm and Bragg, 1959),
whereas regular structures such as 13-sheets involve asso-
ciation of more distant residues. The relative importance of
topological contacts of various orders in prescribing the
observed global structure of proteins was studied. A ther-
modynamic approach was undertaken for evaluating the
effectiveness of a given interaction energy AEij, attractive
or repulsive, between non-bonded residues i and j in per-
turbing the conformational space. Accordingly, the fluctua-
tions in the free energy of all other topological contacts,
which are induced by the presumed interaction AEij, were
quantitatively analyzed for the ensemble of all accessible
conformations.

MODEL AND METHODS

Lattice simulations of model proteins
As in the accompanying work (Bahar and Jernigan, 1994), complete enu-
meration of short polypeptide chains within a defined dense space was
adopted as the computational method. The conformational space is limited
by 1) the three-dimensional shape of the molecule and 2) the requirement
of maximum number of topological contacts, which reduce to a large extent
the accessible number fl of conformations, as explained below. Three-
dimensional (simple cubic) lattice simulations were performed and com-
pared with the two-dimensional (square) simulations of the accompanying
paper (Bahar and Jernigan, 1994) to elucidate any effects arising from the
dimensionality of the lattice.

On-lattice simulations of self-avoiding walks (SAWs) have proven to be
quite informative in previous studies of highly compact polymeric structures
(Wall and Whittington, 1969; Barber and Ninham, 1970; McKenzie, 1973;
Schmalz et al., 1984; Ishinabe and Chikahisa, 1986). Entire allocation of
space without violation of the volume exclusion requirement and complete
sampling of the conformational subspace of compact states are the two main

advantages of this approach. The importance of enumerating such compact
walks for the theory of glass transition of polymer melts as well as polymer
collapse in solution, has been discussed previously (Flory, 1982; Schmalz
et al., 1984).

Inasmuch as a compact, globular shape, devoid of any free volume to
allow for the accommodation of solvent molecules in the interior, is con-
sidered to be the general property of most soluble proteins, the extensive
use of compact SAW chain model in previous studies of protein structure
is justifiable. Two different approaches are used in lattice simulations of
compact proteins: Monte Carlo generation and complete enumeration.
The random search mechanism of the former implies a finite probability
of never obtaining the native structure. Yet, this method implemented
with a Metropolis algorithm has been advantageously used to elucidate
the mechanism and kinetics of protein folding/unfolding processes
(Taketomi et al., 1975; Go and Taketomi, 1978; Go and Taketomi,
1979a, b; Shakhnovich et al., 1991). The second method, employed here,
is limited, on the other hand, to relatively short polypeptide chains but
presents the advantage of permitting an exhaustive analysis of all acces-
sible conformations. It has recently been shown by Chan and Dill
(1989a, b; 1990a, b) to be a powerful tool for understanding several basic
structural features of globular proteins, such as the important role of
steric constraints and consequently packing efficiency requirements in
the formation of secondary structures in compact globular proteins. We
also mention another efficient use of lattice geometries, mainly simulat-
ing real globular proteins, by placement of residues at regular sites, based
on coordinates from crystallographic data (Ueda et al., 1978; Covell and
Jernigan, 1990; Skolnick and Kolinski, 1990; Kolinski et al., 1991).

The model has been presented in the second section of the accompa-
nying paper, and the reader is referred to that section for an outline of the
basic assumptions and definitions used throughout both papers. An addi-
tional element introduced in the present work is the use of the simple cu-
bic lattice in the calculations instead of the square-planar lattice. The ad-
vantages and applicability of two-dimensional square lattices in providing
a low resolution model of compact proteins has been discussed by Chan
and Dill (1989a). The information extracted from those simulations was
also confirmed with subsequent three-dimensional simulations (Chan and
Dill, 1990a, b), which compare favorably with observations (Kabsch and
Sander, 1983) of protein crystal structures. However, it is evident that a
three-dimensional lattice would lead to a better physical representation of
real chains. A major disadvantage of the two-dimensional square lattice is
its low coordination number z = 4. In fact, detailed analysis of the x-ray
crystal structure coordinates of several proteins indicates the applicability
of a coordination number of z = 6-8 in general (Miyazawa and Jernigan,
1985). Also, confinement of a given structure to two dimensions naturally
leads to an overestimation of the constraints arising from volume exclu-
sion. The higher conformational degrees of freedom in cubic lattices are
more realistic in this respect. Coordinates of individual residues in pro-
teins were shown to fit to a good approximation with all three types of
cubic lattice: simple, body-centered, and face-centered, the latter being
slightly superior because it provides closely matching angles to those
between virtual bonds (Covell and Jernigan, 1990). The errors incurred
by using a lattice model to represent secondary structures have recently
been discussed by Chan and Dill (1990b). Their analysis demonstrates
that all the cubic lattice models represent helix topology to a good
approximation.

General approach

The model chains are assumed to be subject to intramolecular attractive
or repulsive interactions, in addition to the steric effect inherently pre-
cluding self-intersections. Residues along the chain are indexed from 1 to
N + 1 following the primary sequence. The conformational potential
E{r} of a given chain {r} is assumed to result from the additive contri-
butions of binary interaction energies Eij between residues [i, j] in topo-
logical contact, i.e., non-bonded residues occupying adjacent lattice sites,
as presented in Eq. 3 of the accompanying paper. The ternary interaction
parameter Eijk was set equal to 0. The total binary interaction potential Emn
was conveniently expressed as E + AEmn, where E is the homogeneous in-
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teraction parameter and AEmn is the perturbation term arising from spe-
cific interaction between the pair of residues [m, n]. This overall confor-
mational potential E{r} is used to assign a Boltzmann statistical weight

W{r} = exp[-E{r}/R7] (1)

and a probability

P{r} = Wr)} W{r} (2)

to each conformation {r}. The probability of occurrence of a chain sub-
ject to a given topological contact [i, j] reads

P(i, j) = E W{rI [i, j]} / W{r} (3)
{rl (i,fl} / {r}

where W{r (4 j)} denotes the statistical weight of a chain conformation
{r} subject to the contact [i, j].

In the case of systems subject to homogeneous interactions between
residues such that Eij = E for all [i j], the probability of occurrence of a chain
with a given topological contact becomes identical to

Po(i,j) = Y fQ{rI [i,j]} /Q fl{r} (4)
{rl (i, j)} / {r}

Here fl{r [i, j]} refers to the number of chains with conformation {r}
exhibiting topological contact between residue pair [4 j]. The summation in
the denominator is equal to the total number fl of generated SAWs, and the
subscript 0 appended to Po(i, j) indicates the particular case ofhomogeneous
interactions, referred to as the unperturbed state. Depending on the particular
type of intramolecular interactions, homogeneous or heterogeneous, two
expressions

AGO(i, j) = -RTln Po(i, j) (5)

and

AG(i, j) = -RTln P(i, j) (6)

may be written for the free energy of contacts [i, j] in compact structures.
The former represents the entropic contribution, inasmuch as it accounts for
the reduction in the number of accessible conformations arising from the
particular choice of topological contact. The second incorporates both en-
tropic and enthalpic effects. The difference between those two values yields
the change in free energy of contacts or the enthalpic effect brought about
by specific interactions between residues.

In general, specific interactions between residues m and n induce per-
turbations in the free energies associated with all other contacts [4 j], due
to the fact that residues are strongly-coupled to each other in the highly
constrained system of compact structures. The fluctuations [AG(i, j) -
AGO(i, j)]m, in the free energy of all contact pairs [i, j], where 1 s i ' N
- 2 and i + 3 s j c N + 1, may be adopted as a quantitative measure of
the strength of specific interactions between residues m and n in perturbing
the conformational space. The root-mean-square (RMS) fluctuation in con-
tact free energies, C(m, n), resulting from the specific interaction between
residues [m, n] is evaluated from

C(m, n) [CO' E [AG(i, j) - AGo(i j)]2] (7)

where the summation is performed over all types of accessible contacts
[i, j], CO is the normalization factor which is equal to the number of all
accessible contacts, and the subscript m, n indicates the pair of residues
responsible for the perturbation of the system being subject to non-
homogeneous interaction.

RESULTS FROM CALCULATIONS AND
DISCUSSION

General structural characteristics
The subset of conformations with the maximum number of
topological contacts may result in various shapes, depend-
ing on chain length, as illustrated in Fig. 1 of the accom-

panying paper. The chain length is characterized by the
number of residues N + 1. On a square lattice, when this
number is equal to s2, where s is an integer .1, only a
single shape, the square, is attainable for compact chains
with the maximum number of topological contacts. Also,
as discussed by Chan and Dill (1989a), the rectangular
shape with s and s + 1 sites on the edges is the only pos-
sible compact shape for the case N + 1 = s (s + 1). These
two categories of numbers of residues have been referred
to as "magic numbers," as they lead to unique compact
shapes. Likewise, numbers leading to cubes and near-
perfect cubes (square-based parallelepipeds with the base
edge differing from the height by one unit) are classified
as magic numbers in simple cubic lattices (Chan and Dill,
1990a). In the present work, compact structures compatible
with different shapes, near perfect cubes and/or asymmet-
ric shapes, are also analyzed. The shape is prescribed by a
simulation box divided into lattice cells, each accommo-
dating a given residue or a closely associated structural
unit. Confinement of chains to a finite space (or simulation
box) reduces to a large extent the number of accessible
conformations. As a result, exhaustive enumeration of all
distinct conformations compatible with the presumed
shape is possible for chain lengths which, otherwise, could
not be explored within reasonable computation time. Here,
the set of distinct conformations refers to SAWs which are
not superimposable by rigid body rotation or mirror image
reflection. The heads and tails of the generated chains are
assumed to be distinguishable, inasmuch as specific inter-
actions assigned at precise locations are of interest.
The smallest possible system leading to a compact cubic

structure on simple cubic lattice is a chain of eight units,
each unit occupying the corner of a single cell. Three dis-
tinct conformations shown in Fig. 1 are accessible to this
short chain. These three conformations may be viewed as a
set of building blocks that appear frequently in longer
chains, inasmuch as they comply with the basic require-
ment of efficient packing in restricted geometry. The
dashed lines indicate the types of topological contacts ac-
cessible in those conformations. Conformation (a) presents
two contacts of order 3, one of them simultaneously par-
ticipating in a contact of order 5 (residues 1, 4, and 6).
Contacts of order 7 appear in conformations (b) and (c),
both coupled with contacts of lower order. Those simple
structures give us indications of correlations existing be-
tween different pairs of contacts. For example, half of the
contacts between residues i and i + 3 are found to be ac-
companied by contacts between residues i and i + k
where k = 5 or 7, indicating the tendency for correlated
contacts engendered whenever residues i and i + 3 come
into close proximity. Conformations (a) and (b) form the
repeat units of helical structures of type (i) and (ii) defined
by Chan and Dill (1990a). Residues 3-8 in conformation
(c) may be identified by units participating in an antiparal-
lel ,3-sheet at a turn, which is another regular secondary
structural element. Two other types of helices have been
defined for chains simulated on a simple cubic lattices,
both occupying more than one lattice cell. The first is the
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FIGURE 2 Schematic representation of the four shapes (A) to (D) of
model proteins. Residues or closely associated units are assumed to occupy
all corners and nodes of the cubic sites. Structural characteristics of the four
cases are given in Table 1.

8

7

(c)

4

FIGURE 1 Schematic representation of all of the three distinct confor-
mations (a) to (c) of compact chains of eight residues on a simple cubic
lattice. Dashed lines indicate the pairs of residues with topological contacts.

planar zigzag structure, referred to as helix type (iii), al-
ready encountered on the square planar lattice. Residue
pairs [i, i + 3] and [i + 2, i + 5] are simultaneously asso-

ciated in this type of helix. The second involves additional
contacts between residues i + 4 and i + 7. It is not con-

fined to a single plane but is propagated instead along the
diagonal direction of lattice cells. From the high propor-
tion of contacts of lowest order and their frequent coupling
to higher order contacts, one might anticipate that their
role could be of considerable importance in achieving par-

ticular structural organizations. On the other hand, the fact
that those contacts are highly localized along the chain
suggests that their effects on the tertiary structure might be
limited. The efficacy of short-range contacts in promoting
structural changes is explored in the present work.

Fig. 2 displays the four types of simple compact shapes (A)
to (D) investigated here. Residues are placed at each node,
so on form (A) there are exactly 12 residues, on (B) 18, on

(C) 16, and on (D) 20. The former two belong to the set of
magic numbers mentioned above. Most of the calculations
were performed for shape (B), which represents the most
compact structure of a chain composed of 18 units. The third
and fourth shapes have been considered to search for effects
arising from the asymmetry of the structure. Table 1 sum-

marizes the structural characteristics of the four cases, such

TABLE I Structural characteristics of generated
model chains

Shape N + 1 N,max Ql N(3) N(4)

(A) 12 9 73 4.90 0.55
(B) 18 16 2110 8.28 2.60
(C) 16 13 1632 5.00 2.26
(D) 20 17 8143 5.05 4.07

as the numbers N + 1 of residues or units in the generated
chains, the total numbers Ql{r} of accessible distinct con-

formations, and the numbers of topological contacts Nc,ma,
per chain. Here the subscript max indicates that these are the
maximum attainable numbers of contacts for the investigated
chain lengths. The fifth and sixth columns indicate the av-

erage number of three-body and four-body contacts, N(3) and
N(4), respectively, occurring in chains under those compact
structures, evaluated from the total ensemble of generated
SAWs. It is noted that the conformations with the shape (B)
exhibit the largest number of multiple-body topological con-

tacts, which indicates the enhanced tendency for intrachain
interactions in globular structures with lower surface/volume
ratio.

Comparison with two-dimensional model
chains

The two pie charts in Fig. 3 display the distribution of con-

tacts of various order 3 ' k ' N for a two-dimensional
and a three-dimensional compact case of (a) 16-residue
chains on a square lattice and (b) 18-residue chains on a

simple cubic lattice. Those two chains are of comparable
length and lead to unique shapes, square and near-perfect
cube (B), belonging both to the set of magic numbers, in

1 2
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FIGURE 3 Distribution of topological contacts of various orders k,
3 c k ' N, in the most compact structures of (a) model chains ofN
+ 1 = 16 residues on two-dimensional square lattice (4 X 4), and
(b) model chain of 18 residues on simple cubic lattice of shape (B),
indicating that two-dimensional simulations emphasize contacts of
lower order.
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corresponding lattice geometries. We note that the amount
of lowest order (k = 3) contacts is considerably larger in
part (a). Likewise, the proportion of contacts between
most distant residues such as those separated by more than
14 virtual bonds is lower in two-dimensional model chains
(<4%) compared with three-dimensional chains (>6%).
Thus, confinement of a given model chain to two dimen-
sions intrinsically enhances interactions between nearby
residues, at the expense of those occurring between more

distant residues. One might argue that the lower frequency
of contacts between distant residues in part (a) arises from
the smaller size of the chain, constraining the cyclization
or folding of the chain so as to restrict contacts between
more distant residues, and that the proportion of lowest or-

der contacts would decrease with increasing chain length.
Results in the accompanying paper demonstrate in fact that
the contribution of lowest order contacts is depressed with
increasing chain length. However, the pie chart displayed
for the 25-residue chain in Fig. 13 of the accompanying

paper indicates that contacts between nearest neighbors
along the primary sequence of the chain are still overesti-
mated compared with three-dimensional simulations, al-
though a substantially larger variety of contact orders (5
k 13) competing with k = 3 is now accessible.
A more detailed examination of the probabilities of con-

tacts of various orders may be achieved with the aid of
contact maps. Accordingly, the subset of chains subject to
a given topological contact [i, j], fQ{r [i, j]}, among the
whole set fQ{r} of compact structures are considered in or-

der to deduce the free energy AGO(i, j) associated with
a given contact using Eqs. 4 and 5; these display the
changes in free energy AGO(i, j) for the most compact
conformations of 25-residue chains on a square lattice and
18-residue chains on a simple cubic lattice [form (B)], re-

spectively. The contact maps (top) and the corresponding
isoenergetic contours (bottom) are shown in each figure.
The lower triangular portions of the maps/contours refer
to the indicated residues with indices 1 ' i ' N - 2 and

7-lO(a)
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FIGURE 4 Map and contour plots of entropic free energies AGo(i j)
associated with the pair of residues [4 j] in compact structures of 25 resi-
due chains simulated on square lattice. The lower triangular portions on
the right in the map and contour plots are to be considered here and in the
following figures. The upper triangular portion is the mirror image. Points
along the diagonal with slope 1 represent contacts of lowest order be-
tween residues i and j = i + 3. Energy levels of the contours are ex-
pressed in dimensionless units AGo(i, j)/RT with increments of 0.4. High-
est energy contacts occur between the two residue pairs [5, 18] and
[8, 21].

i + 3 ' j ' N + 1, which constitute the set of interacting
pairs. The upper triangular portions are the mirror images
of the lower parts. Points along the diagonal (with slope 1)
represent contacts of lowest order, i.e., those occurring be-
tween residues i and i + 3. Contacts between more distant
residues are situated off the diagonal, their distance from
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FIGURE 5 Map and contour plots of entropic free energies AGo(i j)
associated with the pair of residues [i, j] in compact structures of 18-
residue chains of shape (B) simulated on a simple cubic lattice. Energy
levels are expressed with increments of AGO(i, j)/RT = 0.15. The energy
surface is substantially smoother than that obtained in two dimensions
(Fig. 4) and also indicates an enhanced preference for contacts involving
terminal residues.

the diagonal increasing with their separation in the primary
sequence of the protein. Thus, in the present representa-
tion, helices involving residues i and i + 3 are represented
by points along the diagonal, parallel ,3-sheets result in an
array of points parallel to the main diagonal, and antiparal-
lel ,3-sheets appear as an array of points with slope -1.
The simple cubic lattice geometry permits topological con-
tacts between residues separated by an odd number (.3)
of virtual bonds only. Points corresponding to residues
separated by an even number of bonds have been assigned
mean energy values on the basis of the neighboring points
on the maps for visual clarity. Lower energy regions are
darker in the contact maps. The energies of the contours
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are expressed in terms of reduced units AG(i, )/RT,
ranging from 0 to 2.0 with increment 0.4 in Fig. 4, and
from 0 to 0.9 with increment 0.15 in Fig. 5.
From the comparison of the maps/contours in Figs. 4

and 5, the following features emerge. First, there is an en-
hanced tendency for contacts between more distant resi-
dues in three-dimensional model chains, compared with
two dimensions, as indicated by the darker frame in Fig. 5.
In particular, contacts involving terminal residues are now
rendered almost as probable as lowest order contacts. We
note that the apparent high fraction of lower order contacts
in the pie charts in Fig. 3 is not related to the lower energy
of those contacts but simply results from the larger number
of candidate pairs (N - 2 of them) participating in contacts
of order 3. Comparison of the free energies for individual
pairs in the maps reveals that contacts between most dis-
tant residues are not the least probable, but on the contrary,
almost as favorable as lowest order contacts, and preferred
over most intermediate range contacts. A second important
difference between the results obtained for the two cases is
the relative heights of the free energy surfaces. In two di-
mensions, the least probable contacts, situated at positions
[5, 18] and [8, 21], have free energy of 2.1 RT with respect
to the zero level of contact [1, 4], whereas in three dimen-
sions, the highest energy level that occurs at a single point
[6, 13] is only 0.9 RT above the same minimum energy
level. Thus, confinement of chains in two dimensions ex-
aggerates the variations in the frequencies of different to-
pological contacts in favor of closest neighbor interactions.
In spite of those distinctions, we note that several qualita-
tive features are preserved in simulations in both dimen-
sions, such as the weaker probability of intermediate range
contacts, the alternating frequency of lowest order contacts
along the diagonals indicating an enhanced correlation be-
tween residues i and i + 2 where i = 1, 3, 5, etc., rather
than between i = 2, 4, 6, etc., an effect discussed in the
accompanying paper.

Perturbations induced by specific
interactions

The contact free energies AGo(i, j) may be alternatively
shown in the form of a three-dimensional surface, which
allows for a clearer perspective on regions of minimum or
maximum energies. Fig. 6 shows the free energy surface
corresponding to the 18-residue chain of shape (B). This is
another rendition of the data of Fig. 5, which are useful for
the comparison with the free energy surfaces corresponding
to non-homogeneous interactions. The energy surface is
rather flat, with borders curved down, as also implied by the
darker edges of the contact map in Fig. 5. The pair of residues
[6, 13] that exhibits the largest free energy AGO(i, j) is the
least probable contact from the entropic point of view. In this
respect, one might expect to observe a large perturbation in
the equilibrium distribution of topological contacts upon in-
troduction of specific attractive interactions between resi-
dues 6 and 13 in this chain.

1.0 RT
15

AGO(ij) 13

0
1

FIGURE 6 Entropic free energy surface AG0o( j) for the model chains
of shape (B) in the unperturbed state, i.e., in the presence of homoge-
neous interactions between residues. This is another perspective of the
map and contour plots presented in Fig. 5, which can be used in compari-
son with Figures 7 (a) and 8 (a) to visualize the relative contributions
of the entropic and enthalpic factors to the free energy of the perturbed
system.

Computations performed by adopting a perturbation
AEEmn = -2.0 kcal/mol in the binary interaction parameter
corresponding to residues [m, n] = [6, 13] and AEij = 0 for
all [i j] # [m, n] lead to the free energy surface displayed
in Fig. 7 (a) for T = 300 K. It is useful to examine this
surface along with its corresponding contact map in Fig. 7
(b). This is a striking change relative to the unperturbed
state (Fig. 6), indicating how strong conformational corre-
lations between residues can be in compact structures. The
reduction in the free energy of the pair [6, 13] is accompa-
nied by a substantial decrease in that of residues [7, 12],
and also [5, 14] to a certain extent, leading to the low en-
ergy valley in the free energy surface. This configuration
is indicative of two arrays of residues running in opposite
directions, i.e., forming an antiparallel (-sheet. It is further
observed that even contacts between residues near chain
termini, such as [1, 18] and [2, 17] pairs, are now rendered
highly favorable. This suggests the occasional extension of
the generated regular structure, the antiparallel (3-sheet, to
several adjoining residues along the chain in some of the
accessible conformations. In contrast, a tendency for the
formation of a parallel (3-sheet involving the three or four
residues at both ends is discernible from an examination of
the map in Fig. 7 (b), as is a significant decrease in the
frequency of contacts between nearest neighbors.
The above example concerns a pair of residues located

at relatively distant positions in the primary structure of
the protein. We can also examine a pair of residues closer
to each other, such as [8, 11]. The contact map in Fig. 5
shows that this is neither a high energy pair nor one of the
most probable among the lowest order contacts along the
diagonal. Its location in the center of the chain would cer-
tainly favor its effectiveness in inducing structural reorga-
nizations, but the latter might be expected to be relatively
limited to short ranges along the chain. Fig. 8 (a) illus-
trates the free energy surface resulting from an interaction
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FIGURE 7 (a) Free energy surface AG(i, j) for the shape (B) in the per-
turbed state. Residue pair [6, 13] is subjected to an attractive potential of
A\Em, = -2 kcal/mol at 300 K. A minimum energy valley covering residue
pairs [7, 12], [6, 13], and [5, 14] appears, indicative of an antiparallel
,B-structure. (b) Contact energy map corresponding to (a). The enhanced
probability of occurrence of the new regular structural motifs may be veri-
fied from comparison with Fig. 5.

of -2.0 kcal/mol between residues 8 and 11. The corre-
sponding contact map is given in Fig. 8 (b). The new fea-
ture which emerges is an array of peaks and wells, still
along the diagonal. In particular, the two adjacent contacts
[7, 10] and [10, 12], which were originally strongly fa-
vored, are practically prohibited, while contacts [6, 9] and
[10, 13] are enhanced, in contrast to the relative probabili-
ties of the same residues in the unperturbed state. Basically
the helix interactions have shifted their positions, inas-
much as coupled contacts between [i, i + 3] and [i ± 2,
i ± 5] are indicative of helical structures of various types,
as discussed above. Thus, it is interesting to note that the
present simple model confirms the widely recognized role
of intrinsic propensities, i.e., that of establishing or stabi-
lizing helical regions in globular proteins. However, it
should be noted that correlated contacts leading to helical
structures might not be so easily achieved if the latter were
not supplemented by the constraints imposed by efficient
packing in highly compact structures. In Fig. 8 (b) some
enhancement of antiparallel alignment is also discernible
from the lowering of the energy of the pair [7, 12] in re-
sponse to the attractive interaction of the pair [8, 11].
A similar analysis performed with various shapes indicates

the tendency of low order interactions to generate helical

4 5 6 7 8 9 10 11 1213 14 151617 18

FIGURE 8 (a) Free energy surface AG(i, j) for the model chains of shape
(B) in the presence of a potential of AEmn = -2 kcalmol at 300 K between
residues [8, 11] perturbing the homogeneous system. A series of peaks and
wells appearing on the diagonal indicate the enhanced probability for the
formation of helical structures. (b) Contact energy map corresponding to (a)
to be compared with that of the unperturbed system shown in
Fig. 5.

structures, while attractions between more distant residues
(k = 5, 7) induce ridges and valleys in the free energy sur-
faces, similar to Fig. 7 (b). Also, calculations repeated with
weaker interactions such as AEmn = -1 kcal/mol between the
same residues yield free energy surfaces that are qualitatively
very similar to those of stronger interactions in Figs. 7 (b)
and 8 (b). Specific interactions of a given strength and order
have an even more pronounced effect on chain topology in
shorter chains such as shape (A). The residue pairs [4, 9] and
[5, 8] are found to be most effective, in this case, in enhanc-
ing the respective regular structures identified here with an-
tiparallel sheets and helices.
We considered attractive interactions between a pair of

residues separated by five virtual bonds belonging to 16-
residue chains with shape (C). In contrast to the previous
examples, the newly selected residues for perturbation
[4, 9] are not situated at symmetric positions with respect
to the center of the chain. However, this particular pair ex-
erts a dramatic effect on the contact free energy surface, as
illustrated in Figs. 9 and 10. Fig. 9 (a) and (b) display the
free energy distribution AGO(i, j) of the unperturbed sys-
tem. A rather flat surface with the maximum located at
[4, 13] is seen. The change in free energy [AG(i, j) - AGo-
(i j)]m, n at T = 300 K induced by a potential of AEmn =
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FIGURE 9 (a) Free energy surface AGo(i, j) for the structure (C) in the
unperturbed state. The surface represents the entropic contribution to free
energies and is compared with the enthalpic contribution induced by an
interaction of -2 kcal/mol between residues [4, 9] displayed in Fig. 10 (a).
(b) Contact energy map corresponding to (a). Minimum energy contacts
occur between residues [5, 8] and [9, 12], while the pair [4, 13] is the least
probable from the entropic point of view.
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FIGURE 10 (a) Enthalpic coitribution AH(i j) to the free energy dis-
tribution AG(i j) of residue pairs [i, j] in structure (C) in the presence of
an attractive potential of 2.0 kcallmol between residues 4 and 9. Formation
of an antiparallel (3-sheet associated with residue pairs [3, 10] and [5, 8] is
favored. (b) Contact map corresponding to AH(i j) shown in (a).

-2 kcal/mol between residues 4 and 9 is shown in Fig. 10
(a) and (b). This difference represents the enthalpic contri-
bution to free energies, AH(i, j), arising from the non-
homogeneous interactions. The heights of the surfaces dis-
played in Figures 9 (a) and 10 (a) reveal that the
accessible range of enthalpy values -2.0 RT < AH(i, j) <
1.7 RT, is substantially larger than that of unperturbed
(purely entropic) free energy values 0 < AGo(i, j) < 1.3
RT. As a result, the free energy surface of the perturbed
system (data not shown) is dominated by the enthalpic
contribution and exhibits the same structural characteristics
as Fig. 10 (a). It was observed that the attraction between
residues 4 and 9 favors the coupling of residue pairs [5, 8]
and [3, 10], enhancing an antiparallel p,-sheet formation
again. Examination of the energy surface reveals the pos-
sible occurrence of regular structures involving other resi-
dues as well at various locations along the chain. It is in-
teresting to note that the attractive interaction between a
given pair of residues results in an unfavorable enthalpic
effect on the interaction of several other residue pairs. In
fact, the residue pairs [1, 8], [3, 8], [5, 10], and [5, 12] are
found to experience an enthalpy increase of approximately
1.7 RT because of the attractive interaction between resi-
dues 4 and 9.

As a final example, we consider shape (D), which
presents the largest conformational space (8143 distinct
SAWs), and the pair of residues [5,16] which are rather
distant from each other. Fig. 11 shows the unperturbed free
energy surface AGO(ij) corresponding to this case. It is
similar to Fig. 6 but is more articulated in general. The

1.4 RT

AGO (iji)
0

7 17
15

13

j Io 78 2 1

FIGURE 11 Free energy surface AGo(, j) for the shape (D) in the un-
perturbed state. The surface represents the entropy contribution to free en-
ergies, as does Fig. 6 for shape (C). Its perturbed counterpart is shown in
Fig. 12.
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corresponding free energy surface in the presence of an at-
tractive interaction of 2 kcal/mol between residues [5, 16]
is shown in Fig. 12. Although topological contact between
residue pair [5, 16] is relatively improbable from the en-
tropic point of view, and consequently a small subset of
conformations are affected by the perturbation, the result-
ing change in the free energy surface is quite remarkable
and invites attention to the possible contribution of interac-
tions between rather distant residues in inducing coopera-
tive structural changes.
The surface-to-volume ratios higher than those of real

proteins imply that there are fewer internal interactions
than in a real case. Consequently, the effect of changing
one interaction pair here may have a somewhat larger ef-
fect than in the real case. An equivalent change in the ac-
tual situation might require a somewhat larger change of
several interactions to achieve the effects as large as ob-
served here.

Fluctuations in free energies

The above examples indicate the potential importance of a
single residue's character in prescribing distinct secondary or
tertiary structures in globular proteins. However, several
questions remain to be answered. Which type of interactions,
attractive or repulsive, and which pairs among a group of
residues, are expected to induce the largest structural
changes? Is there a direct correlation between the a priori
probability Po(m, n) of occurrence of a given contact and the
extent of disturbance created by AEmn? In other words, is it
possible to classify the contacts which are not favorable from
the entropic point of view as the least efficient in promoting
cooperative structural organization, irrespective of their or-
der? Or, on the contrary, would an attractive interaction be-
tween such residues induce the largest perturbation in the free
energy surface? A systematic analysis of the perturbation in
contact free energies was performed with the aim of answer-
ing these questions.
As described above, the effectiveness of a given residue

pair [m, n] for driving large-scale cooperative structural

2.4 RT

AG (i,j)

0

i

FIGURE 12 Free energy surface for shape (D) in the presence of an

attractive interaction of -2.0 kcal/mol between residues [5, 16], an inter-
action of order k = 11, to be compared with the unperturbed surface in
Fig. 11.

changes was estimated by computing the free energy changes
[AG(i, j) - AGO(i, j)]m, n produced for all [i, j] and combin-
ing them as in Eq. 7. The resulting RMS fluctuations in free
energy C(m, n) are shown in Figs. 13-16 for the four shapes
(A) to (D) listed in Table 1. In these figures the abscissa is
the index 1 . m . N - 2 of residuem (1 . m '. n - 3 '
N + 1), which is participating in a non-homogeneous in-
teraction with residue n = m + k, where k = 3, 5, etc. The
curves are shown for various orders k of interaction, as in-
dicated by the labels and arrows. The ordinate is the reduced
fluctuation, C(m, n)/RT, induced by an attractive potential of
AEmn = -2 kcal/mol at 300 K. C(m, n) may be viewed as the
RMS perturbation induced in the free energy of interaction
of any randomly selected pair of residues in a system where
the pair [m, n] is subjected to the specific attractive potential
AEmn. In other words, C(m, n) provides a direct measure of
the overall effect of a specific interaction pair [m, n] on the
total system.

Several interesting features stand out in Figs. 13-16. In
all four cases, interactions between residues m and m + 3
are found to lead to relatively large C(m, n) values, indi-
cating the importance of intrinsic propensities in inducing
structural motifs. This feature is particularly apparent in
shape (B), which is closest to spherical and the most sym-
metric, whereas, higher order interactions are observed to
compete more efficiently in the case of more asymmetric
shapes (C) and (D). Residues that are relatively distant
(k ' 9) from each other along the chain primary sequence

1.0

(A)
k=3

0.9

0.6

k ~ ~ 7

m

FIGURE 13 RMS fluctuation in free energies, C(m, n), induced by an
attractive interaction of -2.0 kcal/mol between residues m and n =m + k
for the model chains of shape (A). Curves are computed using Eq. 7 for
contacts of order k = 3, 5, 7 and 9, as indicated. Lowest order contacts affect
the free energies most effectively, whereas only the higher order pertur-
bation induced by the interaction between residues 4 and 9 is observed to
be as significant.
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FIGURE 14 RMS fluctuations C(m, n) in free energies due to attractive
interaction of -2.0 kcal/mol between residues m and n = m + k for the shape
(B). Curves are shown in dimensionless units for various contact orders 3
5 k ' 15, as indicated. Attractions in which one of the terminal residues
participates have a weaker effect on the free energy distribution. The effect
of lowest order contacts is strongest, mainly due to their high a priori prob-
abilities.

impart a weaker perturbation in the free energy distribu-
tion. Likewise, interactions in which either one of the ter-
minal residues participates always have a relatively weaker
effect on the distribution of free energies than do those
with mid-sequence positions. This feature may be viewed
as a natural consequence of chain connectivity; specific in-
teractions involving terminal residues are presumably ac-
commodated with relatively localized configurational
changes, leaving a considerable region of the free energy
surface unaffected.
The magnitude of C(m, n) is largest in the shortest chain

and decreases with chain length. This is understandable,
since C(m, n) results from averaging over all possible
pairs, and in longer chains the fraction of pairs [i, j] which
are not directly affected by the specific interaction AEmn is
larger. Although some specific conformations lead to
large-scale reorganization of the chain, the highest absolute
perturbation occurs in the close neighborhood of [m, n].
Inasmuch as the fluctuations are evaluated from the en-
semble of all accessible conformations, the results should
naturally reflect the behavior of the majority of conforma-
tions. This feature may be verified from the free energy
surfaces presented above.

Several peaks appear in Figs. 13-16, although the mag-
nitude of the specific interaction is identical in all cases.
For instance, the attractive interaction between residues
[4, 9] and its symmetric counterpart [9, 14] are found to
lead to the maximum perturbation in the free energy distri-

0.65

3 5 7 9 11 13

m

FIGURE 15 C(z, n)/RTvalues corresponding to an attractive interaction
of -2.0 kcal/mol between residues m and n = m + k for the structure (C).
Curves are shown for 3 ' k ' 13, as indicated. Residue pairs [4, 9] and
[8, 13] are observed to induce the largest fluctuations in free energies.

butions in the chain (C) of 16 residues. Likewise the pair
[4, 9] in shape (A) affects the conformational space quite
strongly. It is to be noted that [AG(i, j) - AGo(i Mm, n and
consequently C(m, n) values are affected by two factors:
1) the probability that the residue pair [m, n] comes into
close proximity (i.e., at a distance do, the size of lattice
edge in the present model); and 2) the specific location of
the interacting pair [m, n] in the particular globular shape.
The former is the entropic effect. It is prerequisite for the
possibility of a perturbation, i.e., two residues which are
not allowed to come into close proximity due to specific
chain geometry (or shape) will not affect the free energy
distribution, regardless of the magnitude of a specific in-
teraction. Alternately, residue pairs that have a higher
chance of being located close to each other, such as resi-
dues m and m + 3 in general, will lead to larger apparent
fluctuations in free energy, inasmuch as they affect a
larger fraction of conformations in the whole ensemble.
This feature explains the relatively high C(m, n) values ob-
tained for n - m = 3 in all cases, as well as the gradual de-
pression of the curves to lower values with increasing k
values. The appearance of peaks for a given k1 on the other
hand, is related to the specific location of the interacting
pair in the specific shape. The fact that those peaks emerge
in spite of the lower entropic probability of the participat-
ing residues is quite significant. If normalized with respect
to their a priori probabilities of occurrence PO(m, n), the
effect of those particular pairs might be even more pro-
nounced. As an example, we might consider the two resi-
due pairs [6, 13] and [8, 11] in case (B), which are ob-
served to yield the respective values of 0.35 and 0.46 for
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FIGURE 16 C(m, n)/RTvalues corresponding to an attractive interaction
of -2.0 kcal/mol between residues m and n = m + k for the structure (D).
Curves are shown for 3 ' k ' 15, as indicated. Three cases of interactions
of order 5 exhibit the strongest perturbations.

C(m, n)/RT. If those values are normalized with respect to
their a priori probabilities 0.009 and 0.016, the effect of
residue pair [6, 13] exceeds that of [8, 11] by about 35%.
These results rest on the conjecture that the investigated
residue pairs are in topological contact. This type of analy-
sis has been performed by Chan and Dill (1989a, 1990a)
for compact chains of 27 residues. For generality, we con-

sider here the C(m, n) values that incorporate both entropic
and enthalpic contributions.

Repulsive interactions

We studied the effectiveness of repulsive interactions in
perturbing the free energy surfaces. Fig. 17 shows the fluc-
tuations C(m, n)/RT resulting from repulsive interactions
of AEmn = +2 kcal/mol between residues [m, n] for chain
(B). In contrast to the effect of attractive interactions
which are quite specific with respect to the location of the
embraced residues [m, n], repulsive interactions are ob-
served to lead to approximately the same amount of pertur-
bation, 0.38 ' C(im, n)/RT ' 0.41, regardless of the
choice of [m, n]. A similar behavior is observed in all of
the other shapes. This result, which might seem unex-

pected at first, can be explained: upon inclusion of attrac-
tive interactions between a given pair of residues [m, n] the
probability of a small subset of chains is enhanced; this is
the subset of conformations in which topological contact
between m and n takes place, i.e., in which those residues
occupy adjacent sites. The observed behavior in the pres-

0.44
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0.35 . . . .
1 3 5 7 9 11 13 15
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FIGURE 17 C(m, n)IRT values induced by a repulsive interaction of 2.0
kcal/mol between residues m and n = m + k for the structure (B) for 3 '
k < 13, as indicated. Approximately the same perturbation values are found
for all contact orders, regardless of the residue location along the chain,
indicating the non-specificity of repulsive interactions.

ence of attractive interactions directly reflects that of this
subset, which is now assigned a relatively large statistical
weight. In the case of repulsive interactions, the same sub-
set is assigned a low probability of occurrence. Its contri-
bution to the observed behavior is negligible, inasmuch as
this subset already presents a small group among all acces-
sible conformations. Thus, the much larger subset of con-
formations without the perturbed topological contact [m, n]
dominates the observed behavior. Exclusion of the chains
with a specific contact do not perturb to a large extent the
statistical behavior of the ensemble, leading to free energy
fluctuations of about the same size, regardless of the loca-
tion of the residues repelling each other.

This insensitivity of fluctuations to the position of residues
repelling each other suggests that repulsive interactions do
not induce a specific cooperative structural rearrangement
but have a rather localized effect, perturbing only limited
regions of the free energy surface. Free energy surfaces com-
puted by adopting AEmn = 2 kcal/mol for various [m, n] con-
firm this prediction. Two extreme cases may be considered.
In one case, the a priori probability of the interacting pair is
low. In this case, the perturbation induced by a positive AEmn
is rather limited and diffuse, since the probability of a highly
improbable contact is further depressed. The other extreme
case is the repulsion between a pair of residues whose contact
is highly favorable from the entropic point of view. For in-
stance, we might consider the pair [7, 10] in chain (B), which
should be expected to exert the strongest effect on the free
energy distribution. Fig. 18 shows that the perturbation in-
duced by a repulsion between residues [7, 10] in shape (B)
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FIGURE 18 Free energy surface for shape (B) in the presence ofrepulsive
interactions of +2.0 kcal/mol between residues [7,10]. Comparison with the
unperturbed surface in Fig. 6 and the surfaces of Figs. 7 (a) and 8 (a)
resulting from attractive interactions indicates that the effect of repulsive
interactions is restricted to a much more localized region of free energy
surface.
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is confined to a restricted region of the free energy surface,
leaving the other regions almost unaffected. These consid-
erations suggest that intramolecular attractive interactions,
rather than repulsive interactions, are more effective in es-

tablishing or stabilizing well-defined structural patterns in
compact proteins.

This result leads to the consideration of the important role
of the type of interaction, attractive or repulsive, in estab-
lishing the preference for a given regular structure by a given
chain. Attractive interactions are more specific; they enhance
specific structural patterns easily, and their effect strongly
depends on the location of residues along the primary se-

quence. Repulsive interactions, on the other hand, are less
selective in favoring specific regular structures, and their
effect does not depend on the primary position of residues.

Effectiveness of individual residues

The effectiveness of a given residue m to induce cooperative
structural changes in a well-defined shape may also be es-

timated by considering all of the RMS fluctuations in contact
energies, C(m, n), obtained for a given m. A weighted av-

erage over all possible pairings for a given m is performed
by

C(m) = ,C(m, n)P0(m, n) (8)
n

where C(m, n) is evaluated from Eq. 7 and PO(m, n) is the
equilibrium probability of contact [m, n] in the unperturbed
state given by Eq. 4. Fig. 19 displays C(m) values obtained
as a function of position m of the perturbed residue for the
chains (A) to (D), as indicated, using AEmn = -2 kcal/mol
at 300 K. The points represent the results of simulations
(joined by lines to guide the eye). The ordinate values of the
curve for the shape (B) is lowered by 0.05 along the vertical
axis to achieve visual separation.

In all of the four distinct shapes, terminal residues are

found to be the least efficient in perturbing topological free

O.2

0 10
m

20

FIGURE 19 Fluctuations C(m)/RT in free energies induced by a given
unit m participating in binary attractive interaction (-2 kcal/mol) with any

other non-bonded unit in the chain evaluated from Eq. 8. C(m) provides a

measure of the strength of perturbation exerted by specific points in the
different shapes (A) to (D) (see Fig. 2). Inner units are found to affect more
strongly the free energy distribution in all cases as compared with terminal
units. Curves for shapes (A), (C), and (D) exhibit a distinctive dependence
on m, whereas that for the more symmetric shape (B) is substantially
smoother.

energies. However, it is interesting to see that the extent of
perturbation, as characterized by C(m), does not necessarily
increase smoothly as one proceeds toward inner residues.
Certain inner positions along the chain produce relatively
weak free energy perturbations. This feature is even more

pronounced in shorter chains and asymmetric shapes. Thus,
the potency of a given residue to induce structural changes
appears to be closely associated with the shape oftheprotein
to which it belongs. A smoother dependence of C(m) on m

is observable in case (B), but the curve for the asymmetric
chain (D) exhibits an elaborate specific structure in spite of
the larger number of units in the chain.
The contact maps or free energy surfaces displayed in

Figs. 5 (or 6), 9, and 11 for the respective model chains of
shapes (B), (C), and (D) in the unperturbed state, as well as

those obtained (Bahar and Jernigan, 1994) for two-
dimensional compact chains, generally indicate a relatively
high frequency of occurrence of contacts involving terminal
residues. Yet, the enhancement of the equilibrium probabili-
ties PO(m, n) of these particular contacts (driven by entropic
effects) is not sufficient alone to enable chain ends to ef-
fectively perturb free energy distributions. Thus, irrespective
of the weighting terms PO(m, n) in Eq. 8, C(m) seems

to preserve the characteristics of C(m, n), mainly weaker

(A)

(C)

(D)

/ ~~~~~~(B)

I I
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fluctuations in contact free energies induced by specific in-
teractions involving units closer to chain ends. This is an-
other way of stating that enthalpic effects (brought about by
an attractive interaction of 1-2 kcal/mol between a given pair
of residues) are predominantly important in prescribing the
free energy distribution, rather than the entropic effects
which lead to relatively flat free energy surfaces.

CONCLUSIONS

Enumeration of all conformations is feasible for relatively
short chains whenever each residue site compatible with a
given shape can be occupied once and only once (Covell and
Jernigan, 1990). A comparison of results for two and three
dimensions indicates much similarity but with enhanced fre-
quencies formed in three dimensions for contacts with ter-
minal portions of the chain. A wider variety of shapes than
considered here can be generated (Jernigan, 1992).
The above analysis indicates that certain regions along the

primary sequence present a higher potential for 1) perturbing
conformations and 2) establishing regular structural motifs
when subjected to attractive interactions with other residues.
These critical positions depend on the particular shape of the
globular protein. Inner residues are generally shown to be
more efficient in inducing structural changes compared with
terminal residues, but the perturbation induced by a given
residue does not exhibit a simple dependence on its location
along the primary sequence. In real proteins, instead of a
homogeneous base of interactions upon which a change is
imposed, there is actually a highly heterogeneous back-
ground of interactions.
An interesting aspect of intramolecular interactions in

compact structures with prescribed shapes is the different
character of attractive and repulsive interactions. The effect
of attractive interactions strongly depends on the position of
the interacting pair, as well as on the particular shape of the
protein. The perturbing effect of repulsive interactions is of
approximately the same strength, irrespective of the loci of
the residues involved, and the induced topological changes
are rather localized, in contrast to the highly cooperative
response of chain units to attractive interactions.

This study suggests that certain residues in a given protein
shape may contribute more effectively to the stabilization of
a given structure than other residues, even if they are not
necessarily participating in strong specific interactions such
as hydrogen bonding or electrostatics. Their capability for
imparting substantial structural changes originates from the
severe constraints of high packing density within a well-
defined restrictive shape. It would be interesting to apply this
type of statistical analysis to proteins of known shape and
identify regions of utmost sensitivity for inducing large scale
cooperative structural rearrangements. Such an approach
might prove useful in providing approximate guidelines for
protein engineering/design purposes.

Other types of perturbations could be studied. The present
method might be applied to investigate the effects of biases
corresponding to secondary structure segments, a much

larger scale perturbation than considered here. For longer
chains in which complete enumeration is not feasible, Monte
Carlo approaches could be pursued. The perturbations due to
mutations are explored here for the maximally compact states
only, but might be extended to less tightly packed models,
inasmuch as recent modeling by Shortle et al. (1992) showed
the importance of the denatured states in interpreting mu-
tational results. In another type of application, distance data
from nuclear magnetic resonance NOEs could be incorpo-
rated into a similar method in the form of contact pair biases
to develop ranges of molecular conformations that are con-
sistent with the experimental data.

We acknowledge the National Cancer Institute for allocation of computing
time and staff support at the Biomedical Supercomputing Center at the
Frederick Cancer Research and Development Center.
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