doi:10.1016/j.jmb.2004.09.061

J. Mol. Biol. (2004) 344, 797-811

JMB

Available online at www.sciencedirect.com

science (@orneer:

ELSEVIER

The Optimal Fraction of Hydrophobic Residues
Required to Ensure Protein Collapse

Jiangbo Miao', Judith Klein-Seetharaman'? and Hagai Meirovitch®*

'Carnegie Mellon University
School of Computer Science
Language Technologies Institute
Pittsburgh, PA 15213, USA

*University of Pittsburgh
School of Medicine, Department
of Pharmacology, Biomedical
Science Tower E1058
Pittsburgh, PA 15261, USA

*University of Pittsburgh
School of Medicine, Center for
Computational Biology and
Bioinformatics and Department
of Molecular Genetics and
Biochemistry, Biomedical
Science Tower W1058
Pittsburgh, PA 15261, USA

*Corresponding author

The hydrophobic interaction is the main driving force for protein folding.
Here, we address the question of what is the optimal fraction, f of
hydrophobic (H) residues required to ensure protein collapse. For very
small f (say f<0.1), the protein chain is expected to behave as a random coil,
where the H residues are “wrapped” locally by polar (P) residues. However,
for large enough f this local coverage cannot be achieved and the
thermodynamic alternative to avoid contact with water is burying the H
residues in the interior of a compact chain structure. The interior also
contains P residues that are known to be clustered to optimize their
electrostatic interactions. This means that the H residues are clustered as
well, i.e. they effectively attract each other like the H-monomers in Dill’s HP
lattice model. Previously, we asked the question: assuming that the H
monomers in the HP model are distributed randomly along the chain, what
fraction of them is required to ensure a compact ground state? We claimed
there that f=p., where p. is the site percolation threshold of the lattice (in a
percolation experiment, each site of an initially empty lattice is visited and a
particle is placed there with a probability p. The interest is in the critical
(minimal) value, p, for which percolation occurs, i.e. a cluster connecting the
opposite sides of the lattice is created). Due to the above correspondence
between the HP model and real proteins (and assuming that the H residues
are distributed at random) we suggest that the experimental f should lead to
percolating clusters of H residues over the highly dense protein core, i.e.
clusters of the core size. To check this theory, we treat a simplified model
consisting of Hand P residues represented by their a-carbon atoms only. The
structure is defined by the C*—C* virtual bond lengths, angles and dihedral
angles, and the X-ray structure is best-fitted onto a face-centered cubic
lattice. Percolation experiments are carried out for 103 single-chain proteins
using six different hydrophobic sets of residues. Indeed, on average,
percolating clusters are generated, which supports our theory; however,
some sets lead to a better core coverage than others. We also calculate the
largest actual hydrophobic cluster of each protein and show that, on average,
these clusters span the core, again in accord with our theory. We discuss the
effect of protein size, deviations from the average picture, and implications
of this study for defining reliable simplified models of proteins.

© 2004 Elsevier Ltd. All rights reserved.

Keywords: hydrophobic clusters; percolation theory; protein collapse; HP
model

Introduction

The hydrophobic interaction is the main driving
force for protein folding.! Therefore, a great deal of

work has been done toward understanding the
thermodynamic basis of hydrophobicity,> as well
as the effect of this phenomenon on the details of
protein structures.*” The ability of a protein chain
to organize itself in a stable compact structure is

Abbreviations used: SYS, systematic search; MCS,
Monte Carlo search; fcc, face-centered cubic.
E-mail address of the corresponding author:
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expected to depend strongly on the fraction, f, of the
hydrophobic (H) residues. For small f (say f<0.1) of
randomly distributed H residues, an H residue
could become “wrapped” locally by several

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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hydrophilic (P) residues to form a “blob”. This
would lead to an effectively shorter random coil
chain of blobs connected by flexible segments,
which gains further stability from its high entropy
(see Figure 1). However, when fis large enough, the
local coverage of the H residues cannot be achieved
any more and the only thermodynamic alternative
to avoid contact with water is burying them in the
interior of a compact chain structure. Obviously, if f
is too large the molecule will precipitate and
therefore the optimal value observed in real
proteins will be a balance between these effects
and others.

It has been shown that most of the H residues are
located in the interior of protein structures, while
the exterior is populated mostly by P residues,
which interact favorably with the surrounding
water.*'® More specifically, in an inner sphere of
radius R around the center of mass, where R is the
radius of gyration, the concentration of the H
residues is larger than their fraction, f, in the entire
sequence; this concentration decreases significantly
in concentric spherical layers of increasing radii, i.e.
in going from the core towards the surface, whereas
an opposite trend is observed for the P residues.**
The interior contains P residues that are clustered in
groups to optimize their electrostatic interactions.
Therefore, the H residues are clustered as we11,15
and even though the H residues only seek to avoid
the contact with water, effectively they can be
viewed as attracting each other. This picture is the
basis for the HP model proposed by Dill.'”'®
Moreover, at least one H cluster should span most
of the core, because if all the H clusters were
localized (i.e. each of them surrounded by P
residues), it would mean that a chain of blobs
would provide the most stable solution rather than
a compact structure. One objective of this work is to
examine whether core-size H clusters exist in the
interior of proteins.

However, our main objective is to explain the
experimental fraction f of H residues in terms of

Flgxi le Qhain

Figure 1. A schematic lattice illustration of a typical
arrangement expected for a protein with a low fraction f
(f<1) of hydrophobic residues (filled circles). To avoid
the contact with water these residues are “wrapped”
locally by hydrophilic residues (open circle) to form
“blobs”. This chain of flexible blobs gains further stability
from its high entropy.

percolation theory that, as argued later, provides a
relation between f, the clustering of H residues, and
hence the compactness of protein structures. In its
basic form, this theory is developed for a simple
experiment carried out on the sites of a large empty
lattice (say, a square lattice) as follows:'**” each site
is visited and a particle is placed there with
probability p or the site remains vacant with
probability 1—p (using a random number). After
completing this experiment for the entire lattice,
one asks whether percolation has occurred, i.e.
whether a cluster of occupied sites connecting
(bridging) the opposite sides of the lattice has
been created. It has been shown that for each lattice
a critical probability, p., exists (called the site
percolation threshold), where p. is the minimal
probability such that for p>p., percolation will
always occur.'” For a square lattice p.~0.59, and p.
deceases as the coordination number of the lattice
increases; thus, p.=0.31, 0.25 and 0.18 for simple
cubic, body-centered cubic, and face-centered cubic
(fcc) lattices, respectively (see Figure 2).1 We seek
to establish a connection between f and p..

Previously, we took the first step in this direc-
tion,”! by applying percolation theory to the
simplified HP model.}”® In the HP model, a
protein is described by a self-avoiding chain on a
lattice consisting of N monomers (i.e. N-1 bonds) of
two kinds, H and P. Two non-bonded H monomers
that are nearest neighbors on the lattice interact
with an attractive energy & (e= —|el), where the
interaction of PP and HP contacts is zero. Thus, for a
given distribution of the H monomers, the ground
state (which might be degenerate) is a chain
configuration with the lowest possible energy,
E=nmax€, Where n,.,, is the maximal number of
HH contacts. Assuming that the H-monomers are
distributed at random along the chain, we have
asked the following question: what should be their
minimal fraction, f that would lead to a compact
collapsed ground state?

To answer this question, we first considered”' a
self-avoiding chain consisting only of P monomers
and arranged it in a perfect compact structure
(a square shape in Figure 3); then, each of the P
monomers was visited and changed to an H
monomer with probability f. This process is exactly
a percolation experiment that for f>p. would lead
to a percolating cluster of the H monomers over the
compact (square) chain structure, where in this case
pc is the percolation threshold of both the perfect
compact structure and the square lattice. However,
the cluster is not symmetric, in the sense that only
contacts of H monomers that reside on parallel (or
anti-parallel) segments of the chain (horizontal HH
contacts in Figure 3) contribute to the energy (hence
to the stability of the structure), while HH contacts
along the chain (perpendicular in Figure 3) do not
contribute to the energy (see further discussion in
Methods). Elsewhere, we have argued that such a
percolating cluster is of low energy, “holding” the
perfect compact structure together;*' thus, we have
suggested that f=p. is approximately the minimal
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Figure 2. Percolation experiments on a square lattice
populated initially by empty circles. Each lattice site is
visited and a full circle replaces the empty one with
probability p using a random number. Two nearest-

Percolation Cluster

Figure 3. A perfect compact structure (square) of a self-
avoiding HP chain on a square lattice. Filled and open
circles stand for hydrophobic (H) and polar (P) mono-
mers, respectively. Non-bonded, nearest-neighbor H
monomers interact with negative energy e= —lg|. This
perfect compact chain structure has total energy, E=3e.
Two nearest-neighbor H monomers (bonded or non-
bonded) are defined to be connected. The Figure displays
an isolated H monomer and a percolating cluster of H
monomers that bridges the opposite sides of the chain
structure.

fraction of H monomers required to guarantee a
collapsed ground state. Indeed, simulations of the
HP model on square and simple cubic lattices at low
temperatures have supported this idea. Elsewhere,
we have given heuristic arguments that this picture
also applies to globular proteins,”' and here the
connection between the HP model and real proteins
is established further.

While for f=p. the perfect compact structure
introduced above is of low energy, in most cases this
energy would not be the lowest possible for the
given sequence, i.e. this structure is not the ground
state with the maximal number of HH contacts (see
Figure 4). Typically, the ground state is character-
ized by a higher concentration of H monomers in
the interior than in the periphery (surface) and an
opposite distribution of the P monomers. Corre-
spondingly, the chain loses its perfect compact

neighbor full circles on the lattice are defined to be
connected, which is illustrated by a bold-faced line.
(a) For p=0.25, all the full circles are isolated, i.e. no
cluster has been created. (b) For p=0.50, the number of
full circles increases and three local clusters are observed.
(c) For p=0.75, which is larger than the percolation
threshold, 0.59, a percolation cluster is created, connect-
ing the opposite sides of the lattice.
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Figure 4. The ground state of the chain depicted in
Figure 3. The energy decreases significantly to E=7e. This
minimal energy is achieved by increasing the concen-
tration of the H monomers in the interior, maximizing
thereby the number of HH contacts; as a result all the P
monomers move to the surface. However, the chain loses
its perfect compact shape acquiring a ramified periphery,
while its interior core still has the maximal density, which
is the characteristic of the perfect compact structure. The
dotted circle represents the spherical core, and its size
(radius) is probably not optimal. This circle does not
include the left segment of four P monomers, which does
not contribute to the energy, and is thus expected to be
fully flexible maximizing its contribution to the entropy of
the chain.

shape (square in Figure 3), which is manifested by a
ramified periphery, while the maximal density,
characteristic of the perfect compact structure,
remains only in the interior. We call this region of
maximal density, “the core” (circled in Figure 4). It
should be pointed out that a percolation experiment
can be carried out over compact chain configur-
ations with a ramified surface such as the ground
state in Figure 4; in this case, the site percolation
threshold (p.) will increase because of the decrease
in the effective coordination number of the ramified
part. However, the percolation threshold for the
core alone remains the same as for the perfect
compact structure. The distinction between a
percolation experiment over the core and over the
entire structure will become important in what
follows.

We have argued earlier that, due to their
clustering, the H residues in a real protein effec-
tively attract each other; that is, they behave
basically as in the HP model. Therefore, the main
conclusions drawn for the HP model should apply
to real proteins. Thus, a folded protein structure (i.e.
an X-ray structure from the Protein Data Bank
(PDB)) corresponds to the ground state of the HP

model (for f=p.). Like the latter, the folded
structure has a ramified surface and a core defined
approximately as the spherical region of highest
density around the center of mass. On the other
hand, the perfect compact structure of a protein is
unknown. One can assume, however, that the
density of such a structure would be approximately
the same as that of the core. Thus, to test our
hypothesis that the experimental fraction, f of
randomly distributed H residues is approximately
equal to the percolation threshold for the perfect
compact structure, we can carry out percolation
experiments based on the experimental f on the
protein core.

To apply our analysis to real proteins, a simplified
model of a protein is used, where an amino acid
residue is represented by its a-carbon atoms and the
structure is thus defined by the C*-C” virtual bond
lengths, virtual bond angles, and virtual dihedral
angles.”>* To keep the lattice picture alive (we shall
argue that this is not mandatory), the PDB structure
is best-fitted onto an fcc lattice (as described in
Methods),23 the core region is defined, and percola-
tion experiments are performed. The size of the
largest percolation cluster is compared with the
core size to determine whether percolation has
occurred. We identify the largest H cluster to
compare its size with respect to the core size. Note
the distinction between the largest H cluster, which
is based on the actual distribution of the (relatively
concentrated) H residues in the core, and the
clusters generated by the percolation procedure
based on the smaller experimental fraction f of H
residues in the entire sequence. Percolation exper-
iments are carried out for 103 single-chain proteins
using six different hydrophobic sets of residues.
Indeed, on average, percolating clusters are gener-
ated, which supports our theory; however, some
sets lead to a better core coverage than others. We
calculate the largest actual hydrophobic cluster of
each protein and show that, on average, these
clusters span the core, again in accord with our
theory. We discuss the effect of protein size,
deviations from the average picture, and impli-
cations of this study for defining reliable simplified
models of proteins.

Our analysis is based on the assumption that the
H residues are distributed at random over the
sequence. Indeed, an early study of protein
sequences bX White and Jacobs supports this
assumption,®* while in a later study these authors
have found a slight bias toward the creation of
shorter consecutive blocks of H residues than
would be anticipated from a random distribution.*
Similar conclusions were found by Schwartz et al.,*®
who studied sequences of proteins that are known
to fold in aqueous solutions, and by others.?”?8
Therefore, our assumption of random distribution
is an approximation, which is justified within the
accuracy of our aE?roaCh. It should also be pointed
out that Stauffer”" and de Gennes®' have applied
percolation theory to describe the cluster creation in
sol-gel transition in polymers.*
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Results

Fitting a protein structure to a lattice

The first step in our calculations requires fitting
the PDB X-ray structures to an fcc lattice (see
Methods). Structures of 103 single-chain proteins
are used in the calculations presented. In Table 1
results are shown for the root-mean-square devi-
ation (RMSD) between the best-fitted structures of
eight of the longer proteins and the corresponding
X-ray structures using two different methods,
systematic search (SYS) and Monte Carlo search
(MCS). Table 1 reveals that the fittings obtained by
MCS are slightly (but not significantly) better (i.e.
with smaller RMSD) than those performed by the
SYS. On the other hand, for the smaller proteins, the
advantage of the systematic search increases
because of the dramatic increase in the number of
trials and SYS leads to slightly better results than
MCM. Opverall, for the 103 proteins studied, the
RMSD values are less than 1.4 A, where the smallest
values were obtained for the shorter proteins.

Sets of hydrophobic amino acid residues
studied

In our calculations, amino acids are defined as
either hydrophobic (H) or polar (P). However, there
are significant differences in the literature regarding
the identity of H and P residues. Hydrophobicity
has been defined either experimentally by studying
the free energy of transfer of amino acids from
water to organic solvents or empirically by
examination of X-ray structures of proteins. The
empirical approach has been carried out in various
ways and is itself different in principle from the
experimental approach, which does not reflect
the influence of chain connectivity and other
interactions.'® In recent studies, the sets of amino
acids classified as H include nine amino acids, and
we shall adhere to this convention. Of the nine
residues, most of the hydrophobicity sets proposed

Table 1. RMSD between eight protein structures fitted
onto an fcc lattice and the corresponding crystal struc-
tures

PDB ID No. residues RMSD (A)

SYS MCS
5cpa 307 1.32 1.31
2apr 325 1.34 1.34
1pmi 440 1.40 1.38
6taa 478 1.39 1.38
3cox 507 1.41 1.38
1gal 583 1.39 1.39
7acn 754 1.42 1.39
lyge 839 1.41 1.39

The fitting was carried out by a systematic search (SYS) and a
Monte Carlo search (MCS). The total number of fitting trials
(rotations) is limited to 36,000. SYS runs three rounds, with 1, =30,
1,=20, 13=10 (30%+20%+10%=36000, for details, see the text).
MC runs until the limit is reached.

in the literature include the six residues, Val, Leu,
Ile, Phe, Trp and Met but differ by the additional
three residues.

Thus, according to the hydro;ahobicity scales
suggested by Meirovitch et al.'’ and Wertz &
Scheraga,” the additional three residues are Cys,
His and Tyr, whereas Cys, Tyr and Ala is the triplet
defined by Manavalan & Ponnuswamy,** and
Krigbaum & Komoriya.'* Eisenberg & McLachlan®
have suggested Ala, Pro and Tyr, a triplet that has
been used recently by Schwartz et al.*® Mandel-
Guetfreund & Gregoret4 used, Ala, Gly and Pro,
while according to Chothia’s scale,*® Rose et al.*
Kyte & Doolittle,® Janin,>* and Wolfenden et al.,*
Cys, Ala and Gly are the three additional residues.
Finally, Tyr, Cys and Pro were defined by Levitt,*
Zhou & Zhou,*' and Sharp et al.;*? this last set was
also derived experimentally by Fauchere & Pliska.*?
We examine all these sets, besides the experimen-
tally based set reported by Nozaki & Tanford,**
because their triplet includes Lys (and Tyr and Pro).
These sets are listed in Table 2, identified by the
three differing residues.

Dataset

All of our calculations are applied to 103 single-
chain proteins, most of them chosen from the set
used by Tobi et al.,®® which is a subset of the
database accumulated by Hinds & Levitt.* These
are proteins ranging in size from 104 to 839
residues. Their X-ray structures have been retrieved
from the PDB.

Average results for the entire group of proteins

For each protein i 100 percolation experiments
over the core are performed using its fraction f; of H
residues. Table 2 shows results averaged over the
entire group of 103 proteins for the six hydropho-
bicity sets of amino acid residues identified only by
their three differing residues. These sets are
arranged in an increasing population of the three
amino acid types in proteins. For example, in set 3
the frequently occurring Ala replaces the less
frequent Pro of set 2, and correspondingly the
average fraction of the nine members of set 2 in
sample of 103 proteins, {fyrop103=0.37 increases to
0.42 for set 3. Thus, the values of {f,.,p103 in Table 2
range from 0.35 to 0.49 and the average fractions of
H residues in the core, {fcore103, as expected, are
larger, ranging from 0.45 to 0.57, where the
corresponding differences lie between 0.07 and 0.1.

Table 2 presents results for the average size of
the longest hydrophobic and percolation clusters,
(LH-clust? and {Lperco), respectively, where L is
calculated with respect to the core radius, R, L=
(Iength of largest cluster/2R.), as defined in
Methods. The monotonic increase of {f,og103 and
{fcoreti0s in going from set 1-6 (discussed above)
suggests that the average size of the largest
hydrophobic and percolation clusters {Ly ciusth103
and (Lpercotios Will increase monotonically, as well;
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Table 2. Results for the different hydrophobic sets averaged over the entire group of 103 proteins

Hydl‘OphObiC set (fpro&lOS (fcore)lOS (LH-clust>103 (Lperco)l[)S
1:{Cys, His, Tyr}'** 0.35 0.45 0.76 (2) 0.77 (1)
y y 22,4143
2:{Cys, Pro, Tyr}™ s 0.37 0.46 0.82 (2) 0.83 (1)
3:{Cys, Ala, Tyr}'*** 0.42 0.52 0.90 (2) 0.93 (1)
4:{Pro, Ala, Tyr}**® 0.44 0.51 0.98 (2) 1.01 (2)
5:{Cys, Ala, Gly}*¢™° 0.47 0.56 1.08 (3) 1.05 (2)
6:{Pro, Ala, Gly}* 0.49 0.57 1.16 (3) 1.11 (2)

(fpr()t)lOS and {fcore)103 are the fractions of H residues in the protein sequence and in the spherical cores, respectively averaged over the group
of 103 proteins. Liy.ciust = (length of largest actual H cluster) /2R, where R. is the core radius; Lyerco =(average length of the largest clusters
obtained in 100 percolation experiments)/2R.. All hydrophobicity sets share the same six residues; Ile, Leu, Val, Phe, Trp, and Met.
Therefore, the sets are defined by the three differing amino acid residues. The statistical errors are (one standard deviation/ (1031/2=10.1)).
The errors of the last digit are denoted by parentheses, e.g. 0.98 (2)=0.98+0.02. The errors of {fpmt)1o3 and (feore)103 are not larger

than +0.006.

this indeed is shown to occur, where the corre-
sponding ranges are 0.76-1.16 and 0.77-1.11. Thus,
for all of the hydrophobicity sets studied, the
average of the largest hydrophobic and percolation
clusters span most of the core region in accord with
our theoretical expectations. It is of interest to point
out that the corresponding values of (L clust103 and
(Lpercohios are the same within the statistical error
(one standard deviation/ 103" 2), even though the
actual H clusters are based on f.r, which is larger
than f,.o: used in the percolation experiments. This
demonstrates that, on average, the H residues in the
actual hydrophobic clusters are packed somewhat
tighter than in the percolation clusters, as illustrated
in Figures 3 and 4 for the HP model.

However, a more detailed picture about these
clusters is given in Tables 3 and 4, where results are
presented for sets of proteins grouped according to
size, and in Table 5, where results for the 103
individual proteins are provided. Finally, if one
seeks to define an optimal hydrophobicity set based
on our criteria, the choice would be set 4, where
(LH—Clust>103z<LperCO>lO3z1; therefore, the results in
Table 5 were calculated with set 4.

Average results for proteins grouped according
to size

As pointed out above, to examine the effect of
protein size on cluster size the sample of 103
proteins was divided into five groups according to
chain length, from 100-200, 200-300, 300-400,
400-500 and greater than 500. Table 3 provides the
number of proteins in each group (at least 13) and
information about the core, which will be used for a

later analysis. The density of C* atoms within the
spherical core, R., and within a sphere of the radius
of gyration, Rg, is larger for the shorter proteins
(groups 100-200 and 200-300) than for the longer
ones, a fact that has been pointed out by others.*
These results do not stem from changes in the
average core radius, (R./Rg), which is shown to
remain approximately the same for the different
groups.

Table 4 displays results for the averages, (foron),
{feoreds {Lti-clusth and (Lperco) for the six hydrophobi-
city sets, as well as for the five groups (denoted i,
i=1,5) of proteins of increasing size. The Table
reveals that for each hydrophobicity set, the five
values of {foro); basically remain unchanged. In
contrast, (foore)i (except for sets 4 and 6) shows a
tendency to decrease as i increases, i.e. the fraction
of H residues in the core increases with increasing
protein length. This probably is a result of the
difficulty to protect the hydrophobic side-chains
from the contact with water as the protein size
decreases, which leads for the smaller proteins to a
higher density of C* atoms of H residues in the
protein core; this picture is in accord with the higher
core densities shown in Table 3 (and discussed
above) for the smaller proteins (100-200 and 200-
300). The somewhat different behavior of {f.oe); for
sets 4-6 stems, in particular, from the ambivalent
character of Ala and Gly in smaller and larger
proteins. Thus, for the smaller proteins these
residues have been found to exhibit a hydrophilic
character, i.e. their distance from the center of mass
is, on average, relatively large, comparable to the
distance of typical hydrophilic residues; on the
other hand, for the larger proteins, Ala and Gly are

Table 3. Average core size and core density for the different groups of proteins

Protein groups Proteins in Average Rg Average R. (R./Rg) Core density Rg density
by no. residues group (1) (A) (A) (X10™% (X107
100-200 41 14.6 (3) 12.8 (3) 0.88 (1) 67 (2) 60 (2)
200-300 14 16.6 (3) 14.3 (5) 0.86 (3) 73 (1) 67 (2)
300-400 15 20.1 (3) 16.8 (2) 0.84 (1) 61 (1) 53 (2)
400-500 20 22.7 (3) 19.1 (3) 0.84 (2) 58 (2) 51 (2)
>500 13 24.7 (6) 21.3 (7) 0.87 (2) 60 (3) 54 (3)

R. and Rg are the core radius and the radius of gyration, respectively. The density is the number of C* atoms divided by the spherical
volume (in A%). The statistical errors are (one standard deviation/n'/?); see the legend to Table 2.
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Table 4. Results for the different hydrophobicity sets and protein groups

Protein groups by

number Of reSidues (fprot) (fcore) (LH-clust) (Lperco)
Set 1: {Cys, His, Tyr}

100-200 0.34 (1) 0.48 (1) 0.78 (4) 0.76 (2)
200-300 0.35 (1) 0.46 (2) 0.79 (5) 0.88 (4)
300400 0.35 (1) 0.44 (2) 0.84 (5) 0.77 (4)
400-500 0.36 (1) 042 (1) 0.70 (5) 0.74 (2)
>500 0.35 (1) 0.40 (1) 0.63 (4) 0.69 (3)
Set 2: {Cys, Pro, Tyr}

100-200 0.36 (1) 0.48 (1) 0.84 (4) 0.85 (3)
200-300 0.37 (1) 0.48 (2) 0.86 (7) 0.85 (3)
300400 0.38 (1) 0.46 (1) 0.87 (8) 0.82 (3)
400-500 0.39 (1) 0.44 (1) 0.75 (5) 0.77 (2)
>500 0.38 (1) 042 (1) 0.75 (5) 0.74 (3)
Set 3: {Cys, Ala, Tyr}

100-200 041 (1) 0.55 (1) 091 4) 0.93 (3)
200-300 042 (1) 0.54 (1) 1.03 (6) 1.07 (4)
300400 042 (1) 0.50 (1) 0.93 (7) 0.93 (3)
400-500 043 (1) 0.48 (1) 0.87 (5) 0.89 (2)
>500 0.41 (1) 0.46 (1) 0.77 (6) 0.81 (3)
Set 4: {Pro, Ala, Tyr}

100-200 043 (1) 0.51 (1) 0.98 (5) 0.95 (4)
200-300 044 (1) 0.52 (1) 1.09 (6) 1.11 (5)
300-400 0.45 (1) 0.51 (1) 1.01 (7) 1.00 (3)
400-500 0.46 (1) 0.51 (1) 0.94 (5) 1.05 (2)
>500 0.46 (1) 049 (1) 0.86 (7) 0.99 (4)
Set 5: {Cys, Ala, Gly}

100-200 0.46 (1) 0.58 (1) 1.07 (5) 1.04 (4)
200-300 048 (1) 0.61 (2) 1.22 (5) 1.22 (4)
300-400 0.48 (1) 0.55 (2) 1.12 (5) 1.07 (3)
400-500 047 (1) 0.53 (1) 1.04 (4) 0.99 (2)
>500 0.46 (1) 0.52 (1) 0.95 (6) 0.94 (4)
Set 6: {Pro, Ala, Gly}

100-200 047 (1) 0.57 (1) 1.13 (5) 1.07 4)
200-300 0.49 (1) 0.61 (2) 1.29 (7) 1.26 (4)
300-400 0.51 (1) 0.58 (1) 1.24 (9) 1.15 (4)
400-500 0.50 (1) 0.56 (1) 1.17 (6) 1.09 (3)
>500 0.50 (1) 0.56 (1) 1.03 (9) 1.06 (5)

forot feorer Lit-clust, and Lperco are defined in the legend to Table 2. All the hydrophobicity sets share the same six residues; Ile, Leu, Val,
Phe, Trp and Met. Therefore, the sets are defined by the three differing amino acid residues. The statistical errors are one standard
deviation/n”; see the legend to Table 2. Boldfaced errors, (1) are smaller than 0.01.

distributed in the interior as typical H residues.'*'*

This tendency is reflected in sets 5 and 6, where
{feore)> (i-e. for proteins of size 200-100) is slightly
larger than {f.o;e)1. Note that a behavior similar to
that of Ala and Gly (even though less drastic) was
found for Pro, and an opposite behavior for Tyr,
while the average distance of Cys from the center of
mass is the same for smaller and larger proteins.
These tendencies determine the almost constant
{feore); values obtained for sets 4 and 6.

The highest core density and the largest fraction
of H residues in the core found for the shorter
proteins explains the tendency of both (Liy_cust) and
(Lperco? to decrease with increasing protein size (see
also Figures 5 and 6, for (Lyciust and (Lperco)
respectively). In most cases these values are
maximal for the proteins of size 200-300, which
have the largest core density (Table 3), and the
highest {f.ore) for sets 5 and 6. Table 4 shows that, in
general, the corresponding results for (Lcjuse) and
(Lperco? are close to each other, while one would
expect that the H clusters that are based on {fcore)
would be larger than the percolation clusters that
were generated with the smaller {f,..;). On the other

hand, the actual H clusters tend to be more packed
than the percolation clusters, as illustrated in
Figures 3 and 4. In any case, the cluster sizes are
characterized by relatively large statistical errors
that are larger for (Lii.ciuse) than for (Lperco) because
the former is based on a single cluster per protein,
where the latter is an average over 100 percolation
experiments for each protein. These errors mean
that strong deviations from the average picture are
expected for individual proteins (see below). The
results reported in Table 4 for (Lyiciuse and (Lperco)
for all the hydrophobicity sets averaged over ten
groups of proteins of increasing size are displayed
in Figures 5 and 6, respectively. The visualization of
Table 4 in these Figures emphasizes that the results
for (Lperco) are fluctuating less than those for
<LH-clust)-

It should be pointed out that we could have
adopted a different type of analysis in which the
percolation threshold, p.(i) is determined for each
protein i and the averages and fluctuations of p.(i)
over the five groups of proteins are calculated and
compared to the corresponding (forod and (feore)
values. This kind of analysis is expected to lead to
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Table 5. Results based on hydrophobicity set 4 for the individual proteins arranged in five groups of increasing size

Protein name PDB Z\IAA;l RC/RG fprot fcore LH-clust Lperco
Ribonuclease T; (EC 3.1.27.3) 9rnt 104 0.86 0.37 0.55 1.01 1.01
Cytochrome c Scyt 104 1.02 0.37 0.47 0.87 0.71
Fk506 binding protein (Fkbp) 1fkb 107 0.86 0.42 0.52 1.46 1.15 (3)
Actinoxanthin lacx 108 0.80 0.44 0.51 1.40 1.39
Rat oncomodulin 1rro 108 0.99 0.37 0.46 0.52 0.71
Cytochrome ¢ lcer 112 0.93 0.41 0.46 0.74 0.85
Cytochrome c, (reduced) 3c2c 112 0.89 0.42 0.53 1.00 0.84
Neocarzinostatin Inoa 113 0.84 0.43 0.47 1.22 1.20
Phospholipase A2 (EC 3.1.1.4) 1ppa 121 0.80 0.32 0.35 0.55 0.72
a-Lactalbumin lalc 123 0.80 0.39 0.47 0.79 0.87
Pseudoazurin lpaz 123 1.05 0.51 0.66 1.12 1.08
Ribonuclease A 1rat 124 0.99 0.35 0.42 0.94 0.77
CheY 3chy 128 1.05 0.51 0.60 1.09 0.80
Heroin esterase 11z1 130 0.81 0.41 0.57 0.98 0.91
Prophospholipase A2 4bp2 130 0.80 0.32 0.39 0.57 0.69
Hemoglobin (erythrocruorin, aquo met) leca 136 0.84 0.49 0.55 1.08 0.96
Endonuclease V (EC 3.1.25.1) 2end 138 0.89 0.47 0.52 0.51 0.85
Flavodoxin 2fox 138 1.07 0.42 0.59 0.75 0.80
Apolipoprotein-E3 (LDL receptor binding domain) 1lpe 144 0.80 0.42 0.47 0.60 0.78
Basic fibroblast growth factor (hbFGF) Afgf 146 0.85 0.40 0.53 0.87 1.10
Myoglobin (met) (pH 7.0) 1mba 147 0.94 0.55 0.57 1.23 1.02
Hemoglobin (deoxy) 2hbg 147 0.83 0.52 0.64 113 1.17
Hemoglobin V (cyano, met) 2lhb 149 0.86 0.51 0.62 0.95 0.97
Staphylococcal nuclease (EC 3.1.33.1) 2sns 149 0.87 0.42 0.49 1.11 0.99
Sindbis virus capsid protein 2snv 151 0.81 0.40 0.52 1.21 1.05
Ubiquitin conjugating enzyme 2aak 152 0.80 0.47 0.59 1.40 1.09
Leghemoglobin (aquo, met) 11h2 153 0.83 0.52 0.59 1.05 1.08
Selenomethionyl ribonuclease H (EC 3.1.26.4) 1rnh 155 0.80 0.39 0.46 1.13 1.01
Dihydrofolate reductase (EC 1.5.1.3) 3dfr 162 0.87 0.47 0.56 0.64 1.10
Troponin-C 5tnc 162 0.86 0.39 0.45 0.42 0.49
Lysozyme (EC 3.2.1.17) (high salt) 4lzm 164 0.80 0.44 0.49 0.49 0.80
Flavodoxin (oxidized form) lofv 169 0.80 0.41 0.51 1.35 1.1
Erythrina trypsin inhibitor (Kunitz) De-3 ltie 172 0.80 0.43 0.51 1.47 1.28
Flavodoxin 2fcr 173 0.88 0.45 0.59 1.27 1.11
v-B Crystallin (previously —II crystallin) 4gcr 174 0.80 0.41 0.47 0.60 0.97
Proteinase A (SGPA) 2sga 181 0.96 0.38 0.43 0.82 1.00
Retinol binding protein 1rbp 182 0.90 0.42 0.48 1.34 1.10
Guanylate kinase (EC 2.7.4.8) 1gky 187 1.02 0.42 0.49 1.01 0.71
Dihydrofolate reductase (EC 1.5.1.3) 8dfr 189 0.82 0.47 0.56 1.07 1.14
Adenylate kinase (EC 2.7.4.3) 3adk 195 0.92 0.39 0.52 0.99 0.82
a-Lytic protease (EC 3.4.21.12) 2alp 198 0.80 0.40 0.43 1.32 1.19
Papain Cys25 with bound atom 1ppn 212 0.89 0.44 0.53 0.94 1.05
Actinidin (sulfhydryl proteinase) 2act 220 0.85 0.43 0.54 1.35 1.06
B-Trypsin Sptp 223 0.83 0.39 0.45 0.95 1.04
Trypsin (SGT) (E.C. 3.4.21.4) 1sgt 223 0.81 0.45 0.52 1.05 1.28
Trypsin (orthorhombic, 2.4 M ammonium sulfate) 2ptn 223 0.80 0.39 0.46 0.95 1.07
Tonin 1ton 235 0.84 0.44 0.52 1.05 1.22
Native elastase (EC 3.4.21.11) 3est 240 0.80 0.43 0.49 1.28 1.23
y-Chymotrypsin (EC 3.4.21.1) 8gch 244 0.90 0.43 0.54 1.16 1.17
Carbonic anhydrase II (carbonate dehydratase) 2ca2 259 1.08 0.43 0.58 0.91 0.87
Triacylglycerol acylhydrolase (EC 3.1.1.3) 4tgl 269 0.80 0.45 0.51 0.90 1.22
d-Ribose-binding protein complex with B-d-ribose 2dri 271 0.80 0.47 0.49 1.71 1.14
Thermitase (EC 3.4.21.66) 1thm 279 1.08 0.45 0.56 0.86 0.88
Proteinase K (EC 3.4.21.14) 2prk 279 0.82 0.42 0.53 1.04 1.15
Rhodanese (EC 2.8.1.1) 1rhd 293 0.80 0.47 0.53 1.12 1.09
Elastase (EC 3.4.24.26) (zinc metalloprotease) lezm 301 0.89 0.43 0.50 0.76 0.84
l-Arabinose-binding protein labe 306 0.80 0.47 0.49 1.06 1.07
Carboxypeptidase Aa (Cox) (EC 3.4.17.1) 5cpa 307 1.06 0.44 0.54 0.83 0.86
d-Galactose d-glucose-binding protein 2gbp 309 0.80 0.47 0.53 0.88 1.02
NADP* oxidoreductase (ferredoxin reductase) 1fnb 314 0.82 0.44 0.51 1.00 1.17
Bira bifunctional protein (EC 6.3.4.15) 1bia 321 0.80 0.51 0.56 1.21 0.99
Annexin V lala 321 0.80 0.43 0.44 0.68 0.75
Acid proteinase (penicillopepsin) (EC 3.4.23.20) 3app 323 0.83 0.40 0.47 0.80 0.98
Acid proteinase (rhizopuspepsin) (EC 3.4.23.6) 2apr 325 0.83 0.42 0.48 0.82 0.98
Pepsin (EC 3.4.23.1) 4pep 326 0.84 0.44 0.56 1.68 1.06
Renin (EC 3.4.23.15) 2ren 340 0.80 0.45 0.53 1.39 1.10
Leucine/isoleucine/valine-binding protein (LIVBP) 2liv 344 0.81 0.46 0.48 1.06 0.95
Reca protein (EC 3.4.99.37) 2reb 352 0.82 0.46 0.49 0.97 0.95
Pepsin (renin) (EC 3.4.23.23) 1mpp 361 0.84 0.43 0.54 0.92 1.02
Elongation factor Tu (domain I) letu 379 0.80 0.48 0.56 1.09 1.32
Cytochrome P450Cam (camphor monooxygenase) 2cpp 405 0.85 0.48 0.51 0.97 1.04
Glycinamide ribonucleotide synthetase 1gso 411 0.95 0.50 0.54 0.67 1.10

Cytochrome P450-Cam (EC 1.14.15.1) 1phd 414 0.84 0.48 0.54 0.89 1.09
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Table 5 (continued)

Protein hame PDB N AAa Rc/ RG f prot f core Ll—l-clust Lperco
3-Phosphoglycerate kinase 16pk 415 0.80 0.45 0.45 0.89 0.89
Phosphoglycerate kinase (EC 2.7.2.3) 3pgk 416 0.80 0.47 0.51 1.06 0.89
Phosphomannose isomerase 1pmi 440 0.82 0.44 0.52 0.78 1.12
Pancreatic lipase-related protein 2 1bu8 446 0.80 0.42 0.43 0.78 0.91
NADH peroxidase (EC 1.11.1.1) Inpx 447 0.84 0.48 0.52 151 0.98
N-(5' Phosphoribosyl)anthranilate isomerase 1pii 452 0.87 0.50 0.54 1.01 0.88
Tetanus neurotoxin la8d 452 0.80 0.45 0.57 0.95 1.48 (4)
Sulfite reductase hemoprotein laop 452 0.80 0.45 0.43 0.67 1.01
Glucoamylase-471 1gai 453 0.94 0.45 0.53 0.63 1.06
para-Nitrobenzyl esterase 1qe3 467 0.86 0.50 0.62 1.28 1.46
o-Amylase 1vjs 469 0.84 0.43 0.52 1.32 1.15
Glucoamylase-471 (1,4-o-d-glucan glucohydrolase) 3gly 470 0.96 0.44 0.51 0.38 0.78
Photolyase (DNA cyclobutane dipyrimidine photoly.) 1gnf 475 0.82 0.51 0.48 0.75 0.89
a-Amylase (Taka-amylase) (EC 3.2.1.1) 6taa 478 0.81 0.45 0.54 1.03 0.93
Chondroitinase B 1dbg 481 0.80 0.45 0.42 1.20 1.03
Amylase 1smd 495 0.80 0.42 0.49 0.93 1.07
Cholesterol oxidase 1b4v 498 0.88 0.47 0.52 112 1.24
Cholesterol oxidase (E.C. 1.1.3.6) 3cox 507 0.92 0.45 0.51 0.99 0.98
5’-Nucleotidase (UDP-sugar hydrolase) lush 515 0.85 0.45 0.46 0.92 1.00
Phosphoenolpyruvate carboxykinase layl 532 0.91 0.45 0.50 1.04 0.96
Acetylcholinesterase 2ace 537 0.94 0.46 0.53 1.15 0.92
Flavocytochrome c3 1qgjd 568 0.85 0.43 0.44 1.18 0.92
Vanadium chloroperoxidase lvns 574 0.80 0.50 0.55 0.92 1.38
DNA polymerase I Ixwl 580 0.83 0.49 0.54 0.81 1.05
Glucose oxidase (EC 1.1.3.4) 1gal 583 0.90 0.46 0.49 0.79 1.03
Soluble lytic transglycosylase SIt70 1gsa 618 0.98 0.47 0.50 0.40 0.58
Galactose oxidase (EC 1.1.3.9) (pH 4.5) 1gof 639 0.82 041 0.46 0.93 1.06
Prolyl oligopeptidase (prolyl endopeptidase) 1gfm 705 0.85 0.45 0.47 0.71 1.07
Aconitase (EC 4.2.1.3) 7acn 754 0.80 0.43 0.46 0.72 0.96
Lipoxygenase-1 lyge 839 0.80 0.47 0.52 0.67 0.99

forot feorer Liiclust, and Lperco are defined in the legend to Table 2. For each protein, the statistical error of Lper, calculated from 100
percolation experiments is one standard deviation/10. For most proteins this error is not larger than 0.02; for several proteins, the
error is larger and it appears in the Table according to the convention defined in the legend to Table 2.

2 The number of amino acid residues.

the same conclusion drawn above from Tables 3 and
4, that hydrophobicity set 4 is the optimal set. The
advantage of the present analysis is that (Lperco) can
be compared with (Liycusy)-

Results for the individual proteins

As discussed above, some of the individual
proteins are expected to show significant deviations
from the average picture presented in Tables 3 and 4.
One reason for these deviations is the fact that our
cluster definition is tailored for a globular protein

<L yowst® = <L ma/2R >
Hrelust oy S ——Set1 ——Set? ——Set3d

1.40 - —=—Set4 ——Sets -—e—Setb
1.30 A
1.20 1
1.10
1.00 A
0.90 -
0.80 -
0.70
0.60 -
0.50 T T T T T T
100 200 300 400 500 600 700

Protein Size

Figure 5. Results for (Liy_cust) averaged over ten groups
of proteins of increasing size, calculated for the six
hydrophobicity sets.

with approximately constant density in the interior,
conditions that are never satisfied completely,
especially by the shorter proteins. Therefore, in
Table 5 we present results for R, forot, feores Li-clust
and Lperco for the 103 individual proteins, based on
hydrophobicity set 4, which has been found to best
satisfy our criterion, (Lii-ciust103 ={Lpercohios = 1. Our
main interest is to examine the strongest deviations,
in particular the smallest values of Lyjqust, and
Lperco that are related to clusters that span only part
of the core in contrast to our theoretical
considerations.

<L perco® = <L ma/2R >
PeTRO max ¢ —4—Set 1 Set2 —+—Set3

—#—Set4 —+—Set -e-Selb

1.40 4
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1.20 4
1.10 4
1.00 -
0.90 4
0.80 -
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Figure 6. Results for (Lerco) averaged over ten groups
of proteins of increasing size, calculated for the six
hydrophobicity sets.
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Low values of Liyqust, (smaller than 0.61) are
found in the nine proteins, 1rro (108), 1ppa (121),
4bp2 (130), 2end (138), 1lpe (144), 5tnc (162), 41zm
(164), 4gcr (174), and 3gly (470), where, as expected
most of them (eight) belong to the group of smallest
size, N=100-200. However, Lperc,<0.61 is found in
only two of these proteins, which is in accord with
the typical smaller fluctuations in (Lperco) than in
(Ly-clust), discussed above. In an attempt to under-
stand these small L values, we inspected graphical
visualizations of these structures provided by the
PDB, and indeed have found that most of them
(seven) deviate from a globular shape and/or lack
homogeneous core density. Thus, 5tnc (N=162)
(Figure 7(a)) is extremely elongated, while 4bp2
(N=130), 2end (N=138) (Figure 7(b)), and 1lpe
(N=144) are moderately elongated, having ellipti-
cal shapes. It should be pointed out that the

percolation threshold for elongated structures
increases (becoming 1 for a rod); indeed, for all
these proteins Lyerco is also small, even though only
for 5tnc and 1gsa it is smaller than 0.61. The
structures of 4lzm (N=164) and laop (N=452)
(Figure 7(c)) consist of two parts, while that of 1gsa
(N=0618) (Figure 7(d)) seems to have holes in its
interior. Evaluating the remaining two structures
would require a more detailed analysis.

For 16 proteins, Lperco OF Lirciust are larger than
1.29. Nine of these proteins are small (N <300) and in
none of them is Lyerco > Li-cust, While this relation is
found in four of the seven larger proteins. Graphical
visualization did not reveal drastic deviations from
globularity. It should be pointed out that these
relatively large clusters are defined because we
allow for clusters started in the core to “grow”
outward (see Methods); in some cases the structure

Figure 7. Graphical representation of protein structures with relatively small Ly.qyst values (see Table 5). The
structures were taken from the PDB. (a) Highly elongated protein (5tnc, N=162). (b) Elliptical protein (2end, N=138).
(c) Two-domain protein (laop, N=452). (d) Protein with a “hole” (1qsa, N=618).
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will return immediately to the core, whereas in
others it will expand towards the periphery.

Summary and Discussion

In this work we have asked the question: what is
the optimal fraction f of hydrophobic (H) residues
required to ensure protein collapse? We have argued
that an f that is too small is expected to lead to a
random coil chain of blobs, while for f that is large
enough the only thermodynamic alternative to
avoid the contact of the H residues with water is
burying them in the interior of a compact chain
structure; if f is too large, the molecule will
precipitate. Indeed, the fraction of H residues in
the interior of proteins is known to be larger than
their fraction (f) in the sequence. However, the
interior contains hydrophilic residues that cluster in
groups to optimize their electrostatic interactions.
This means that the H residues are clustered as well,
and therefore effectively can be viewed as attracting
each other, as in Dill’s HP model. Moreover, at least
one hydrophobic cluster should span most of the
core, because if all of the H clusters were localized, it
would mean that a chain of blobs would provide the
most stable solution rather than a compact structure.

Previously, we have argued that to ensure a
collapsed ground state for randomly distributed H-
monomers in the HP model, the minimal fraction f
of H-monomers should be approximatelzy equal to
the percolation threshold of the lattice.”! Because
the H monomers in the HP model and the H
residues in real proteins behave similarly, we argue
here that the actual value, f, of a protein is
approximately equal to the percolation threshold
of the protein core. Therefore, percolation exper-
iments based on f should lead to percolating
clusters over the core, i.e. clusters of the core size.

To test our hypothesis, a simplified model of a
protein was used, where an amino acid residue is
represented by its a-carbon atoms and the structure
is thus defined by the C*-C* virtual bond lengths,
virtual bond angles, and virtual dihedral angles.
These models of the PDB structures were best-fitted
onto an fcc lattice. It should be pointed out that
fitting of structures to an fcc lattice has been applied
to conform with the lattice picture, the HP model
and the usual percolation theory; however, this is
not necessary, since by defining a nearest-neighbor
distance one could define clusters directly over the
X-ray structure of C* atoms and carry out percola-
tion experiments as well. Therefore, embedding
protein structures in a lattice with a large effective
coordination number, such as 90 or 210 (used by
Skolnick, Kolinski, and collaborators48’49) might
improve the fittings somewhat, but the results of
our analysis are not expected to change signifi-
cantly. Following the best-fit process, the core
region was defined, and percolation experiments
were performed. We also identified the largest
actual hydrophobic cluster of a protein to compare
its size with the core size.

While our analysis depends on the set of
hydrophobic residues used, no consensus exists
about this issue and we therefore studied six sets of
nine residues each, where six of these residues are
shared by all sets (Val, Ile, Leu, Met, Phe and Trp)
that thus differ by the additional three residues. For
all sets, the percolation clusters and the actual H
clusters calculated for 103 proteins were found to
span, on average, most of the core in accord with
our theoretical expectations. However, these results
differ from set to set, where set 4 (Pro, Ala, Tyr)
provides the best agreement with respect to our
criteria ((core size)/(cluster size) ~1), and sets 3
(Cys, Ala and Tyr) and 5 (Cys, Ala and Gly) give the
second-best results. The effect of protein size on the
average results has been discussed. In accord with
expectations, we have found that the largest H
clusters in proteins span the core and their average
size is comparable to the average size of the
percolation clusters. The contribution of these H
clusters to the stability of proteins has been
demonstrated in NMR experiments, where partially
unfolded proteins have been shown to have clusters
of residual structure that are arranged along the
protein sequence and are correlated strongly with
hydrophobic residues. These clusters stabilize each
other, and disruption of the largest cluster that ties
the core of the native protein results in loss of
residual structure in all of the clusters.”

Our theory assumes that the proteins are globular
with a homogenous dense core, which is expected to
resemble the density of the unknown perfect
compact structure. In reality, many proteins deviate
from this ideal picture, which is one reason for the
observed deviations from the expected behavior
((core size)/(cluster size)~1), discussed here. The
assumption of randomly distributed H residues
inherent in this analysis is an approximation that
enables us to recruit the theory of percolation and
establish the connection between the fraction of H
residues and collapse. The results described here
suggest that for simplified lattice models of proteins
to be realistic, the fraction of hydrophobic residues
(with any degree of specificity) should be close to the
percolation threshold of a perfect compact structure
of the chain model.”"* An interesting question is
whether the distribution of Hresidues and the size of
percolation clusters found for single proteins change
for individual chains of multi-chain proteins. We
carried out calculations for 47 of the latter proteins
and obtained results for (Rc/Ra)az, {forota7, {feoreaz,
(LHi-clustha7, and (Lpercols7 that are exactly the same as
those obtained in Tables 2 and 3 for the 103 single-
chain proteins, suggesting that most of the 47 protein
chains studied fold before association. This problem
will be studied in detail in future work. One would
suggest also that comparing the values of Ly ciust,
and Lperco of individual protein structures to
(Li-ctusthoz, and (Lpercoios, respectively, might
serve as a criterion to identify misfolded protein
structures. We applied this criterion to several
misfolded structures of the CASP4 competition but
found it to be inconclusive because of the relatively
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large fluctuations in the values of Liyciusty and Lperco-
This subject will be studied further.

Methods

Fitting protein structures onto a lattice

To conform to the lattice picture of the HP model,
protein structures are fitted to a lattice. As in the work of
Covell & ]ermgan we use a simplified protein model
where the amino acid residues are represented by their
backbone a—carbon atoms connected successively by
virtual bonds;* the structure is thus defined by the
virtual bond lengths, virtual bond angles, and virtual
torsion angles, where the correlations between these
parameters as reflected i in known protein structures have
been studied by Levitt.*> A short summary of Levitt's
results is given by Covell & Jernigan, who also discuss the
fitting of protein structures to lattices and show, as
expected, that the fitting quality improves as the
coordination number of the lattice increases, i.e. in
going from a simple cubic to a body-centered cubic, and
to face-centered cubic (fcc) lattice. Therefore, to obtain the
best fitting, we use the fcc lattice in this work.

An fcc lattice with a cubic edge 4, is characterized by a
coordination number 12, i.e. each cubic vertex and center
face point has 12 neighbor points of distance a/+/2.
However, like Covell & Jernigan, we seek to improve
the fitting by increasing the coordination number of the
lattice, and for that, we also consider the six points of
distance a, and points of the larger distance, a\/§/%; thus, a
center face point has eight neighbors of the latter distance
(i.e. altogether 26 neighbors) and a cubic vertex has 24
such neighbors (i.e. altogether 42 neighbors). Taking a=
3.8 A, the two other options for fitting a virtual C*~C*
bond are 3.8//2=2.687 A, and 3.81/3/2=4.654 A.

The fitting process begins with an X-ray structure of a
protein taken from the PDB, where only the C*
coordinates are considered. Starting from the N terminus
the o-carbon atoms are fitted successively, where a
candidate lattice point for placing the (i+1)th C* must
be a vacant neighbor lattice point of the ith C*, meaning
that double occupancy of a lattice point is forbidden and
the excluded volume interaction is thus satisfied. The
chosen (best-fitted) (i +1)th lattice point is that with the
minimum distance (squared), d2,; from the correspond-
ing C* coordinates of the PDB structure. During the fitting
process, the d? values are accumulated and the root-
mean-square dev1at10n (RMSD) of the fitted structure
from the actual structure is calculated. To minimize the
RMSD, it is calculated for many rotations of the lattice
with respect to the PDB structure defined by the Eulerian
angles ¢, 6, and ¢, using SYS and MCS procedures. With
the systematic search, we start by dividing evenly the
range [0, 27t] into n; values for each of the three angles,
and perform the corresponding 73 rotations that lead to a
minimum RMSD value for ¢, 01, and 4. Then, n,(n, <n,)
values are chosen evenly within a small range around
each of the angles, ¢4, 6;, and ¢, and a lower RMSD is
obtained from the corresponding n3 rotations, and so on;
i.e. this fitting procedure is based on a total of 7} + 13 + .
trial rotations. In practice, for small proteins (with less
than 100 amino acid residues), #; usually ranges from 100
to 300, where for the larger proteins, 17, <50 due to the
high cost of computation.

In an attempt to improve the optimization for the larger
proteins, we have applied a Monte Carlo procedure
combined with Powell’s local minimization method.”

Thus, at step k of the process, a set of rotation angles is
generated at random and the corresponding RMSDy is
calculated and compared to the minimal value RMSD,,
achieved in previous steps. If RMSDy is smaller than
RMSD,,,, Powell’s method is used to minimize RMSD
further. Otherwise, such a minimization is carried out
with probability:

p = exp[—(RMSDy — RMSD,,,)/K]

where K=0.01 is a parameter; RMSD,,
the process continues.

is upgraded and

Clustering procedure

After a protein is mapped onto a lattice, it can be
viewed as a self-avoiding chain with a specific sequence
of “beads” of two kinds, hydrophobic (H) and polar (P).
Neighbor H residues (beads) on the lattice can be
clustered using the following procedure: First, any un-
clustered H residue is chosen and its neighboring H
residues (i.e. the first shell) are identified and added to the
same cluster; then the neighbor H residues of the first
shell are identified and added to the cluster, etc., i.e. using
a breath-first-search approach. This procedure is repeated
over and over again, each time starting from any of the
remaining un-clustered H residues, until each H belongs
to one of the several clusters thus created.

Figure 8 provides a 2-D illustration of such clustering
applied to a chain of 22 beads, where the H residues are
grouped into four clusters, C; (j=1, 4). We define the
concept of bond distance, D;« between clusters j and k as
the smallest number of bonds required to walk from any
residue of cluster j to any residue of cluster k. In Figure 8,

.
.

PP TN
34 N
* c) 2y

vep A

Combihed to a
single cluster

Figure 8. Hydrophobic clusters (C;, j=1, 4) of a 22
residue protein on a square lattice. A filled (@) and an
open (O) circle represent a hydrophobic and a polar
residue, respectively. The distance between clusters C,
and C; is two bonds, which is the minimal possible
distance. These clusters are “weakly” connected by the
polar residue i and we combine them, creating a single
cluster.
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D1,=3, Dy3=2, D34=5, D153=10, etc. It is obvious that
the minimum bond distance between two clusters is 2. As
pointed out in Introduction, a percolation experiment
over an HP chain model is not symmetric, i.e. bonded H
contacts do not contribute to the energy, which is
determined only by the non-bonded contacts. In this
respect, the connectivity of nearest neighbors along the
chain is less important for structure stability than non-
bonded contacts and, therefore, we change slightly the
definition of clusters for protein lattice model. Thus, if
two clusters have a bond distance of only two, we
consider them to be connected to each other by this bond.
An example is illustrated in Figure 8, where clusters 2 and
3 that are not “strongly” connected to each other by an
HH bond, become “weakly” connected by the polar
residue i to form a single cluster. This definition is
adopted in this work for a percolation cluster as well as
for an actual H cluster. This definition increases the
average size of the clusters by 15%.

The spherical core

After fitting the structures onto fcc lattices, their centers
of mass and radii of gyration, Rg, are calculated. We
calculate also the density profile around the center of
mass and for R>0.8 Rg determine the radius R. as the
point where the density profile starts decreasing mono-
tonically; R. defines the spherical core of each protein.
This definition of the core is suitable for most protein
structures, as demonstrated in Figure 9 for PDB structure
lrat (N=124) that its density fluctuates around 0.6 for
small R. and starts decreasing monotonically at R./
Rg=1. However, this definition of the core radius is not
suitable for a (almost) monotonically decreasing profile
such as that of 1gof (N=639), which probably stems from
a structure consisting of three substructures; Still, in all
cases we use the above prescription based on 0.8 R¢.

The cluster length, L, is defined as the maximal distance
between any two of the cluster’s beads, where the length
of a single-residue cluster is considered to be zero. We
measure the cluster’s size with respect to the core size by

09 —— 1GOF (N=639)
——1RAT (N=124)
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Figure 9. Good and bad density profiles. The density is
defined as the number of a-carbon atoms within a sphere
divided by the volume of the sphere. The density is
calculated in concentric spheres around the center of
mass, as a function of R/Rg, where R is the radius of the
sphere, and R is the radius of gyration. The density
profile of lrat is “good”, since it fluctuates around 0.6
from small R and starts decreasing monotonically at
R/Rg=1, while the profile of 1gof (bad) decreases almost
monotonically from small R. Still, in all cases R. is
determined as R>0.8 Rg, for which the density starts
decreasing.

the ratio, Louster =Lmax/2Rc, where Ly, is the length of
the largest cluster; this applies to both hydrophobic and
percolation clusters, which are denoted Liyciust and Lyperco,
respectively. It should be pointed out that during the
clustering process, which always starts from a core
residue, the generated cluster might “overflow” beyond
the core limits; we allow this to occur and thus consider
clusters that are arranged with respect to the core. Unlike
the usual case where a percolating cluster should connect
the opposite sides of a lattice, we define such a cluster
when Lpereo/2R.=1 (or larger than 1).

Percolation experiments

For each of the proteins studied, the percolation
experiments are performed with the corresponding
fraction f of hydrophobic residues. Thus, all the lattice
sites occupied by a-carbon atoms are considered initially
to contain only P residues (beads); then, each of these sites
is visited and P is replaced by H with probability f. After
completing this procedure, the clusters of H are identified
in the same way (i.e. shell-by-shell) as described above for
the actual hydrophobic clusters. For each protein, 100
such percolation experiments based on different sets of
random numbers are performed and the average size
(and fluctuation) of the largest clusters generated in the
core is calculated. We emphasize again the difference
between a typical percolation experiment applied to a
lattice and our percolation experiments, which are carried
out over a chain structure embedded in a lattice. Because
the effective coordination number (i.e. the average
number of nearest-neighbor residues) of the chain is
much smaller than that of the lattice, the percolation
threshold of the former is significantly larger than that of
the latter.
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