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ABSTRACT To calculate the tertiary
structure of a protein from its amino acid se-
quence, the thermodynamic approach requires
a potential function of sequence and conforma-
tion that has its global minimum at the native
conformation for many different proteins. Here
we study the behavior of such functions for the
simplest model system that still has some of the
features of the protein folding problem, namely
two-dimensional square lattice chain configu-
rations involving two residue types. First we
show that even the given contact potential,
which by definition is used to identify the fold-
ing sequences and their unique native confor-
mations, cannot always correctly select which
sequences will fold to a given structure. Sec-
ond, we demonstrate that the given contact po-
tential is not always able to favor the native
alignment of a native sequence on its own na-
tive conformation over other gapped align-
ments of different folding sequences onto that
same conformation. Because of these shortcom-
ings, even in this simple model system in which
all conformations and all native sequences are
known and determined directly by the given
potential, we must reexamine our expectations
for empirical potentials used for inverse folding
and gapped alignment on more realistic repre-
sentations of proteins. © 1996 Wiley-Liss, Inc.

Key words: protein folding, Lattice models,
Contact potentials, Protein struc-
ture prediction

INTRODUCTION

Now that there are many globular proteins hav-
ing experimentally determined three-dimensional
structures, and orders of magnitude more known se-
quences of biologically important proteins, there is
great interest in using this information to correlate
sequence and structure. One such problem is the in-
verse folding task: given some particular polypep-
tide conformation, calculate what amino acid se-
quence, if any, will adopt it as its native structure. A
somewhat easier version of this is the sequence iden-
tification problem: given a protein of known se-
quence and structure, select out of a data bank of
protein sequences (all of which presumably fold
uniquely to some structure or another) those that
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fold up to the given structure. The simple form of
sequence identification assumes that all the se-
quences have the same length as the given struc-
ture. However, it is well known that sequences with
high sequence identity (after some sort of optimal
alignment allowing insertion and deletions) will fold
to very similar three-dimensional structures where
the aligned, evolutionarily conserved residues are
located mostly in the interior, and the insertions and
deletions correspond to exterior loop regions.l—3
Therefore, the more useful goal is to solve the se-
quence identification problem with gapped align-
ment, since this would at least give a general idea of
much of the structure for many more sequences,
given the limited set of known structures with
which we have to work.

There are several methods for sequence identifi-
cation that rely on empirical potentials and various
search strategies, resulting in various levels of suc-
cess and accuracy.*~*3 The lingering doubt is that
perhaps they would perform yet better if we had
better scoring functions. Conventional wisdom rea-
sons that if the empirical potentials better approxi-
mated some features of the true energetics, results
would surely improve. Here we test this idea by
studying a simplified model for protein folding
where we know by construction exactly what the
“true” energy function is.

A favorite model for studying the statistical me-
chanics of heteropolymers is the self-avoiding square
lattice walk. Each of the n ., residues is a point on the
lattice and is permitted to have as a type either A or
B. Let the potential function be a sum over interres-
idue close contacts

. €A i"or r; = 1,types A, A
_ ¥ |eap forr; =1,types A, B
Ete,s) i5-g)esp forr; =1, types B, B M
0 forr; >1

which depends on the sequence, s, and the confor-
mation, c, where r;; is the distance in lattice units
between residues i and j. Even with such a simple
model, one can still observe'* native and denatured
states, folding pathways and bottlenecks, globular
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structures, interior vs. exterior residues, secondary
structure, entropy, free energy, and multiple local
minima for E. For a given arbitrary choice of values
for the contact energies, e, 4, €45, and egg, there are
relatively few sequences, s, such that there is a
unique conformation, c(s), that is the global mini-
mum of E. These correspond to real polypeptide se-
quences that fold to well-defined conformations, and
we will therefore refer to them as “native se-

quences.”?

E(c(s),s) < E(c,s) Ve # c(s) (2)

A consequence of this definition for native se-
quences is that the given potential always satisfies
Equation 2. In other words, it solves the three-di-
mensional structure identification problem (3DID):
given the native sequence and a large set of confor-
mations all having that same chain length, identify
which is the native conformation. The question be-
fore us now is whether we can use the given poten-
tial to perform sequence identification reliably with
or without gapped alignment. One might naively
reason that since the potential reflects the compat-
ibility between sequence and structure, sequence
identification and 3DID are equivalent problems
that ought to be solved using the same, given poten-
tial.’® It has been argued they are nonequiva-
lent,'”'8 and here we reinforce that conclusion by
simple counterexamples.

METHODS

Given n,.,, the full set of lattice conformations
was generated by a straightforward recursive pro-
gram, requiring only that the structures be self-
avoiding and there be no duplication due to transla-
tion, rotation, or mirror inversion. There was no
restriction on the diameter of any structure.

Similarly, all possible sequences were exhaus-
tively enumerated. Throughout this study, the se-
quences involved the same n_. residues as the con-
formations, so there were no structure/sequence
comparisons having large insertions or deletions.

Determining the set of native sequences
amounted simply to evaluating the potential for ev-
ery conformer, given a particular sequence, and not-
ing whether there was exactly one structure having
the global minimum of energy. If so, the sequence is
a native one; otherwise it was discarded. Which se-
quences are natives therefore depends on the chain
length and on the potential function. Only native
sequences were used in the gapped and ungapped
alignments, since in a “real” application, the se-
quences would come from a data base of experimen-
tally determined, nonrepeating protein sequences
that can all be assumed to fold to some sort of rea-
sonably well-defined globular structure.

Ungapped comparisons were nothing more than
using all the different native sequences on all pos-

sible conformations, where both have the same
chain length. In other words, residue i of the se-
quence is assigned to position i in the conformation
fori = 1,...,n.. For any two-dimensional lattice
conformation, each position is designated loop if it
has no contacts according to Equation 1, or core oth-
erwise. Gapped alignments assign to each residue in
the given sequence either an undetermined loop po-
sition or one of the core positions of the conforma-
tion. The assignment preserves sequence/position
ordering, assigns exactly one sequence residue to
each core position, and two sequentially adjacent
core positions are always matched with two succes-
sive residues in the sequence. If the minimal lattice
distance between the end of one core segment and
the beginning of the next is & steps, then the align-
ment must assign at least 2 — 1 intervening resi-
dues of the sequence to loop status. All these align-
ment requirements are fairly standard for more
realistic models of proteins,'! but here we need to
introduce one more requirement peculiar to the
square lattice. If the lattice distance between two
successive core segments in the conformation is %
steps, then an insertion must involve £ — 1 + 2n
residues of the sequence assigned to loop status,
where n > 0. If the insertion involves an odd number
of extra residues, then there is no lattice walk that
can bridge the gap, even relaxing the self-avoiding
requirement. The search for gapped alignments con-
sisted of nothing more than an exhaustive enumer-
ation of all alignments obeying the above restric-
tions.

RESULTS
Ungapped Alignment

For some given choice of contact energies in Equa-
tion 1 and for some chain length, n,.., most energy
levels will by highly degenerate for almost all of the
2™ possible sequences, and for some choices of in-
teraction energies, there are none at all, e.g., e 4 =
1, eqg = 1, and egg = 1. We have tried various
nontrivial choices and find that the phenomena
listed below are not restricted to some special set of
interaction energies. Unless otherwise stated, the
choice is e, = 1, 45 = 0, and egg = —1, corre-
sponding qualitatively to A residues being hydro-
philic and B residues hydrophobic, favoring a hydro-
phobic core in the native conformation.

For n., = 4, 6, 7, and 8, E does work for the
sequence identification problem in that E(c(s)),s;) <
E(c(sy,s;) for all s; #+ s; and c(s;) # c(s;). There are
also many cases where different native sequences
have the same native conformation and their E val-
ues are the same, much like homologous sequences
folding to nearly the same protein structure with
little change in melting temperature. For n,,, = 9,
10, and 11 there are increasing numbers of cases
where two different native sequences have different
native structures, yet E(c(s,),s;) = E(c(s,),s;), so that
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Fig. 1. An example where even E fails to correctly identify that sequence s, folds to confor-
mation ¢(s,). Instead, it finds that s, is more compatible with c(s,), even though it really foids to
¢(s,). Dotted lines indicate the contacts that contribute to the E values. a: E(c(s,),s,) = —2. b:

E(c(s,).8;) = —4. ¢: E(c(sy),8) = —3.

even E is unable unambiguously to select only those
folding sequences that are compatible with the
given structure. Other sequence identification pro-
files and potentials employing more realistic protein
models have similar difficulties,'! but in this model
system we are dealing not merely with some empir-
ical potential, but the true, underlying one.

For n,, = 11, there are 5,513 conformations. Our
hydrophobic/hydrophilic default potential function
then gives rise to 44 native sequences, several of
which share common native conformations, so that
there are only 17 distinct c(s). We find four cases
where two sequences have the same native struc-
ture, but E(c(s,),s;) > E(c(s),s;), so that the true po-
tential does not even give the compatibility of a se-
quence with its native structure top ranking. Figure
1, however, shows the worst outcome of all, where E
indicates that s, is more compatible with c(s;) than
s, is, even though s; actually folds to c(s,;), and s,
folds to c(s,). The message is clear: even though the
true potential is by definition perfect at 3DID, it can
fail at the sequence identification problem, even
when no insertions or deletions are allowed in the
alignment.

Gapped Alignment

The situation becomes even worse once insertions
and deletions are permitted. For n., = 11 and the
same contact energies as before, there are 2 out of
the 44 native sequences where c(s) # c(s;) but
E(c(s),a(s) = E(c(s,),s,). In other words, the native
alignment of the native sequence on its own native
structure scores no better than some alignment of a
differently folding sequence on that structure. In a
similar vein, there are many cases where there is
some nonnative alignment of a sequence on its own
structure that scores as well as the native align-
ment. Another type of error is found for five se-
quences s; where c(s;) = c(s;) but E(c(s),als;) <
E(c(s;),s;). This means that both sequences actually
fold to the same native structure, although a non-
native alignment of one of them scores better than
the native alignment for the other. Finally, we find

seven sequences where c(s;) # c(s;) and E(c(s),a(s)))
< E(c(s;),s;). One of these examples is shown in Fig-
ure 2.

The performance of the potential at gapped se-
quence identification varies with the choice of con-
tact energies. As long as BB contacts are energeti-
cally favorable while other contacts are either
neutral or unfavorable, the native sequences aver-
age about 50% A residues and 50% B, with most of
the loop residues having type A, and most of the core
having type B. However, the residue type segrega-
tion between loop and core is never complete. For
N = 11,e44 = 1,645 = 2,and egg = —1, there are
numerous examples of ambiguities where the native
alignment of the native sequence onto its native con-
formation scores no better than various alignments
of other sequences onto that conformation. However,
there are no errors of any worse type. On the other
hand, forn, = 11,e,4 = 0,e,5 = 0,and egy = —1,
there are 31 native sequences in all, of which 3 ex-
hibit the worst kind of error, where a differently
folding sequence scores distinctly better than the
native on its native conformation.

DISCUSSION

These lattice studies are convenient because for
short chains, one can exhaustively enumerate all
conformations, all native sequences (given a partic-
ular set of contact energies), and all alignments of
native sequences on native conformations. The
search problem is settled, and we know by construc-
tion the true interresidue potential function. Then
we have shown by counterexample that even the
given potential fails in many cases to solve the se-
quence identification problem. In many more cases,
the native sequence best matches its own conforma-
tion, but that score is no better than for numerous
other sequences aligned onto the same conforma-
tion. Generally, the error rate for gapped alignment
is worse than for ungapped.

Figure 3 schematically illustrates the situation
we have, supposing we can represent the multidi-
mensional conformation space as the vertical axis
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Fig. 2. A failure of E in sequence identification with gapped
alignment. Dotted lines indicate the contacts, and boldface letters
occupy the core positions in each conformation. a: E(c(s,),s,) =

A
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Conformation

c(sy) |----

—2.b: E(c(s,),85) = —4. ¢: E(c(s,),a(s,)) = —3, where the align-
ment in this case is just a shift of one position with no internal
insertions or deletions.

Sequence

Fig. 3. Schematic representation of a very simple potential function, E(c,s), that has only a
single minimum, as indicated by the elliptical contour lines.

and the multidimensional sequence space as the
horizontal one. Even if E(c,s) is so simple as to have
a single minimum, as indicated by the contour lines,
the picture represents the behavior of inverse fold-
ing. For any sequence, s, the vertical slice through
the E surface has its global minimum with respect to
conformation at the corresponding native structure,
¢(s), as in 3DID. Just as with real proteins, similar
sequences, such as s; and s,, have similar native
conformations, ¢(s,) and c(s,). Going in the sequence
identification direction, E correctly ranks s; as a
better match to c(s3) than s, is. However, s; scores
better with c(s,) than s, does, even though s, really
folds up to c(sj).

But what does this mean for more realistic protein
models? Even when the search over alignments is

performed perfectly,'* and the scoring function cap-
tures all physically important factors in the free en-
ergy function of a real protein, sequence identifica-
tion can be expected to be ambiguous and have
distinct failures. This is because nature works only
in the other direction, as in 3DID. Real protein
chains fold up from a denatured state to their native
conformation under thermodynamic and/or kinetic
guidance, rejecting all nonnative conformations.
They are not attracted to a greater or lesser extent
by some conformational template presented to them.
Bidirectional “sequence/structure compatibility” is
a bogus concept.

Then what should we do, since sequence identifi-
cation is nevertheless a useful aid to suggesting
function for novel sequences? One approach is to ac-
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cept sequence identification as an imperfect screen-
ing procedure to be verified afterward by the oppo-
site calculation. That is, first find all sequences in a
data base that score relatively well with a proposed
conformational template. Then for each of those se-
quences, calculate its native conformation. (This is
of course an unsolved problem; we are relatively suc-
cessful at 3DID,'%-2° but this is harder.) Only those
candidate sequences that actually fold up to some-
thing resembling the template are true matches, but
this is at least easier than predicting the fold for all
sequences in the data base. Godzik comes to essen-
tially this same conclusion by different means.*

Another intriguing direction for future study is to
devise nonphysical scoring functions. Even in the
square lattice model where we know that the true
folding potential fails at sequence identification, it
is not a foregone conclusion that there is no function
of conformation and sequence that will succeed. All
we can say at this point is that if such functions
exist, they are not likely to be the same as those that
solve 3DID.
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