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The inverse protein folding problem, the problem of
finding which amino acid sequences fold into a known
three-dimensional (3D) structure, can be effectively at-
tacked by finding sequences that are most compatible
with the environments of the residues in the 3D structure.
The environments are described by: (i) the area of the
residue buried in the protein and inaccessible to solvent;
(ii) the fraction of side-chain area that is covered by polar
atoms (O and N); and (iii) the local secondary structure.
Examples of this 3D profile method are presented for four
families of proteins: the globins, cyclic AMP (adenosine
3',5'-monophosphate) receptor-like proteins, the peri-
. plasmic binding proteins, and the actins. This method is
able to detect the structural similarity of the actins and
70- kilodalton heat shock proteins, even though these
protein families share no detectable sequence similarity.

we now know 50 times the number of protein sequences as

three-dimensional (3D) protein structures (Fig. 1). This
disparity hinders progress in many areas of biochemistry because a
protein sequence has lile meaning outside the context of its 3D
structure. The disparity is less severe than the numbers might
suggest, however, because different proteins often adopt similar 3D
folds (1, 2). As a result, each new protein structure can serve as a
model for other protein structures. These structural similarities
probably reflect the evolution of the current array of protein
structures from a small number of primordial folds (3-5). If the
number of folds is indeed limited, it is possible that crystallographers
and nuclear magnetic resonance spectroscopists may cventually
describe examples of essentially every fold. In that event, protein
structure prediction would reduce, at least in crude form, to the
inverse protcin folding problem—the problem of identifying which
fold in this limited repertoire a given sequence adopts.

The inverse protein folding problem is most often approached by
secking sequences that are similar to the sequence of a protein whose
structure is known. If a sequence relation can be found, it can often
be inferred thar the protein of unknown structure adopss a fold
similar to the protein of known structure. The strategy works well
for closely related sequences, but structural similarities can go
undetected as the level of sequence identity drops below 25 percent,
the level Doolittie has called “the twilight zone” (6, 7).
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A more direct attack on the inverse protein folding problem was
taken by Ponder and Richards (8), who adopted quite literally the
suggestion of Drexler (9) and Pabo (10) that one should search for
sequences that arc compatible with a given structure. In their
“tertary template” method, the backbone of a known protein
structure was kept fixed and the side chains in the protein core were
then replaced and tested combinatorially by a computer search to
find which combination of new side chains could fit into the core. A
set of core sequences was thereby enumerated that could in principle
be tolerated in the protein structure. In this manner, the method of
tertiary templates provides a direct link between 3D structire and
sequence. . \

The rules used to relate 1D sequence and 3D structure in the
tertary template method may be excessively rigid. Proteins that fold
into similar structures can have large differences in the size and shape
of residues at equivalent positions (17-22). These changes are
tolerated not only because of replacements or movements in nearby
side chains, as explored by Ponder and Richards, but also as a result
of shifts in the backbone (13, 14, 17, 23, 24). Moreover, insertions
and deletions, which are commonly found in related protein struc-
tures, were not considered in the implementation of terdary tem-
plates. In order to describe realistically the sequence requirements of
a particular fold, the constraints of a rigid backbone and a fixed
spacing between core residues must somehow be relaxed.

3004
;-25'000

- /
h-] — Structures
B 2501 --- Folds
5 — Sequences 20,000 &

o
g 2004 <
% 15,000 %
2. 150 e
0 o
s . ]
= 1004 110,000 £
@ E
B 3
g 4
= 504

_________ - F 5,000
c T ) l- I L ¥ 1 1
72 74 76 78 80 90

Year

Fig. 1. The detcrmination of amino acid sequences (right-hand scale) is
outpacing the determination of 3D structures (left-hand scale) by 2 factor of
50. Also the number of structures is increasing faster than the number of
folds: the cumulative number of structures deposited through 1990 is
roughly twice the number of distinetly different protein folds. The number of
sequences is the number deposited in the PIR database (57). The number of
structures is the number of coordinate sets deposited in the Brookhaven
Protein Data Bank (58), eliminating structures that differ only by a bound
ligand, mutation, or space group. The number of folds is a subjective
estimate of the number of “distincdy different strucrures,” and should be
regarded as having an uncertainty of at least +20 in 1990.
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identity, that are often difficult to detect by sequence similarity.

3D compatibility search based on ribose binding protein
(RBP) from Escherichia coli. The 3D structure profiles confirm
and extend proposals that the lac and related repressors have
structures similar to those of periplasmic sugar binding proteins (43,
44). RBP is a periplasmic protein involved in ribose transport. It is
a member of a family of periplasmic binding proteins that have
related folding patterns, yet lictle sequence similarity (45). Some
sequence similarity has been noted between RBP, galactose binding
protein (GBP), and arabinose binding protein (ABP), although
ABP is the most dissimilar of the three (45). Miiller-Hill also
deseribed sequence similarity between ABP and the lac and gal
repressors {43). On the basis of this sequence similarity and the
known structure of ABP, a model of the sugar binding site of lac
repressor has been proposed (44).

A sequence search in which a sequence profile was constructed
from the RBP sequence is shown in Fig. 7A. The highest scoring
proteins in the sequence homology search are indeed RBP and GBP.
The next highest scoring protein is pur repressor, which is a member
of the lac repressor family. On the basis of sequence similarity,
however, the case for overall structural similarity between RBP and
pur repressor is relatively weak. The Z score for the sequence profile
is in the range (less than 7) where spurious relations can occur.

The case for similar structures is greatly strengthened with a 3D
compatibility search based on a 3D structure profile made from the
RBP strucrure with the use of coordinates provided by S. Mowbray
(Fig. 7B). The two highest scoring proteins arc RBP and GBP, but
the next highest scoring proteins are all members of the lac repressor
family. We note that they all have quire significant Z scores greater
than 8. This result suggests that the effector binding domains of
these repressors indeed fold in a manner similar to RBP. ABP is not
a high-scoring protein, suggesting that the structures of the lac
repressor family and RBP are more similar than the structures of
ABP and RBP. Morecover, a 3D compatibility search with a 3D
profile constructed from the ABP structure did not reveal a signif-
icant strucrural relation berween ABP and the repressor proteins.
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Thus, the RBP structure may prove to be a berter model of the
overall structure of the effector binding domains of the fac repressor
family than the structure of ABP.

3D compatibility search with a 3D structure profile for actin.
In 1990 3D structures were reported for the NH,-terminal domain
of the 70-kD bovine heat shock cognate protein (HSC 70) (46) and
of muscle actin in a complex with deoxyribonuclease I {DNase I)
(47). Kabsch et al. found “anexpected . . . almost perfect structural
agreement” between the two structures, although there is virtually
no sequence similarity (47). The similarity in structure in the
absence of sequence similarity would seem to present a severe test of
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