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As the first proteins were sequenced in the 1950s, it was
evident that they belonged to families. The determination
of protein three-dimensional structures during the late
1960s and early 1970s (e.g., insulins, globins, and serine
proteinases) confirmed that related proteins from differ-
ent species adopt similar tertiary structures characteris-
tic of each family. The sequence variations within a family
reflected the restraints of the tertiary structures: apart
from the catalytic or binding residues, invariant amino
acids were most often in the protein core, inaccessible to
solvent and with a key role in the protein architecture.

The fascination with families of proteins was deepened
with the realization that many proteins, with quite unre-
lated sequences, could adopt a common fold. Rossmann,
Matthews, Branden, Richardson, and many others recog-
nized similarities between the tertiary structures or domains
that occur in many quite different proteins (Richardson,
1981); these included aB-nucleotide binding motifs (Ross-
mann fold), oB3-barrels (TIM barrel), 8-jelly rolls, four «-
helix bundles, and immunoglobulin domains (8-Ig fold).
These protein topologies underlined the fact that tertiary
structures could be considered as simple combinations of
secondary structural elements packed together in a lim-
ited number of ways: afBafaf, aaaa, 3838, and so on.
It seemed that protein structures could be predicted from
sequences by combinatorial assembly of the basic ele-
ments of secondary structure, following various rules
about handedness of the loops connecting them and the
avoidance of strands that were “cross-overs.” However,
such combinatorial approaches to the protein folding
problem depend on correct assignment of a-helices, 3-
strands, and coils, and this remains a formidable chal-
lenge.

Attention was also distracted by an often fruitless ar-
gument on evolution. It seems likely that many protein

Reprint requests to: Tom L. Blundell, Imperial Cancer Research Fund
Unit of Structural Molecular Biology, Department of Crystallography,
Birkbeck College, Malet Street, London WCIE 7HX, United Kingdom.

877

structures have converged by the evolution of stable, com-
mon folds. Equally many proteins have evolved by swap-
ping exons corresponding to structural, and sometimes
functional, modules to give rise to complex multidomain
structures. But it is difficult to be confident of divergent
evolution, and in any case the knowledge is not very use-
ful. Karl Popper reminds us that a hypothesis is of little
scientific value unless an experiment can be devised that
might falsify it; this is certainly difficult for hypotheses
about divergent evolution of protein folds. A more use-
ful line of enquiry ignores the question of convergent or
divergent evolution and simply asks: “Can we recognize
a sequence that will adopt a known protein fold?” A re-
lated question, often known as the inverse folding prob-
lem, is: “If we know the three-dimensional structure of
one protein, can we predict the sequences that might adopt
a similar fold?” The discussion of these questions pro-
vides the theme of this review.

Comparison and clustering of protein folds

A necessary first step to understanding common folds is
the comparison of protein three-dimensional structures.
We must establish which parts of the structure are topo-
logically equivalent, how much they differ in space, and
where there are insertions or deletions in one structure rel-
ative to the others. If such comparisons are automated
and made quantitative, we can then estimate “distances”
between related protein structures. This allows us to clus-
ter proteins first into “nuclear families” with closely sim-
ilar and probably homologous family members and then
into “extended families” sharing a common fold (Fig. 1).

For homologous families with sequence identities of
=50%, much can be achieved by alignment of their se-
quences using dynamic programming procedures based
on the algorithm of Needleman and Wunsch (1970) for
pairwise or multiple sequence alignments (Barton & Stern-
berg, 1987a; Feng & Doolittle, 1987). These methods usu-
ally consider the mutation rates of amino acid residues
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Fig. 1. Cladogram illustrating the relationships among several representative aspartic proteinases. From top to bottom: the mam-
malian proteinases: mouse renin (Brookhaven code [Bernstein et al., 1977]: 3REN) and porcine pepsin (SPEP); the fungal pro-
teinases: endothiapepsin (4APE), penicillopepsin (3APP), and rhizopuspepsin (2APR); and the retroviral proteinases (dimers):
the proteinase from the human immunodeficiency virus (3PHV) and the Rous sarcoma proteinase (2RSP). The tree was com-

puted on the basis of the three-dimensional structures.

to derive optimal comparison scores and corresponding
alignments, but other properties such as physicochemical
parameters can also be included (Taylor, 1986; Argos,
1987).

In order to define topological equivalence we must com-
pare protein tertiary structures. This often involves rigid-
body least-squares superposition of the C, positions.
Several homologous structures can be aligned (Sutcliffe
et al., 1987a; Russell & Barton, 1992) without preference
to any one in the set in order to define a framework,
which comprises a series of helices or strands that are con-
served in the family. However, although dissimilar pro-
teins usually retain the general arrangement of strands
and helices, differences in orientation and position may
preclude their direct superposition (Chothia & Lesk, 1986;
Hubbard & Blundell, 1987; Johnson et al., 1990a,b).

The definition of topologically equivalent residues in
polypeptides that have little sequence similarity but adopt
similar folds was addressed more than a decade ago (see
Matthews & Rossmann [1985] for a review). The meth-
ods included information about main-chain direction in

the alignment or based their comparisons on rigid-body
superposition of small parts of the whole structure. Others
used relationships between secondary structure elements
(Murthy, 1984; Richards & Kundrot, 1988) or compared
segments of protein structures (Vriend & Sander, 1991).
Taylor and Orengo (1989a,b) and Sali and Blundell (1990)
have proposed the use of dynamic programming for com-
parisons of three-dimensional structures. In the work of
Taylor and Orengo (1989a,b), interatomic vectors between
residues are compared. In the computer program COM-
PARER of Sali and Blundell (1990), several features of
protein sequences and structures such as local conforma-
tion, accessibility, and direction of chain are simultane-
ously compared. Because the method considers the most
conserved protein features at a number of structural lev-
els, it can be used to align distantly related protein struc-
tures, which is difficult to achieve by using least-squares
superposition alone.

In most sequence alignments, a uniform gap penalty
function implies that residues at any position of a protein
have had the same chance of deletion or insertion during
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evolution. However, insertions and deletions occur more
often on the protein surface than in the core, and less of-
ten within a secondary structure element than in a loop.
Such information relating to the mechanism of protein
evolution was applied to the alignment of distantly related
sequences by Lesk et al. (1986) and Barton and Sternberg
(1987b). The approach has been implemented in the struc-
tural comparison program COMPARER (Zhu et al.,
1992) by defining gap penalties in terms of structural pa-
rameters defined by analyses of families of proteins.
The aligned or equivalenced protein structures can then
be clustered. A matrix of distances computed between all
pairs of proteins can be used to construct a tree concisely
describing relationships among them. Although extensive
methodology for tree construction from protein sequences
has been developed for the study of evolution (Doolittle,
1990), the clustering of protein three-dimensional struc-
tures has been less studied. Rossmann and colleagues
(Rao & Rossmann, 1973; Eventoff & Rossmann, 1975)
constructed cladograms based on structural features alone
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to describe distant phylogenetic relationships among the
mononucleotide and dinucleotide binding proteins. John-
son et al. (1990a,b) have showed that a structural distance
metric, defined from fractional topological equivalence
and root mean square deviation between superposed
members of the family, can give useful cladograms that
correlate well with those derived from sequences (Fig. 2).
We have extended this approach by reflecting additional
structural and sequence features in the classification (Fig. 2)
(Johnson et al., 1990a; Sali & Blundell, 1990). Moreover,
because these features can include relationships such as
hydrogen bonding patterns, which are known to be con-
served in evolution, structures that bear little similarity in
other respects can be compared and classified at statisti-
cally significant levels.

What is invariant in a common fold?

The question of conservation of amino acids in proteins
with a common fold can be addressed by examining a da-
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Fig. 2. Cladograms showing the relationships among 19 globin sequences (SEQ) and globin structures (F-STR and RB-STR).
Sequences were multiply aligned and the tree (SEQ) constructed from distances based upon the alignment scores. The tree de-
rived from the superposition of three-dimensional structures as rigid bodies (RB-STR) was based on both the root mean square
deviations and the number of topologically equivalent main-chain C, atoms for pairs of superposed proteins. The third tree
(F-STR) was computed using a more flexible approach to structural alignments and considered the following features: the phys-
ical properties of amino acids (5%), residue main-chain solvent accessibilities (20%), residue identities (10%), and absolute main-
chain directions in space (20%). Labels: The o and $-chains of human deoxyhemoglobin (Brookhaven code [Bernstein et al.,
1977]: 2HHB), human carbonmonoxyhemoglobin (2HCO), human oxyhemoglobin (IHHO), human sickle cell hemoglobin
(1HBS), human fetal deoxyhemoglobin (1IFDH), horse deoxyhemoglobin (2DHB), deer sickle cell (1HDS) and sea lamprey he-
moglobin V (2LHB), sperm whale metmyoglobin (2MBN), sperm whale deoxymyoglobin (3MBN), erythrocruorin of Chirono-
mus thummi thummi (IECD), and leghemoglobin of Lupinus luteus (ILH1). The sequences of the bacterial hemoglobin of
Vitreoscilla (VITR) and the globin of the non-leguminous Parasponia andersonii (PARA) are also included within the sequence
comparison. Figure used with permission (Johnson et al., 1990a).
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tabase of alignments constructed by equivalencing topo-
logical features of family members (Overington et al.,
1990, 1992; Zhu et al., 1992). Rules for the substitution
of amino acids in three-dimensional structures are derived
by counting how many times two residue types occur at
structurally equivalent positions. We have constructed a
number of specific substitution tables (Overington et al.,
1990) in which we consider only a subset of residues that
have a certain structural environment. Structural features
included were solvent accessibility, local main-chain con-
formation (positive ¢ angle, helical, 8-strand, or other),
and side-chain hydrogen bonding to peptide groups or
other side chtins.

In general these analyses confirm that solvent-
inaccessible residues are among the most conserved
residues in a family, but they also underline the fact that
the substitution patterns themselves vary significantly in
different environments. Unique patterns characterize lo-
cal structural features, especially those that involve pos-
itive ¢ values (selecting glycine, asparagine, and aspartic
acid with highest probability) (Overington et al., 1990,
1992). Substitutions of aspartic acid, asparagine, gluta-
mine, serine, and threonine are strongly influenced by
side-chain accessibility and hydrogen bonding. For exam-
ple, hydrogen-bonded and inaccessible aspartic acids are
among the most highly conserved residues in families of
proteins, whereas asparagines in the same environment
are rarely invariant. Clearly, knowledge of the topology
of one member of the family allows some prediction of
the variation of sequence that can be tolerated with reten-
tion of the fold.

How many family folds?

Once we can compare and align protein sequences and
structures, we can begin to address the question of the
number of families with a common fold. However, it be-
comes apparent soon that if we are not interested primar-
ily in the question of divergent evolution, the answer will
be operationally defined. Do we wish to know how many
families of proteins can be recognized by their sequences
in a search of a sequence database? Do we wish to dis-
cover how many families have members that can be use-
fully superposed to define equivalence of =50% amino
acid residues? Do we wish to define the number of fami-
lies with a similar topology and, if so, how many inser-
tions or deletions of helices and strands are allowed before
we form another family?

Even with agreement on the operational definition of
a family, there are many approaches to estimating the
number of families. For a protein crystallographer, the
most obvious approach is to consider the percentage of
new structures defined by X-ray analysis and NMR that
have structures that are similar to those defined previ-
ously. The answer is probably about 50% if we consider
general topologies. One example in the past year has been
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the structure of the flexible multiple domain polymerase,
porphobilinogen deaminase, which is involved in assem-
bling the heme, chlorophyll, and B, pyrrole precursor;
this structure has two domains that are topologically iden-
tical to anion binding proteins such as phosphate and
sulfate binding proteins (Louie et al., 1992). This may
reflect a functional similarity, as porphobilinogen is also
an anion.

At present there are rather more than 100 such fami-
lies in the present database, indicating the existence of at
least 200 families in nature if we have sampled half the
existing protein folds already. However, protein crystal-
lographers select proteins that are available in large quan-
tities, either naturally or through cloning and expression,
and crystallization further selects those that are soluble
and do not comprise flexible regions of polypeptide or in-
deed flexible strings of modules. NMR spectroscopists se-
lect proteins that are small and usually relatively rigid. It
is therefore optimistic to think that we have seen half of
the protein folds existing in nature, and the estimate of
200 protein folds will need to be revised upward.

Dayhoff and coworkers (1983) have postulated the
existence of nearly 1,000 different protein families. As
Chothia (1992) has pointed out, about one-third of the
sequences defined in genome studies are related to se-
quences previously determined, and about a quarter of
the sequences determined are at least 25% identical with
those of three-dimensional structures defined by X-ray
analysis and NMR (Sander & Schneider, 1991; Pascarella
& Argos, 1992). This gives an upper estimate of about
1,500 families. However, sequence searching is a most in-
effective way of identifying sequences that clearly belong
to a family like the globins (Johnson et al., 1993), and
there will be many members with similar topologies but
sequence identities less than 25%. Our own conclusion is
therefore that the number of families with distinct topol-
ogies is much less, probably between 500 and 700.

This estimate implies that with the increasing number
of new structures defined each year, we should move to-
ward experimental definition of one example of each com-
mon fold by the end of the century. This implies that if
methods to identify the folds from their sequences can be
developed, and if comparative modeling can be extended
to distantly related protein topologies, then we shall be
able to provide at least rough indications of protein three-
dimensional structures for most sequences defined by ge-
nome sequencing projects (Blundell et al., 1987).

Recognizing common folds from sequences

The major difficulty in using the common fold as a
framework for protein modeling is the association of a
new sequence with a characterized protein fold. This has
been successfully addressed on many occasions by using
structural information to identify key features in protein
architecture and associating these with invariant or con-
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served sequences. Many researchers have done this qual-
itatively. One example of many was our own proposal
that relaxin adopted the insulin fold (Bedarkar et al.,
1977). This involved alignment of the key half-cystines and
conserved glycines, ensuring that the solvent-inaccessible
residues were conserved as hydrophobic. The alignment
was then used to model the relaxin structure on the basis
of the known three-dimensional structure of insulin. The
general features of this model have been confirmed re-
cently by an X-ray analysis of relaxin crystals (Eigenbrot
et al., 1991).

One of the first attempts to use structural information
systematically was by Taylor (1986), who developed a
method of generating templates for each part of the
framework of a protein generated from superposition on
the basis of known three-dimensional structures of pro-
teins in a family. Eisenberg and coworkers developed an
alternative approach, profile analysis, in which sequences
were aligned for a family of proteins and the alignments
were used to assess the probability of finding an amino
acid at each position in the protein fold (Gribskov et al.,
1987). Pickett et al. (1992) have exploited the flexible tem-
plate procedure devised by Barton and Sternberg (1990)
and have shown its usefulness in locating 3/a-barrels. All
three methods improved the success of finding related se-
quences when compared to using a single sequence in the
search procedure. However, these methods require knowl-
edge of several sequences for any protein family and ben-
efit from the increased level of alignment accuracy (e.g.,
for the template or profile) when structural information
is also available.

What can be achieved if only one sequence and three-
dimensional structure comprises the total family member-
ship? This has been addressed in several ways. Ponder
and Richards (1987) used a library of side-chain rotamers
and sought to find combinations of sequence and side-
chain conformation that would allow retention of a known
three-dimensional structure. This provides a powerful ap-
proach to identifying closely related sequences, but it is
computationally very expensive. It is limited by the fact
that distantly related proteins evolve through' relative
translations and reorientations of the elements of second-
ary structures in order to allow changes in side-chain
shapes and volumes. This flexibility in structure is diffi-
cult to allow for in such analyses. Jones et al. (1992) have
sought to overcome this problem by using knowledge-
based potentials (Sippl, 1990). They thread a sequence
through a known structure and ask, for each alignment:
Can the sequence of interest adopt that three-dimensional
fold? Maiorov and Crippen (1992) have derived a simi-
lar potential that recognizes the correct folding of glob-
ular proteins.

In order to escape from the limitations of the three-
dimensional structure of any one member of the family,
it may be necessary to “project” the restraints of the three-
dimensional fold onto the one dimension of the sequence

881

(Sali et al., 1990) and to work by comparing sequence
templates or profiles. This can be approached by deter-
mining the propensity of an amino acid to occur in each
class of local structural environment defined by solvent
accessibility and secondary structure, as shown by Eisen-
berg and his colleagues (Bowie et al., 1991). Alternatively
it can be achieved by calculating substitution tables as a
function of local environment (Overington et al., 1990;
Luthy et al., 1991). The method of Johnson and cowork-
ers (Overington et al., 1992; Johnson et al., 1993) uses ex-
panded amino acid substitution tables that take into
account the local environment in the tertiary structure.

Each of these methods is able to detect distantly related
sequences that adopt a particular protein fold. But none
of the methods is successful in identifying all known to-
pological relationships. Most methods seem able to iden-
tify actin on the basis of the ATPase fragment of the heat
shock cognate protein even though the proteins have only
10% identity in sequence (Fig. 3). This is almost certainly
because they are rather similar in length, at 375 and 386
amino acid residues, and there are not too many other
proteins of this type and length. The major problem is in
introducing useful gap penalties. Johnson et al. (1993)
have done this by introducing structure-dependent gap
penalties, as used in the comparisons of protein three-
dimensional structures. However, when there are long in-
sertions and deletions within the similar domains, or
where one structure contains extra domains on either end,
then the comparisons are much more problematic. Sev-
eral of the methods have difficulty in identifying mam-
malian serine proteinases on the basis of the bacterial
enzymes or vice versa; this is clearly a consequence of the
insertions in the sequences of one group relative to the
other.

Fig. 3. Ribbon drawing for the 40-kDa fragment of the heat shock pro-
tein (Brookhaven code [Bernstein et al., 1977]: 2HSC) and actin (1ATN).
Despite sharing this complex topology, the sequence identity based on
structural comparisons is less than 10%. Helices have been colored lav-
ender and strands have been colored green; loops are red in 2HSC and
white in 1ATN.
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Of the recent methods aimed toward catching a com-
mon fold, none is sufficiently good to recognize all mem-
bers of a known protein class. For instance, consider the
globins. A single globin structure challenged to find all
globin sequences in a data bank will catch roughly 95%
of the globins if the structure is a mammalian myogiobin
or o or § chain of hemoglobin. One hundred percent of
the globins will not be located before the first nonglobin,
and the performance is much worse for globins such as
erythrocruorin or leghemoglobin. Some of the difficul-
ties lie with the method of comparison between a sequence
and a structure and are independent of the information
under comparison. Dynamic programming techniques such
as that of Needleman and Wunsch (1970) suffer when
proteins of different lengths are compared. Procedures
that compare segments can have difficulty in reconstruct-
ing an alignment and are more time consuming. As men-
tioned above, the “gap problem” (Doolittle, 1981) is still
a notorious problem. On the positive side, multiple align-
ments of proteins can help to provide templates or pro-
files that are much more sensitive to the detection of
related folds.

Conclusions

Having identified the fold of a new sequence, we can use
the information to predict the three-dimensional structure
of the protein. This is often carried out subjectively, but
more systematic approaches are now being developed.
For example, we can use rules that relate the side-chain
dihedral angle with the residue type at equivalent positions
in homologous proteins (Summers et al., 1987; Sutcliffe
et al., 1987b). Most methods depend on the assembly of
rigid fragments (Jones & Thirup, 1986; Blundell et al.,
1987, 1988; Claessens et al., 1989). In our approach
(Blundell et al., 1988; Topham et al., 1993) we select three
sets of fragments that define the framework, the structur-
ally variable, mainly loop regions, and the side chains.

These modeling procedures are very successful when
the known structures cluster around that to be predicted
and when the percent sequence identity to the unknown
is high (greater than 40%). There is still much to be done
in improving these approaches. What is clear is that the
identification of a sequence with a previously character-
ized “common fold” provides a very useful restriction of
conformational space and a very helpful starting point for
producing a useful model. Even without a precise model
it will often provide clues about function in general and
ligand binding in particular. These will increase the value
of sequence information, which will surely increase in vol-
ume as the various genome sequencing projects get under
way in the coming decade.
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