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1. Introduction

Proteins having no detectable sequence similarity
can adopt similar 3Dt structures. Similarities are
often observed for proteins having no functional
similarity, or from different kingdoms or tissues (e.g.
Holm & Sander, 1993a; Swindells et al., 1993; Russell
& Barton, 1993a). Despite the possibility for almost
infinite variation at the level of the gene, Nature is
apparently restricted to a limited number of protein
folds.

Currently there are approximately 2000 proteins of
known 3D structure, which can be classified further
into approximately 150 unique fold families (Orengo
et al., 1993). A fold family is a collection of proteins
having similar 3D structures, but not necessarily any
sequence or functional similarity. Many families
contain members with no common features across
their sequences (for example, the o/f-barrel, greek
key B-barrel and jelly-roll folds).

Here, to simplify discussion, we introduce a three
state classification of protein 3D structural simi-
larities. At one extreme (type 4 ) are pairs of proteins
sharing sequence, structural and (usually) functional
similarity. Type 4 similarities include the globins,
mammalian serine proteinases, Ig variable domains
and cytochromes c. In the middle (type B) are those
proteins having structural and functional similarity,
but little sequence similarity, such as the mammalian
and bacterial serine proteinases, azurin/plasto-
cyanin, the Rossmann fold dehydrogenases (e.g.
lactate, alcohol, etc.), Ig domains and CD4, aspartic
proteinase lobes, rhodanese domains, and the heat
shock protein/actin fold. Finally, at the other extreme
(type C), are proteins with only 3D structural
similarity, such as the Rossmann fold domains (e.g.
lactate dehydrogenase and glycogen phosphorylase),
o/p barrels, and greek key f barrels (e.g. Ig domains,
azurin, superoxide dismutase, etc.). Families of types
B and C often contain members with some structural
differences, and with large insertions required to align
structures accurately (e.g. haemocyanin compared to
superoxide dismutase; or the o/ barrels from aldolase
and rubico). Since functional similarity is difficult to
define, the divisions between each type are not
discrete, though the three categories provide a
convenient means for classifying an observed
structural similarity. The frequently used terms
“homologous” and “analogous” probably define types
A and C, respectively, with B falling somewhere in
between. When comparing protein sequences or 3D
structures, generally, type A and some type B
similarities are detectable by sequence comparison
methods (see Argos et al., 1991 for a review) though
many type B similarities are undetectable unless one
considers 3D structure or functional information for
one member of the family (e.g. Barton & Sternberg,

+ Abbreviations used: 3D, three-dimensional; Ig,
immunoglobulin; RMS, root mean square; SH2, src
homology 2; SH3, sr¢ homology 3; HNF-3, hepatocyte
nuclear factor 3; the standard three letter and one letter
abbreviations for amino acids are also used throughout.

1990; Bowieet al., 1991; Jones et al., 1992). Structural
similarities of type C are usually only detectable when
both 3D structures are considered (Mitchell ef al.,
1989; Taylor, 1989; Sali & Blundell, 1990; Russell &
Barton, 1992), with some notable exceptions (Jones
et al., 1992; Godzik et al., 1993). Protein structural
families frequently contain similarities spanning
types 4 through C. Figure 1 shows an example for the
family of greek key f barrel structures. The figure
shows three similar pairs: (a) two Ig light chain
variable domains (A4), which share functional and
sequence similarity; (b) an Ig light chain variable
domain and the N-terminal domain of CD4 (B), which
are both immune system recognition proteins; and (c)
an Ig light chain variable domain and poplar
plastocyanin (C), which are similar only in that they
have a similar arrangement of seven f strands.

Despite dozens of examples of similarities of types
B and C, little is understood as to why different
sequences can adopt similar 3D structures. Most
studies to date have dealt with specific families of
proteins having functional similarity (i.e. types 4 and
B), such as the globins (Lesk & Chothia, 1980;
Bashford et al., 1987; Pastore et al., 1988; Bordo &
Argos, 1990, 1991), the Ig domains (Chothia & Lesk,
1982), blue copper (plastocyanin-like) photosynthetic
proteins (Lesk & Chothia, 1982; Adman, 1984),
nucleotide binding folds (Rossmann et al., 1974;
Rossmann & Argos, 1976; Otto et al., 1980),
oligonucleotide/oligosaccharide binding folds (Sixma
etal.,1993; Murzin, 1993), proteinases (Blundell et al.,
1979; Craik et al., 1983) or o/ hydrolases (Ollis et al.,
1992). However, some studies have considered more
distantly related protein 3D structures (i.e. type ('),
such as greek key B barrels (Hazes & Hol, 1992;
Hutchinson & Thornton, 1992), globin/phycocyanin/
colicin A (Pastore & Lesk, 1990; Holm & Sander,
1993b), o/f barrels (Farber & Petsko, 1990; Farber,
1993), p trefoils (Murzin et al., 1992; Swindells &
Thornton, 1993), toxin-agglutinin folds (Drenth
et al., 1980) or jelly-roll folds (Chelvanayagam et al.,
1992). Such studies generally suggest functional and
packing features common to a particular family,
though they provide few generalisations that might
be applied to other protein structural families.
Similarities of type 4 (and some of type B) have
common features in the protein cores and around
common binding or active sites. Similarities of type C'
(and some of type B) often have few common features.
For example, even the most distantly related oxygen
carrying globin folds (type 4 and B similarities) share
haem binding residues as well as several key
hydrophobic core residues (Bashford et al., 1987;
Pastore et al., 1988). However, when one adds to the
family the structurally similar, but functionally
different, phycocyanin and colicin A structures, few
common residues can be found (Pastore & Lesk, 1990;
Holm & Sander, 1993b).

There have been some investigations into the
general features of structurally similar proteins.
Chothia & Lesk (1986) considered 32 pairs of
structures and found that distantly related proteins
could have as little as 50% of their structures in a
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Type A similarity:
7FAB_L 3-105
Human Ig light chain
variable domain

2FBJ_L 1-109
Mouse Ig light chain
variable domain

Type C similarity:
1PLC all residues
Poplar plastocyanin

Type B similarity:
2CD4 1-95
Human T-cell surface
glycoprotein (domain |)

Figure 1. Molscript (Kraulis, 1991) drawings illustrating example of 3 types of 3D structural similarities all with mouse
Ig light chain variable domain (2FBJ_L domain 1). The type 4 similarity is between 2FBJ_L domain 1 and a human Ig
light chain variable domain; the type B between 2FBJL domain 1 and 2CD4 domain 1; and the type C between 2FBJ_L
domain 1 and popular plastocyanin. Equivalent strand regions within the 3 structures similar to 2FBJ_L are shown as

arrows; non-equivalent regions are shown as C* trace.

common core. They also found a logarithmic
relationship between sequence identity and RMS
deviation on core main-chain atoms; RMS deviation
increased exponentially with decreasing sequence
identity. Pascarella & Argos (1992) considered
families of protein 3D structures and established
general rules for the occurrence of insertions and
deletions (e.g. that they prefer to be between 1 to 5
residues, and rarely occur within helices or strands).
Flores et al. (1993) examined how RMS deviation,
number of C* to C* contacts, solvent accessibility y!

angle and secondary structure behaved as a function
of sequence identity for 90 pairs of structurally
similar proteins. They found an approximately
inverse linear relationship between the variation of all
of these properties and sequence identity. For pairs of
structures having a similar sequence identity, they
found little difference between homologous (i.e. type
A and some type B similarities) and analogous (i.e.
some type B and type C similarities) proteins.
Detection of type B and C similarities prior to 3D
structural determination is of great interest, since
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detection and alignment can avail tertiary structure
information via homology modelling, and can suggest
experiments to determine biological function. In an
attempt to detect more type B and C similarities than
is possible by sequence comparison, many methods for
providing the best fit of a sequence to a structure have
been described (Sippl, 1990; Bowie et al., 1991; Luthy
etal., 1991; Overington et al., 1992; Jones et al., 1992;
Johnson et al., 1993; Bryant & Lawrence, 1993;
Godzik et al., 1993; Wilmanns & Eisenberg, 1993; see
Bowie & Hisenberg, 1993 or Wodak & Rooman, 1993
for reviews). These methods have been inspired by the
earlier work of Novotny et al. (1984, 1988), which
showed that purposefully misfolded proteins gave rise
to favourable energies using CHARMm parameters
(Brooks et al., 1983). Novotny et al. found that the
misfolded proteins had more hydrophobic residues
exposed to solvent and more buried ionisable
side-chains. Though the details differ, most methods
for fitting sequence to 3D structure provide a measure
of the quality of the fit based on one or more of: (a)
accessibility preferences; (b) loop solvation poten-
tials; (¢) secondary structure preferences; and (d)
amino acid pair preferences (discussed below). Sippl
(1990) first suggested the use of amino acid pair
preferences (derived from analysis of known protein
3D structures) for measuring sequence and structure
compatibility. Pair preferences provide a measure of
how likely each type of amino acid is to interact with
every other type, and can be used to assess the quality
of the fit of a sequence to a 3D structure if one threads
a sequence onto the known structure. Optimal
sequence threading involves getting the best
alignment of sequence and 3D structure by a
consideration of such pair preferences. The use of
pair preferences means that threading, unlike
most methods of protein sequence alignment, is
a 3D problem, since moving residues along the
sequence in one region of the structure can affect
residues separated by a long length of sequence.
Several threading algorithms for protein fold
detection have been described (Jones et al., 1992;
Godzik et al., 1993; Sippl & Weitckus, 1992; Bryant &
Lawrence, 1993).

Methods of protein fold detection have met with
some success, being able to detect similarities (and
provide accurate sequence alignments) between
proteins having little sequence similarity, but which
are known to adopt a similar 3D structure. However,
most of the success appears to be associated with
aligning structures of similarity types 4 and B. Many
type B and (' similarities remain difficult to detect or
align accurately, particularly when pair preferences
are not used. For example, the 3D-1D method of
Bowie et al. (1991) is apparently unable to detect the
similarities between hexokinase and actin (Bowie
et al., 1991; Thornton et al., 1991), between
enterotoxin verotoxin (Sixma et al., 1993), or between
various a/f barrels (Pickett et al., 1992). However, the
use of pair preferences can enable detection and
alignment of several type B and C similarities. For
example, the method of Jones et al. (1992) accurately
found myohaemerythrin to be a plausible fold for

cytochrome B562 by threading the B562 sequence
onto each of a database of 102 representative folds,
despite the lack of sequence or functional similarity
between these proteins. The method of Godzik et al.
(1993) detected the similarity between the plasto-
cyanin and immunoglobulin structures by using a
template derived from the plastocyanin structure to
search a sequence database.

An assumption common to fold detection methods
is that certain structural features (such as those
described by Novotny et al. and Sippl) are conserved
or shared across proteins having similar 3D
structures, even in the absence of sequence similarity.
In order for these methods to be successful, secondary
structure, accessibility and/or particular side-chain
to side-chain interactions must be conserved across
similar protein 3D structures. To date, there has been
little investigation as to the conservation of particular
side-chain properties within distantly related pro-
teins. Studies have concentrated on closely related
protein 3D structures (i.e. type 4 or some type B
similarities), and these have been used to derive
environment specific parameters for side-chain
substitutions (Overington et al., 1990, 1992; Bowie
et al., 1990, 1991; Luthy et al., 1991; Johnson et al.,
1993). The high degree of similarity in the proteins
used to derive the parameters need not necessarily
apply to more distantly related protein pairs, which
is, perhaps, why these methods appear to make only
a marginal improvement over methods that do not
make use of 3D structural data (Taylor, 1986b;
Gribskov et al., 1987; Lipman & Pearson, 1985;
Barton & Sternberg, 1990; Henikoff & Henikoff,
1993).

In this paper, protein 3D structural alignments are
used to investigate the conservation of side-chain
accessibility, secondary structure and side-chain to
side-chain interactions within protein 3D structure
pairs having a range of similarities (i.e. types 4-B-C).
The importance of the results for protein fold
detection methods and protein evolution is discussed.

2. Methods

(a) Multiple alignment of protein 3D structures

The protein structural families considered are
given in Table 1. All structures are refined and of a
resolution of 2.5 A or better, with the exception of the
viral coat proteins, which are all refined structures
with resolutions between 2.8 and 3.2 A. As a further
test of structural quality, PROCHECK (Morris et al.,
1992) was run on all proteins in the dataset using a
resolution of 2.5 A. Those structures showing large
deviations (i.e. “WORSE”) from typical values for
main- and side-chain parameters were not used in the
study. Despite poorer resolutions, the viral coat
proteins listed in Table 1 were found to have a
stereochemical quality comparable to a good 2.5 A
structure, which is expected since molecular averag-
ing greatly improves the quality of these medium
resolution structures. All structures were taken from

the January 1993 release of the Brookhaven protein
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databank (Bernstein et al., 1977), with the exception
of sheep 6-phosphogluconate dehydrogenase, L.
mesenteroids  glucose-6-phosphate dehydrogenase
(PGD and G6P; kindly provided by Dr M. J.
Adams); the human fyn SH3 domain (SH3; kindly
provided by Dr M. E. M. Noble); chicken sr¢ SH2
domain (SH2; kindly provided by DrJ. Kuriyan); and
human HNF-3 (HNF; kindly provided by Dr S. K.
Burley).

Alignments were generated using the STAMP
package (Russell & Barton, 1992; Russell, 1994).
Pairs of structures that could not be aligned
accurately by the method (due to gross structural
deviations, etc.) were ignored. It is important
to emphasise that the alignments used in this
paper are derived from comparison of three-
dimensional structures, and thus provide a more
accurate set of residue equivalences than alignments
created without 3D structural information. Within
each family of protein 3D structures, every possible
pair of structures were aligned separately to give
the most accurate structural alignment. Structurally
equivalent regions were defined according to Russell

& Barton (1992) by those regions having a residue-
by-residue structural similarity index P};>4.5 for
segments of two or more residues.

A total of 607 pairs of aligned protein 3D
structures, varying in sequence and 3D structural
similarity, were obtained. Type A similarities were
defined as those proteins having a sequence similarity
(%I, see below) greater than 20%. The remaining
similarities were classified as type B or C' depending
on whether the proteins were functionally similar. 137
pairs were classified as type 4, 292 as type B and 178
astype C. InTable 1, functionally similar proteins (i.e.
types 4 and B) are named (e.g. “Oxygen carriers”
within the globin fold family). In all the plots that
follow, similarities of types 4 and B are indicated by
the symbol x and type C similarities are indicated by
the symbol o. Type 4 and B/C similarities are
separated in all plots by a line at %1 = 20.

To get a measure of background, 16 pairs of
dissimilar structures were aligned using a sequence
comparison algorithm (Barton & Sternberg, 1987),
with Dayhoff’s PAM250 matrix (Dayhoff et al., 1978)
and a fixed gap opening penalty of 8. These pairs are

Table 1
Protein structural families considered

Family Code_chain range

Four helix bundles (4, B, C)

Cytochromes 2CCY_A 11-125 256B_A all

Others 1LIG 48-168 2HMQ_A 19-112 1LPE 23-159

o/p Barrels (4, B, ()

Xylose isomerases 6XTA 8-286 4XTA_A 8-292

Anthranilate isomerase 1PII 47-236 1PII 254427

Triosephosphate isomerases 6TIM_A 6-234 1YPI_A 5-232

Rubiscos 5RUB_A 159-393 S8RUB_L 167-403

Others 1IWSY_A 16-234 1GOX 71-308 TIALD 26-302
1TMD 22-321 3ENL 147-398

Aspartic proteinase 20MS -2-175 4PEP 1-174 1RNE -1-172

domains (4, B) 2APR 1-178 3APP 1-174

3CMS 177-326
2APR 179-325
1HIV_A all

Cytochromes ¢ 1C2R_A all
(A) 1CCR all

Globin folds (4, B, (')

Oxygen carriers 4MBN all
1THB_B all
1HBG all
1MBA all

Phycoyanins 1CPC_A 30-173

Colicin A 1COL_A

Greek key B barrels (4, B, ()

Ig superfamily 2FB4_H 1-120
7FAB_H 1-119
1FDL_L 1-111

2FB4_H 121-218
2FB4_L 114-214
1HSA_A 184-275

2CD4 98-176
Plastocyanin folds 1PLC all

1PAZ all
Others 1HOE all
Lysozymes (4) 1LZ4 all
Ribonucleases (4, B) 1RNB_A all

4PEP 175-326
3APP 175-323

1IRNE 176-323

2RSP_A all

1YCC all 5CYT_R all
1PMB_A all ITHB_A all
1PXB_A all 1PXB_B all
1ITH_A all 1ECA all
2SDH_A all 2LH1 all
1CPC_B 27-173

2FBJ_H 2-120 1FDL_H 1-118
2FB4_L 1-113 2FBJ_L 1-105
7FAB_L 1-107

2FBJ_H 121-218
2FBJ_L 111-212

1FDL_H 119-218

1HSA_B 4-97 2CD4 1-96
7PCY all 1AAJ all
2MCM all

2LZT all 1LZ1 all
1GMP_A all 1RN4 all

continued overleaf




