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SUMMARY: X-ray structure analyses of proteins and computational
approaches to the comparison of three-dimensional structures
provide a basis for understanding the nature of restraints on the
diversity of sequences in families of homologous proteins. De-
tailed examples are provided by structures defined by X-ray
analysis at Birkbeck for two families of homologous proteins,
the beta/gamma crystallins (five proteins) and aspartic protei-
nases (five enzymes). In addition all families of proteins, for
which two or more well-refined high-resolution structures are
available in the Brookhaven Databank, have been compared. Residue
to residue substitution tables have been calculated for amino
acids classified according to residue type, secondary structure,
accessibility of the sidechain, and existence of hydrogen bonds
from sidechain to other sidechains or peptide carbonyl or amide
functions. Distinct patterns of substitution characterize most
classes especially where amino acid residues are both solvent
inaccessible and hydrogen-bonded through their sidechains.

INTRODUCTION

Divergent evolution gives rise to families of proteins that have
similar tertiary structures but often rather different sequences.
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proteins, the protomers of which are composed structurally of
four Greek key motifs arranged as two globular domains. X-ray
analyses at high resolution have defined the three-dimensional
structures of four monomeric gamma crystallins and one oligomeric
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calf BB2 hkItLyefipnftgkkméVidddVpsFha-hg---YqékVSSVrVqs
calf yE chL?eqpﬂfggchFLrrgdlp&yqﬁ-wm--Gfsd;Vi§CElIpht
rat vE chML?eqpnfggchFLrrgdlpdyqq-wm--Gfsd;vg§Cf1Ipht
calf vB gcWMLY&rpnyqohqYFLrigdypdydq-Wm--GfndsliSCillpaqh
calf BB2 GvaGieqanckgéquFekge!prwdg-“’lsE;itdngS_priLva
calf vE gYWVLY&mpnyrgrQyLLrpgdyrryld-Wg--AafiaiVgSLirAvdf
rat vE GyWVLY&mpnyrgrQYLLrpgdyrryld-Wg--AafiaiVgSLirAvdf
calf yB gSWVL?empsy;giQ?LLrnglfryld—Wg--AmnAng§LEerdf
calf BB2 gthG?qypgy;gqu]Lekgd{kdsgd-Fg-—ApﬁpﬁVQﬁVfri;dm
BBBBBE ++B+BBBAA BBBE

Figure 1. The alignment of sequences of the four Greek key motifs
of three gamma and one beta crystallin obtained by comparing
their 3-D structures using COMPARER. For each sequence there are
four motifs. The numbering is that of the first motif of gamma B.
The amino acid code is the standard one-letter code formatted
using the following convention (Overington et al., 1990): Italic
for positive phi; UPPER CASE for solvent inaccessible; lower case
for solvent accessible; bold for hydrogen bonds to mainchain
amide nitrogen; underline for hydrogen bonds to mainchain carbo-
nyl oxygen; tilde~ for sidechain-sidechain hydrogen bonds. The
secondary structure is given below where it is present in 80% or
more of the proteins. a: a-helix; B:B-strand; +: positive PHI
torsion angle.
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beta crystallin (Blundell et al., 1981; Sergeev et al., 1988;
White et al., 1989; Bax et al. 1990). Although the gamma crys-
tallins have sequence identities of about 80%, BB2 crystallin is
less closely related. There are ~30% identities with the gamma
crystallins. There are twenty structures for the Greek key motifs
defined by X-ray analysis and more than 120 sequences of the
motifs from homologous proteins available in sequence data bases.
The individual motifs are not closely related. Only one residue,
a glycine (Gly 13) is identical in all structures and one further
residue, a serine (Ser 34), is conserved in most sequences but
varied occasionally to alanine. The sequences of several motifs
from beta and gamma crystallins are shown in Figure 1.

The aspartic proteinases include the pepsins, which are bilo-
bal enzymes with a deep and extended active site cleft. The two
catalytically active aspartates lie in conserved sequences (Asp-
Thr-Gly) at the centre of the cleft. These catalytic aspartates
(Asp 32 and Asp 215 in pepsin) occupy equivalent positions on the
two lobes, which have little other sequence identity but have
topologically similar structures (Tang et al. 1978). Our detailed
analyses at Birkbeck are of the structures of the mammalian
enzymes, chymosin (Newman, 1990; Strop et al. 1990) and pepsin
(Cooper et al. 1990), and two fungal enzymes, endothiapepsin
(Blundell et al. 1989) and mucorpepsin (Newman, 1990). These
enzymes are between 25% and 60% identical when the sequences are
considered pairwise. Other three-dimensional structures of aspar-
tic proteinases available from the Brookhaven Databank include
the fungal enzymes penicillopepsin (James and Sielecki 1983) and
rhizopuspepsin (Suguna et al. 1987) and independent structures
of pepsin (Andreeva et al. 1984; Sielecki et al. 1990) and chymo-
sin (Gilliland et al. 1990). The aspartic proteinases also in-
clude the retroviral proteinases. Structures have been determined
for proteinases of Rous Sarcoma Virus (RSV; Miller et al., 1989)
and Human Immunodeficiency Virus (HIV; Wlodawer et al. 1989;
Lapatto et al. 1989). In these dimeric enzymes each subunit
corresponds to a single lobe of the pepsins and contributes one
catalytic aspartate within a conserved sequence of Asp-Thr/Ser-
Gly. Only three residues are identical in all lobes/subunits of
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aspartic proteinases. These include the aspartate (Asp32 and
equivalents) and glycine of the sequences at the active sites and
a further glycine (Gly 122 and equivalents) in a strand that is
closeby. Sections of the sequences of these aspartic proteinases
in the conserved regions are shown in Figure 2.
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2APR-C s sFAGILDTGE tLLiLP----=------- finiAagVAraY
PEP-C ggCGAIVDEGE s ILTGP- - - = - - - - - - - tsalanIQsdl
CHY-C gGcqAILDTGt g kLVGp-----c-n---- ssdIl1lnlQqal
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Figure 2. A section of the alignment of sequences of aspartic
proteinases achieved by comparing the three-dimensional struc-
tures using COMPARER [Sali and Blundell, 1989]. APE: endothia-
pepsin; APP: penicillopepsin; APR: rhizopuspepsin; PEP: hexagonal
porcine pepsin; CHY: calf chymosin; RSV: Rous sarcoma virus pro-
teinase; HIV: human immunodeficiency virus proteinase. The last
letter refers to the amino (N) or carboxy (C) terminal domains of
the pepsins. One letter code as in Figure 1.

ENVIRONMENT SPECIFIC SUBSTITUTION TABLES

A study of these and other structures suggested that the residues
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