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Introduction

Much of our present knowledge of protein three-
dimensional has been
derived from the study of single proteins. However,
the comparison of the structures of a protein family
can provide valuable insights that cannot be
obtained from the study of isolated structures. For
example, multiple, homologous sequences can
greatly enhance the sensitivity and accuracy of
sequence searching and alignment techniques [1].
Comparison of many sequences can improve the
accuracy of secondary-structure predictions [2] and
comparison of three-dimensional structures pro-
vides the basis of many comparative-modelling
approaches [3-5]. Multiple sequences and three-
dimensional structures of homologues can be used
to identify invariant features and to reveal func-
tionally important sites [6]. The study of a family of
structures can also reveal differences
between the amino acids in the binding sites that
lead to subtle differences in the recognition of sub-
strates, activators and other ligands. Thus, the com-
parison of related proteins can be very useful in
understanding molecular recognition.

The possibilities for comparing related struc-
tures increase as the Brookhaven protein databank
(PDB) [7] grows in size. The large size of the data-
bank (> 260 MB) and its inherent complexity have
led to attempts to process, organize and query the
available data; examples are the BIPED and STEP
databases of Birkbeck and University College [8, 9]
and similar databases of others [10]. These data-
bases generally include data such as main-chain
and side-chain torsion angles, hydrogen-bonding
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interactions, and residue-solvent accessibility that
are not directly recorded with the original atomic
co-ordinates. Such databases allow the flexible and
rapid search for particular structural features that
may be of use in studies of molecular recognition.
An important prerequisite of a comparative
analysis of three-dimensional structures is the
development of powerful and robust methods for
protein-structure comparison. Methods that depend
on a ‘rigid-body’ fitting of two structures [4, 11]
suffer from the major disadvantage that the fraction
of residues in the conserved core rapidly falls as the
sequence similarity between the compared struc-
tures decreases (as they divergently evolve) [12].
Thus, a strict upper bound on the distance between
C, atoms in the definition of equivalence can leave
large regions of the structures unaligned, even
though topological equivalence exists. Furthermore,
such methods are especially sensitive to rigid-body
shifts in sub-structures (for example in allosteric
changes or in domain motion). Consecutive fitting
of smaller fragments of the compared structures
[13] goes some way towards overcoming such
problems, but is sensitive to insertions and dele-
tions in one structure relative to another. Although a
rigid three-dimensional structure is not conserved
between pairs of distantly related proteins, the
general organization and the relationships of the
elements that make up the fold tend to be main-
tained [14, 15]. The conserved features of this
organization include sidechain packing between
secondary structural elements [16] and main-chain
hydrogen-bonding patterns [17]. Considerations of
these factors may be important in comparisons of
very distantly related structures [18, 19].
Comparison methods have been developed
that attempt to overcome this rigid-body problem.
Taylor and Orengo [20, 21] align protein structures
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by comparison of patterns of inter-atomic vectors
and of other local structural features, such as sol-
vent accessibility and main-chain torsion angles.
Sali, Zhu and Blundell, in the program COMPARER
[22, 23], include information from all levels of pro-
tein organization, to extend the power of the com-
parison procedures.

Methods of alignment and of comparison of
protein sequences and structures have been used
by several laboratories to cluster known three-
dimensional structures together with each other,
and together with the sequences of proteins with a
common fold. We have produced environment-
dependent amino-acid substitution tables [24, 25]
and have used these to create tertiary templates or
profiles for each family [26]. We initially concen-
trated in homologous protein families where all
members have very similar topologies, with the
majority of sequences having 15-40% sequence
identity with each other. Sander and Schneider [5]
have quantitatively related sequence similarity,
structural similarity and alignment length, using a
database of known structures, but have extended
the number of proteins that are compared by align-
ing sequences from proteins that are clearly homo-
logous. Based on an inspection of a structural
similarity/sequence similarity scatter plot, a thresh-
old as a function of length has been used as a criter-
1on to identify sequences that have a common fold.
Pascarella and Argos [27] have performed rigid-
body superpositions between the members of 38
protein families, and have associated these and 45
other individual structures with the primary-struc-
ture database. Orengo et al. [28] have extended their
original comparisons to more distantly related pro-
teins, by comparing elements of secondary struc-
ture rather than individual amino-acid residues, and
have clustered all protein structures in the form of a
dendrogram.

In this paper we describe an expanded data-
base of related three-dimensional structures that
have been aligned using comparER. The number of
families is now 87 and the database includes several
families where the average sequence identity is less
than 20%. We discuss examples where compari-
sons of such families of proteins can be useful in
understanding molecular recognition, either to
define the probable nature of the ligand or to under-
stand its detailed specificity.

Materials and methods

Selection and alignment of protein families

The co-ordinates for the three-dimensional struc-
tures were obtained from the February 1993 release
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of the PDB. Members of families were defined from
previous studies within the laboratory or from the
work of others (Table 1). ‘Bad’ or poorly refined
structures were identified on the basis of an analysis
performed by Morris et al. [29], and were excluded
from the analysis. In general we have included into
the database only families in which the alignment is
relatively unambiguous and where the proteins are
probably truly homologous.

Structural parameters used in comparison

Solvent accessibility

Relative sidechain accessibilities were calculated
with a program implementing the method of Lee
and Richards [30]. A 7% relative-accessibility cut-
off was used to define inaccessible residues [31]; in
all cases the Ca atom was considered as part of the
sidechain. Essential prosthetic atoms, such as the
copper atom at the active site of the azurins and the
haem groups in the cytochromes and in the globins,
were included in the accessibility calculations, since
their presence is often essential to the integrity of
the fold.

Secondary structure and main-chain conformation

The secondary structural class of a residue was
established on the basis of main-chain hydrogen-
bonding patterns, using the SSTRUC program
written by D. Smith and J. M. Thornton (personal
communication). This program implements the
algorithm of Kabsch and Sander [32] to define
regions of a-helix and of B-strand.

Sidechain van der Waals contacts and hydrogen
bondings

Contacts between sidechains were initially defined
on the basis of a 4 A distance cut-off. These con-
tacts were considered to be either van der Waals
interactions or hydrogen bonds, depending on the
nature of the contacting atoms. Hydrogen bonds
were identified using a simple distance-based cut-
off of 35A (40A for interactions with sulphur
atoms) between potential donor and acceptor
atoms; we felt that the low resolution, the incom-
plete refinement of several structures and the diffi-
culty in placing sidechain atoms precluded the
application of a more restrictive geometrical defini-
tion. For asparagine and glutamine, the identities of
the nitrogen and oxygen atoms of the sidechain
amide were treated as unknown, as they cannot be
directly distinguished by X-ray analysis. The sul-
phur atoms in methionine and cysteine residues
were considered to be potential hydrogen bond
donors and/or acceptors [33]. The protonation
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Protein families in the alignment database

Name of family N, * Nyt ID,, (%)t
Small
Zinc finger (CCHC-type) 2 17 47.06
Zinc finger (CCHH)-type 4 28 3272
Metallothionein (a-domain) 3 31 93.55
Metallothionein (B-domain) 3 30 83.33
Pancreatic polypeptide 2 36 41.67
E3-binding domain dihydrolipoamide acetyltransferase 2 35 3333
Rubredoxin 5 51 63.00
Protein G domain 2 63 87.50
Serine-proteinase inhibitor (potato I-type) 2 64 35.48
Ferredoxin (4Fe-4S) 3 72 33.05
Ferredoxin (2Fe-25) 3 97 734|
Small — disulphide
Steroid-binding protein 2 73 5571
High potential iron protein 2 78 23.19
Serine proteinase inhibitor (squash-type) 2 28 7143
EGF-like domain 3 47 31.85
Sea-anemone toxin 2 45 27.03
Serine proteinase inhibitor (Bowman-Birk-type) 3 56 74.89
Insulin 3 50 52.16
Serine-proteinase inhibitor (Kazal-type) 5 55 44.26
Serine-proteinase inhibitor (Kunitz-type) 3 57 3847
Snake toxin 7 64 44.11
Kringle domain 3 86 4131
All-a
DNA-binding homeodomain 2 62 50.88
DNA-binding repressor 3 71 3259
Cytochrome ¢ 2 82 25.00
Cytochrome b 2 88 2941
Calcium-binding protein (parvalbumin-like) 4 107 52.10
Cytochrome ¢ 7 I 44.56
Cytochrome c;4 2 112 3542
Haemerythrin 2 115 46.02
Phospholipase A, 5 122 47.80
Cytochrome ¢’ 2 129 21.60
Globin 16 146 27.12
Calcium-binding protein (calmodulin-like) 5 162 33.44
Fe/Mn superoxide dismutase 2 192 36.41
Glutathione S-transferase 2 208 83.57
Membrane-bound all-a
Photosynthetic reaction centre 2 826 48.49
a+p
Lysozyme 4 127 5344
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Name of family N, * N1 ID,, (%)%
Class | histocompatibility antigen-binding domain 4 178 7949
Cysteine proteinase 3 215 5535
Carbonic anhydrase 2 256 61.59
f-Lactamase 2 256 43.14
Zinc metalloproteinase 3 310 44.73
Actin/heat-shock cognate 2 377 14.10
Isocitrate dehydrogenase 2 379 2823
Serine-proteinase inhibitor (serpin-type) 3 380 2875
Aspartate aminotransferase 2 398 40.40
Disulphide oxidoreductase 5 466 2996

alp
Thioredoxin 4 96 14.53
RNAase H 2 138 2586
Flavodoxin 5 159 33.16
GTP-binding protein 2 171 15.13
Dihydrofolate reductase 4 172 35.96
Nucleotide kinase 4 202 2495
Subtilase 7 274 52.10
Thymidylate synthase Z 290 59.85
Periplasmic binding protein (sugar) 3 295 2133
PBGD/transferrin 4 290 31.47
Phosphofructokinase 2 319 55.35
Lactate/malate dehydrogenase 9 321 3322
Glyceraldehyde phosphate dehydrogenase 4 339 56.64
Periplasmic binding protein (amino acid) 2 345 7907
Cholesterol oxidase 2 541 16.40

a/f-barrel
Tryptophan biosynthesis enzyme 2 226 10.22
Triose-phosphate isomerase 3 247 50.54
Fructose- | ,6-biphosphatase aldolase 2 361 70.56
Flavin-binding S-barrel 2 376 41.67
Xylose isomerase 3 390 66.95
Ribulose-|,5-biphosphate carboxylase/oxygenase 3 537 49.57

All-B
Immunoglobulin (constant domain) I 98 3431
Immunoglobulin (cell surface) 4 102 2297
Retroviral aspartic proteinase 2 107 27.96
Antibacterial protein 2 [0 36.11
Azurin/plastocyanin 7 10 32.94
Immunoglobulin (variable domain) 4| 118 38.98
Interleukin | 8 3 142 3267
Cu/Zn superoxide dismutase 2 152 54.67
Glucose permease 2 154 42.28
Lipocalin 6 149 17.76
Plant-virus coat protein 2 186 23.64
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Name of family N, * N1 ID,, (%)
Crystallin 4 175 57.96
Serine proteinase (bacterial) 3 188 4536
Serine proteinase (mammalian) 10 229 36.19
Plant lectin 3 234 4326
Pepsin-like aspartic proteinase 9 330 3471
Neuraminidase 3 389 35.68
Picornavirus coat proteins 6 780 33.02

*N,,.. Number of proteins in the family.
TN, Average number of residues.
1ID,,.. Average sequence identity.

states of histidine, aspartic-acid and glutamic-acid
residues were also treated as undefined by the
crystal-structure determination.

Due to the highly specific nature of hydrogen
bonding, we considered a number of further sub-
classes involving sidechain functions: (1) those from
a main-chain amide, (2) those to a main-chain
carbonyl, and (3) those to/from another sidechain
or to a non-amino-acid group (excluding water).
Interactions with non-amino-acid groupings (for
example, with the haem in the globins and in the
cytochromes, or with the iron—sulphur clusters in
the ferredoxins) were also included in this class.

Results

Alignment database

The alignment database contains 347 protein chains
organized in 87 different families (Table 1). One
such alignment is shown in Figure 1. The database,
which is available from the authors on request, is
around 51.5 MB in size, including all the structural
data. The database contains fitted three-dimensional
co-ordinates for each family; these are useful in
homology-modelling studies [4, 34]. The align-
ments have been used, along with the substitution
data [24, 23], to create tertiary templates or profiles
for each family [26].

Because most of the protein families included
in the database are reasonably similar in sequence
(Table 1), the structurally conserved cores are
extensive for most families. As a consequence, the
accuracy of most of the alignments in Table 1 is
likely to be high. Our methods reproduce well the
‘expert’ alignments that are produced by careful
manual analysis of a particular protein family, for
example, the globins [16]. This accuracy is gener-
ally maintained to around the 20% global-sequence-
identity level; below this there are often small

differences, particularly for the loop regions.
Further discussion of the accuracy of the ahgn-
ments can be found in Zhu, Sali and Blundell [23].

Some of the families that are detailed in Table
1 are themselves related to other families; for ex-
ample, the retroviral and pepsin-like aspartic pro-
teinases. Additionally, some families contain clear
examples of gene-duplication in their evolution, for
example the aspartic proteinases [35] and the
crystallins [36]. Although we have used COMPARER
to align these distantly related structural motifs or
domains, we have omitted them from the current
database, as the alignments can be less reliable than
those that are included here. To extend the align-
ments to more distantly related proteins, compari-
son is most usefully carried out at the level of
domains. We have now systematically identified
domains in proteins that are useful for an analysis of
distant  relationships  between proteins (R
Sowdhamini and T. L. Blundell, unpublished work)
and are preparing a database of alignments for these
domains.

Molecular recognition

The database contains a wealth of information
about families of proteins that bind closely related
ligands. These include several families of protein-
ases that recognize polypeptides with different
sequences. For example, aspartic-proteinase-
inhibitor complexes have been reported for pepsin,
endothiapepsin, rhizopuspepsin, penicillopepsin
and renin [37 and references therein], but not for
chymosin or cathepsin D. The identification of the
residues in the specificity pockets of some members
of the family, together with the alignments based on
the structure in the database, allow a fast assess-
ment of the residues in the binding pockets of
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coMpaRer [22, 23] alignment of rat transferrin (rtfn), N-terminal lobe of
lactoferrin (ifn 1), C-terminal lobe of lactoferrin (Ifn 2) and PBDG (pbgd)
sequences

The PDB co-ordinate entries for the transferrin, lactoferrin and PDBG are Itfd, Ilfg and
| pda respectively. The alignment is represented by JOY [24, 25].

10 - 20 a0 40 a0
rtfn ViwQAvn----dheaskganfrdsMkkvLpédgpiligvikka---
Ifn1 strthqwcAvn————upeagk;(qwgrghhkt---ggpp\flciira——-
1fn2 afragtVvwGAvg----cqelrkGCiiqwsglSe------- gsVtCisas---
pbgd dnvLilATiqsplAlwQAhyVkdkLmashp---- - gLvVelvpivIcg
BBg cooaonoonooaaoa BBB
- -w - -
a0 T0 " % &0 90 100
E4 . T syldCikAlaaheADAViLdaglvheAgl tpnnLkpVvacffg
Wl & e deseas spiqClgAlaéifADAViLdggfiyeAglapjkLipVaacviyg
Maf-  esaielie ftedClalVIikygeADAMiLdggyvytAgkec--gLvpVLaéagk
pbgd dvigkgl fVkeLEvALI8ifADIAVAsmkdVpvefpg--gLglvTiCe--
coGoaaoaaa P BOf avcacaan ¢BBRERA
- e -e LR N - - - -
110 120 130 140 s = 150
rifn F R kefipkt f77AvALVkkgE-nfglaélq-gkkSCHTGl gr
Ifn1 Ees s Tam e ErgpithjyjavAVVkkgg-sfalielqg- gl kSQATGI re
1fn2 Sagisdpdpievdipvegy IAVAVVirsdtsLtwnsVk- gkkSCATAvdF
PE eemmmememisimomie s rédpiDAFVSi-nyd--sldalpagsiVGTés---
BBBBAB ¢ BBB ¢ ¢
- LN ] - LR RN ]
a0 170 180 = 190 200
rifn sAGwnIPlgllycdLpeprk--plekAVas{FsGSQVPeAd--- - - qlgq
Ifn1 tAGWnvPigtLrpfLnwt gppépicaAVaiFFsASQVPgAdkgqfpil Qi
Ifn2 tAGwniPMglLfngtgse-------- kfdéyFsqS5CAPgsdpa--snliQa
pbgd lifqeglaeriprrv-eocooooonennnn- dLilesLrge-n-ve---no--
O O 00 B O agg &
-w - - aesses
210 20 230 = 240 250
rifn ICp------- 9Cgssssapy fg¥sgAFkQLkdgLgdVAFVkqeTifenlp
Il I1GaGt--geikCafssGEpyjfsjsGAFkCLkdgaGdAVAFIF&sTviédL5
Ifn2 ICiGdeegeikCvpnsnErVjgjt GAFiCLAEiaGAVAFVkdvTV1gRTd
PHEE ommrmimimim i mimien simie mem ivgtrLskLdngeYdAITlaVAgLkrlyg-
@ coacaaaaa ¢ BABBAA aacaa
- - .. LR - LR R ] -
260 vt 280 290 300
rifn R kd-e;quAéI.LngiLikpvae:’reqchLar-vpginvvaﬂg
Ifn1 (B ea-&rdey-élLépdiiikpvdkikdchlar-vpShaVVARs
Ifn2 gnNneawAkdlkladF-alLCldgkrkpviearsChLam-apNhavVSim
pbgd - lesfifaalpp---------. eiglpavgé_GaVGIi'Ci_‘l
3338 pEA ¢ BB BpBAB
- -
B e 320
rifn vdeedlinglnq#qek!;f Key to J&Y alignments
1fn1 vnGEiédalwillrgaqekigk
Ifn2 ..dKvefLkaVllhQqakfgr  solvent inaccessible UPPER CASE
pbgd d---dsrTrelLaalnh solvent accessible lower case
sgageagans, positive ¢ italic
cis-peptide breve
hydrogen bond to other sidechain tilde

hydrogen bond to mainchain amide bold
hydrogen bond to mainchain carbonyl underline
disulphide bond cedilla
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Comparison of the folds and of the binding sites of (a) PBGD (PDB code, |pda), (b) transferrin (PDB code, |tfd)
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and (c) maltose-binding protein (PBD code, 1omp) shown in the form of ribbon drawings

Helices are represented as ribbons and fS-strand elements as broad arrows, while coil regions are indicated as thin ropes. The three
molecules are shown with their domain | in the same orientation. Ligand molecules (dipyrromethane cofactor in PBGD, iron and
carbonate ions in transferrin, and maltose in maltose-binding protein) and sidechain atoms of residues in direct interaction with the
ligand are shown as thick lines. The overall similarity in the folds, as well as in the ligand-binding sites, can be seen.

homologues. This can then be supported by
modelling before experimental work; see for
example the studies on chymosin [38] and on
cathepsin D [39].

For more distantly related and possibly non-
homologous proteins, the structural alignments may
suggest recognition sites and even ligands. Thus,
the unexpected topological similarity between sul-
phate- and phosphate-binding proteins [40], trans-
ferrins [41, 42] and porphobilinogen deaminase
(PBGD) [43] reflects not only a similar binding
mode, but also some similarities between their
ligands. Iigure 1 shows the alignment of the trans-
ferrins and PBGD on the basis of their three-dimen-
sional structures [44]; the third domain, which
covalently binds the dipyrrole primer in PBGD, has
no equivalent in transferrin, and is omitted. The
sulphate- and phosphate-binding proteins are
omitted because co-ordinates are not available in
the PDB. The sequences have no significant sequ-
ence similarity. Figure 2 shows the three-dimen-
sional structures, and demonstrates the similar
positions of the dipyrrole in the PBGD and in the
iron complex in transferrin; an equivalent position
is adopted by the ligands in the periplasmic anion-
binding proteins. The similarity of folds correctly
suggests a similarity of the binding position and a
similar hinge-bending mechanism between the
domaing for ligand recognition and binding. The
structures also suggest a similarity in the hgands

themselves; indeed sulphate, phosphate and por-
phobilinogen are all anions. Although the iron of
transferrin is positively charged, there 1s an obliga-
tory binding of a carbonate in all transferrins. In all
cases, the N-terminmi of the helices are close to the
binding site, and at least one arginine is involved in
binding; the alignment in Figure 1 shows that the
arginines are not strictly topologically equivalent.
As a caution against reading too much into the
specific functionality of this bilobal structure, note
that Figure 2 also includes maltose-binding protein;
this binds maltose in an equivalent position, but, of
course, does not involve an anionic ligand.

The value of a database of aligned protein
structures is to suggest structural and functional
roles by analogy. In each case these are useful to the
extent that they can suggest experiments, but they
are not useful as firm predictors. Nevertheless, a
proper analysis of the structure and function of
families of proteins will be of immense value to
genome studies. Structural templates or profiles
based on one or more members of the family
[24-26, 45, 46] can be used to create tertiary tem-
plates or profiles for each family [26], and these can
be used to identify a fold for a new protein sequ-
ence, which can be used to suggest functionality. An
understanding of molecular recognition in families
of proteins must be essential for the proper exploit-
ation of genome studies of micro-organisms, plants,
animals and man.
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