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Disulfide-rich domains are small protein domains whose global folds are
stabilized primarily by the formation of disulfide bonds and, to a much
lesser extent, by secondary structure and hydrophobic interactions.
Disulfide-rich domains perform a wide variety of roles functioning as
growth factors, toxins, enzyme inhibitors, hormones, pheromones,
allergens, etc. These domains are commonly found both as independent
(single-domain) proteins and as domains within larger polypeptides. Here,
we present a comprehensive structural classification of approximately 3000
small, disulfide-rich protein domains. We find that these domains can be
arranged into 41 fold groups on the basis of structural similarity. Our fold
groups, which describe broader structural relationships than existing
groupings of these domains, bring together representatives with pre-
viously unacknowledged similarities; 18 of the 41 fold groups include
domains from several SCOP folds. Within the fold groups, the domains are
assembled into families of homologs. We define 98 families of disulfide-rich
domains, some of which include newly detected homologs, particularly
among knottin-like domains. On the basis of this classification, we have
examined cases of convergent and divergent evolution of functions
performed by disulfide-rich proteins. Disulfide bonding patterns in these
domains are also evaluated. Reducible disulfide bonding patterns are
much less frequent, while symmetric disulfide bonding patterns are more
common than expected from random considerations. Examples of
variations in disulfide bonding patterns found within families and fold
groups are discussed.
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Introduction

state relative to the folded state.”™* Another theory
proposes that the stabilizing influence of these

The structures of very small proteins often lack an
extensive hydrophobic core and possess secondary
structure elements that are small and irregular.
These proteins are generally stabilized elther by
binding a metal ion, most commonly, zinc,' or by
the formation of disulfide bonds. Disulfide bonds
have traditionally been presumed to stabilize
protein structures by reducing the conformational
freedom of the protein in the unfolded state,
therefore reducing the entropy of the unfolded

Abbreviations used: BPTI, bovine pancreatic trypsin
inhibitor; PDB, Protein Data Bank; BBIs, Bowman-Birk
inhibitors; TSP, thrombospondin; SMB, somatomedin B;
PAI-1, plasminogen activator inhibitor type-1; TAP, tick
anticoagulant protein.

E-mail address of the corresponding author:
grishin@chop.swmed.edu

cross-links is enthalpic, whereby the presence of the
disulfide bonds destabilize the denatured form of
the protein by sterically inhibiting certain potential
hydrogen bonding groups from forming satisfied
donor-acceptor pairs.” It has also been suggested
that both entropic and enthalpic effects contrlbute
to the stabilizing capacity of disulfide bonds.®
Although these cross-links are, in most cases,
responsible mainly for maintaining the proper
fold of the protein and are, therefore, only indirectly
essential for protein function, there are also
examples in which reductlon or oxidation of these
bonds alters protein activity.” 78

Small protein domains in which disulfide bonds
form the scaffold of the protein are often referred to
as disulfide-rich. We describe a typical disulfide-
rich domain by the following characteristics: small
(usually <100 residues), lacking an extensive

0022-2836/% - see front matter © 2006 Elsevier Ltd. All rights reserved.
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hydrophobic core, having few secondary structure
elements, and fold stabilization primarily due to
two or more disulfide bonds in close proximity.
These proteins encompass a wide variety of
functions, such as growth factors, toxins, enzyme
inhibitors, and structural or ligand-binding
domains within larger polypeptides. Several classes
of disulfide-rich proteins, such as insulin and
related growth factors or ion channel-inhibiting
toxins, have been of interest to researchers for
medical reasons. Other disulfide-rich proteins
have been the focus of folding experiments, with
bovine pancreatic trypsin inhibitor (BPTI) being
the most thoroughly studied example.”'® These
folds have also been proposed as scaffolds for drug
design,u’12 and mimetics of protein-interacting
surfaces."

Protein classification on the basis of structural
similarity and evolutionary relatedness is a com-
mon means of organizing biological data for the
purpose of studying various aspects of sequence/
structure/function relationships in proteins,
such as structure prediction or identification of
functionally important residues. Evolutionary and
structural neighbors of large (>100 residues),
globular proteins can often be identified using
popular sequence and structure comparison tools
such as PSI-BLAST,'* and Dali.®® However,
automatic methods generally tend to be unreliable
for small proteins, due to the shortness of these
polypeptide chains. Classification of small protein
domains is consequently a non-trivial task and
one that frequently requires considerable manual
analysis.

Classification schemes for disulfide-rich domains
have been constructed using automated tools that
compare the geometry and topology of disulfide
bonds. The KNOT-MATCH program clusters pro-
teins on the basis of the structural superposition of
the disulfide bonds.'®'” Another approach classifies
proteins according to their “disulfide signature”,
which considers disulfide connectivitg and the loop
lengths between cysteine residues.”™'® However,
the evolutionary relatedness among protein group-
ings identified by these approaches must be
interpreted carefully, as these methods do not
address established indicators of homology or
biologically relevant factors, such as sequence
similarity, protein function, fold topology, or other
structural features beyond disulfide bonding pat-
terns. A number of other studies have examined
specific subsets of disulfide-rich domains, focusing
on a particular family (e.g. toxins from snails® or
spiders®!), structural motif (e.g. the KNOTTIN
website”), or function (e.g. protease inhibitors;
MEROPS®). Although nearly all disulfide-rich
domains are included in the comprehensive
SCOP** (structural classification of proteins) data-
base, this is not a convenient tool for studying
this group of proteins as a whole, because the
disulfide-rich domains are distributed among
several structural classes (small proteins, all-a
proteins, peptides, etc.).

In order to understand the structural and
functional diversity among all available small
disulfide-rich proteins, we have performed a
comprehensive classification of these domains.
The hierarchy of this classification is comprised of
two levels, such that the disulfide-rich domains are
evaluated in terms of both their structural and
evolutionary relatedness. On the basis of this
survey, we examine the variety of structural folds
adopted by disulfide-rich domains, and describe
the distant homology between previously unlinked
domains. Disulfide bonding patterns among these
domains are evaluated, and we identify examples of
convergent and divergent evolution of functions
performed by these proteins. This classification
should be useful for studying the evolution of the
folds and functions of disulfide-rich domains in
general, as well as for investigating the structural
and evolutionary neighbors of specific disulfide-
rich proteins in particular.

Results and Discussion

Results of the disulfide-rich domain
classification

Structures of 2945 small disulfide-rich protein
domains were detected in the RCSB Protein Data
Bank (PDB) as described in Materials and Methods.
These domains are found in 2578 individual PDB
chains from 1596 PDB structures. However, there is
a high degree of redundancy within this set due to
identical chains within one PDB structure or
multiple structures of the same protein. Upon
clustering the sequences of these 2945 domains at
95% identity with 95% length coverage, the number
of representatives is reduced to 963 domains.
Although the “unique” representatives comprise
only ~33% of the original set, a similar reduction is
not achieved by further decreasing the identity
among clusters: clustering at 50% identity with 95%
coverage results in 696 disulfide-rich domains
(~24% of the original set). The protein domains in
this classification are an average of 57(%29)
residues in length and contain an average of 3(&
1) disulfide bonds. Most of these domains (>96%)
are from eukaryotic organisms.

Disulfide-rich domains are classified into fold groups
and families

The 2945 disulfide-rich protein domains are
arranged into 41 fold groups according to structural
similarity (Table 1). Domains within the same fold
group share a common structural core comprised of
secondary structure elements found in the same
spatial arrangement with topology that is either
identical or related by circular permutation. One
objective of this study was to bring together
disulfide-rich domains whose structural similarities
were previously unappreciated. Thus, the degree of
structural similarity described by the fold group



Table 1. Small disulfide-rich protein domains in fold groups and families

No. members

Fold group Common structural core Families All domains 95% identity Representative
1 Small, distorted a-hairpin -Hefutoxin-like 4 3 1hp9, A1-A22
Immunodominant domain of attachment protein G 3 2 1brv, 171-189
Endothelin-like 8 6 1srb, 1-21
Integrin VB3 subdomain 4 2 1jv2, B601-B636
Cellulase subdomain 44 6 1a39, 41-74
IgE receptor antagonist 6 2 lken, A1-A21
2 o-Hairpin Cytochrome ¢ oxidase, subunit VIb 14 2 locr, H7-H85
Cytochrome bcl complex, non-heme 11 kDa protein (“hinge”) 18 5 1bcc, H13-H78
Cytochrome c oxidase copper chaperone 1 1 1z2g, A1-A69
Enterotoxin B 1 1 lehs, 1-48
Ole e 6 pollen allergen 1 1 1ss3, A1-A50
Attractin 1 1 1t50, A1-A58
Neurotoxin B-IV 1 1 1vib, 1-55
Vanabin 2 1 1 1vfi, A1-A95
3 Three-helix bundle, right-handed Protozoan pheromones, ER-1-like 6 5 lerp, 1-38
Anaphylotoxin C5a 3 3 lcfa, A1-A71
P8-MTCP1 3 2 1hp8, 1-68
Notch/DSL/LNR domain 1 1 1pb5, A1-A35
Sea anemone toxin K 4 3 1bgk, 1-37
CRISP family, helical bundle subdomain 5 3 1rc9, A181-A221
4 Three-helix bundle, left-handed Insulin-like 242 15 7ins, B1-B30, A1-A21
Helical subdomain of serine carboxypeptidase-like 5 2 1cpy, 181-252
Molt-inhibiting hormone 1 1 1j0t, A0-A77
5 Three-helix irregular bundle with Frizzled family 8 2 1lijx, D2-D123
disulfide bonds to N and
C-terminal extensions
6 Four small a-helices, non-globular Domain II of osmotin-like family 18 4 laun, 129-177
array
7 Five-helix globular array I Protozoan pheromone, ER-23 1 1 1ha8, A1-A51
8 Five-helix globular array II Tetraspanin family ectodomain 4 1 1g8q, A113-A202
9 Five-helix “hollow” array Elicitins 6 2 1bxm, -1-98
GFRal1 domain 3 1 1 1q8d, A239-A346
10 Two antiparallel disulfide-linked Phospholipase A2 271 52 1hn4, A-5-A124
a-helices and a Ca®*-binding loop
11 B-Hairpin Antimicrobial B-hairpin 11 10 lhvz, A1-A18
Arylsulfatase, B-hairpin subdomain 7 1 lauk, 151-177
Subdomain of Fr-MLV envelope glycoprotein receptor-binding domain 1 1 laol, 67-95
12 Three-strand B-sheet, antiparallel, Locust serine protease inhibitors 10 8 1pmc, 1-36
strand order 123 Fibronectin type I module 13 8 1qgb, A61-A109
Midkine 2 2 1mkn, A1-A59
Thrombospondin type I repeat 4 4 1Isl, A416-A472
Hormone binding domain of CRF receptor 1 1 1u34, A15-A133
B-Microseminoprotein, N-terminal domain 1 1 1xhh, A1-A49
13 Three-strand B-sheet, antiparallel, Mammal defensin-like/sea anemone toxin-like 57 22 1dfn, A2-A31
strand order 132 Bowman-Birk inhibitor/bromelain inhibitor 38 25 1bbi, 25-51
Amb V ragweed allergen 3 1 1bbg, 1-40

(continued on next page)



Table 1 (continued)

No. members

Fold group Common structural core Families All domains 95% identity Representative
14 Three-strand B-sheet, mixed, Domain III of malarial parasite apical membrane antigen I 2 2 1w8k, A387-A453
strand order 132 anti-HIV peptide RP 71955 2 1 1rpb, 1-21
Chordin-like cysteine-rich repeat 1 1 1lubm, A44-A73
IGFBP family, N-terminal domain 1 1 1wqj, B3-B39
15 Three-strand B-sheet, mixed, Crambin-like (a-hairpin inserted in B-sheet) 24 9 1cbn, 1-46
strand order 312 Fungal pathogen protein NIP1 2 2 1kgl, A29-A60
16 Three-“strand” bundle; two TNF receptor family repeats 147 32 1d0g, T102-T130
strands form B-hairpin Vascular endothelial growth factor 6 2 lvgh, 1-27
17 Two parallel B-hairpins Domain III of osmotin-like family 18 5 laun, 49-80
18 Two perpendicular hairpins Cellulose binding/docking domains 4 2 le8r, A20-A69
19 Five B-strands in two parallel CCP modules/SCR domains/Sushi domains 170 37 1g40, B65-B125
layers; each layer is antiparallel
20 Five B-strands in two perpendicu- Kringle-like/fibronectin type II module 99 31 1ks0, A1-A59
lar layers; each layer is antiparallel
21 Interconnected 3-“strand” Disintegrins 15 9 1fvl, 1-70
subdomains
22 Irregular B-sandwich Methylamine dehydrogenase, L chain 16 2 2bbk, L7-L131
23 Knottin-like I: Four cysteine resi- Spider toxin/w-conotoxin/IGFBP knottin-like domain/VHv1.1 viral 111 75 1Imm, A1-A40
dues forming disulfide crossover protein subdomain/plant enzyme inhibitor/gurmarin/agouti-like
are located on four structure Scorpion toxin-like/insect and plant defensin-like 124 82 lagt, 1-38
elements; elements 1-2-3 with Kalata-like cyclotides 14 12 1kal, 1-29
right-handed connection, 2-3-4 Cellulose-binding domain of cellobiohydrolase I 6 1 laz6, 1-36
with left-handed connection Satiety factor CART, subdomain 1 1 1hy9, A49-A89
Plant lectin-like 109 19 lhev, 1-43
Colipase-like 16 7 1lpa, 42-90
Cysteine knot cytokines 125 35 laoc, A83-A175
24 Knottin-like II: Four cysteine resi- Snake toxin-like 158 44 lidg, A1-A74
dues forming disulfide crossover Leech serine protease inhibitor-like 26 11 1c9t, J7-J59
are located on four structure Granulin-like repeat, N-terminal domain 5 4 1fwo, A1-A35
elements; left-handed connections
25 Knottin-like III: first two of four EGF-like 286 88 Inub, A53-A78
cysteine residues forming Cysteine-rich repeats of EGF receptor family ectodomain 153 65 1578, A171-A192
disulfide crossover are located on CRISP family, knottin-like subdomain 6 3 1rc9, A166-A180
one irregular/bulging structure DPY module 1 1 loig, A1-A24
element Elafin-like 3 3 2rel, 1-57
Invertebrate antimicrobial (chitin-binding) proteins 2 2 1dqc, A1-A73
Bubble protein 1 1 luoy, Al-A64
26 Inverted knottin: disulfide Trefoil 20 4 1pcp, 1-52
crossover is stacked in opposite PSI domain 14 6 lolz, A480-A533
direction as fold groups 23/24/25 Myeloperoxidase subdomain 16 1 1d2v, D113-D149
Variant surface glycoprotein MITat1.2, C-terminal domain 1 1 1xu6, A354-A433
27 B-Hairpin and 1 a-helix disulfide- Kazal family serine protease inhibitor-like 76 21 1tbg, R1-R51
bonded to N-terminal loop Plant serine protease inhibitor-like 16 9 1ce3, A1-A54
28 Folded hairpin ATlI-like serine protease inhibitor 9 5 lccv, A1-A56
29 Folded and twisted hairpin BPTI-like serine protease inhibitor/dendrotoxin-like 156 28 laap, A1-A56
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level of this classification is broader than that

S N reflected in other classification schemes, such as
58 E 8 7.2.,833Q s h b hi £ ;
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S e &8 TT=2SEE335 3% 7~ protein functions or structural topologies, which
= — can in turn lend insight into protein/structure/

function relationships. This approach can assist in
the detection of potential distant homologs; evol-
utionary links between some of these structurally
similar domains may be revealed in the future,
C = o ofowoLoo—a = N although currently available sequence and function
data do not substantiate a homology relationship.

Despite their structural similarity, homology
between all domains within a fold group is not
implied. Within each fold group, we classify the
disulfide-rich domains into families on the basis of
evolutionary relationships between members,
which are inferred from the similarity of protein
sequences, structures, and functions. The 2945
domains in our classification are arranged into 98
families of homologs.

Most of the different families within one fold
group are likely the result of convergent evolution
of unrelated proteins to a similar structural fold.
However, some families within the same fold group
may contain distantly related homologs for which
there is currently insufficient sequence and
functional information to confidently support an
inference of homology between them. For example,
members of fold group 3 are structurally character-
ized by a disulfide-bonded three-helix bundle with
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e BE (Figure 1(b)). There are currently six distinct

g 7 g families of disulfide-rich domains within this fold
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el -
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members perform a similar function of blocking
potassium channels. Considering the high level of
structural similarity and potential functional simi-
larity, a homology relationship between these two
families seems plausible. However, due to the low
level of sequence similarity between these proteins
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Figure 1. Common folds adopted by unrelated disulfide-rich families. The common structural core of each fold group
is shown in color (blue, a-helices; yellow, B-strands; green, coils); additional elements are shown in grey. In this and other
MOLSCRIPT®® Figures, disulfide bonds are colored red or blue and are shown in ball-and-stick format. A structural
alignment for the representatives is shown below the structure figures. In these and other alignments, upper case letters
denote residues that are structurally aligned; lower case letters are residues that do not align structurally with the other
fold group members. Red bold text indicates cysteine residues that are highly conserved within a family and are
involved in disulfide bonds. PDB (pdbl) identifiers and chain names are shown at the far left. The numbers before and
after the sequence denote the PDB residue number of the first and last residues in the domain sequence, respectively.
Secondary structure elements are noted above the alignment: H, a-helix; E, B-strand. Disulfide bonding patterns are
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(average identity ~13%) and the unconfirmed
function of the CRISP family helical bundle
subdomain, we cannot confidently assert the
merging of these two families.

Distribution of families within fold groups

Each of the 41 fold groups in this classification
contains between one and eight distinct families
(Figure 1(a)). There is a subset of topologies that seem
to be quite common among small, disulfide-rich
domains. In fact, nearly half of the 98 families belong
to fold groups that consist of five or more presumably
non-homologous families each. Examples of recur-
ring structural motifs in disulfide-rich domains are
depicted in Figure 1. Typically, these common folds
have a simple topology that could easily have arisen
multiple times by chance, such as a-hairpins (fold
groups 1 and 2) or three-strand p-sheets with
meander topology (fold group 12). Knottin-like
topology, found in nearly 40% of the disulfide-rich
domain structures currently available (fold groups
23-25), is the most commonly observed structural
motif. It is characterized by two adjacent disulfide
bonds (one bond is formed by the first and third
cysteine residues in the primary sequence, and the
other by the second and fourth cysteine residues) and
a conserved B-hairpin, on which the third and fourth
cysteine residues are located (Figure 1(d)). Because
the two disulfide bonds are roughly perpendicular, so
that they form an X or cross, the knottin-like core is
also known as the disulfide B-cross. This motif has
been suggested as a stable protein folding nucleus,”
which would confer an evolutionary advantage to
proteins with this particular fold and explain
the convergence of a large number of families to this
common core.

On the other hand, approximately half of the 41
fold groups currently include only a single protein
family. Some of these proteins have more compli-
cated architectures (e.g. irregular a-helical arrays;
fold groups 5-8), while others are mostly coil
proteins with little or no standard secondary
structure (fold groups 36-41). This large number
of unique fold groups reflects the wide confor-
mational variety available to proteins stabilized by
disulfide bonds. Because a structural scaffold that is
not entirely reliant upon secondary structure and

hydrophobic interactions allows for much more
conformational irregularity (e.g. little or no a-helix
and B-strand character, non-globular shapes, etc.),
disulfide bonds can potentially stabilize numerous
protein conformations that otherwise would not
exist. For example, Ascaris suum chymotrypsin/
elastase inhibitor (fold group 28) is a 60-residue
protein with a structural fold maintained by five
conserved disulfide bonds. As this protein contains
only a few small secondary structure elements and
lacks a hydrophobic core,*” it is highly unlikely that
a non-disulfide structural analog of this fold would
exist in nature.

It should be noted that the currently available
disulfide-rich domains are not expected to rep-
resent all disulfide-stabilized proteins that exist in
nature. It is likely that this classification will require
the addition of several new families and fold groups
when novel disulfide-rich protein structures are
revealed in the future.

Comparison to SCOP database

Most of our disulfide-rich domains are classified
also by the SCOP database. Approximately 13% of
our 2945 domains are not assigned a SCOP
classification (version 1.69), in most cases because
the structure of the protein was released quite
recently and has not yet been incorporated into the
SCOP database. Another 4% of domains in our
study are regions within larger proteins that are
not distinguished as distinct subdomains by SCOP
(for example, the N-terminal EGF-like domain
of alliinase; pdb|11k9,33 residues A2-A60). Of
the remaining 2446 domains (i.e. those that are
classified by SCOP), 84% are found in the Small
proteins class of SCOP, 11.5% in the All-a class, 3%
in the Peptides class, 1% in the All-B class, and the
remaining 0.5% in the Coiled coil proteins and
Designed proteins classes.

Fold group level describes broader structural
similarity than SCOP folds

In SCOP, the “fold” level is intended to reflect the
traditional definition of a fold, where protein
structures “have the same major secondary structures
in the same arrangement and with the same

depicted by lines connecting cysteine residues. (a) Distribution of disulfide-rich families in fold groups.
(b) Representatives of four families with right-handed three-helix bundle fold (fold group 3): T. stejnegeri stecrisp
helical subdomain (pdb|1rc9), B. granulifera toxin K (pdbl|lbgk), E. raikovi pheromone ER-10 (pdb|lerp), and Homo
sapiens p8 protein from oncogene MTCP1 (pdb|1hp8). (c) Representatives of four families with antiparallel three-
stranded B-sheet with meander topology (fold group 12): Locusta migratoria protease inhibitor PMP-C (pdb|1pmc), Homo
sapiens fibronectin type 1 module (pdb|1qgb), Homo sapiens midkine N-terminal domain (pdb|1mkn), and TSP-1 repeats
from Homo sapiens thrombospondin (pdbl1lsl) and Rattus norvegicus F-spondin (pdb|lvex). The bracket indicates
homologous domains. Disulfide bonds shown in blue involve a cysteine residue that does not align among all members
of that family. (d) Representatives of four families with knottin-like topology (fold group 23): Psalmopoeus cambridgei
psalmotoxin 1 (pdb|1lmm), Hevea brasiliensis hevein (pdb|lhev), Sus scrofa colipase C-terminal domain (pdbl|1lpa), and
Leiurus quinquestriatus hebraeus agitoxin (pdb|lagt). Disulfide bonds shown in blue form the distinctive disulfide cross.
The key knottin-like features (disulfide cross and B-hairpin) are superimposed for these four representatives (pdb|1lmm,
green; pdb|lhev, purple; pdb|llpa, orange; pdbllagt, pink). The connecting backbone is shown as a thin coil.
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topological connections” . The fold group level in our
classification is comparable, in that domains within a
fold group have a common structural core, but
describes broader similarities between protein struc-
tures. The most fundamental difference is that our
fold groups bring together structures with “similar
arrangements” of elements, rather than only the
“same arrangement”. This typically means that
members of the same fold group might have different
relative orientations of secondary structure elements,
but still share a common spatial layout; one such
example for right-handed three-helix bundles is
described below. The sizes of structural elements
involved in the common structural core also vary
more significantly among our fold group members
than is generally observed within SCOP folds. Our
fold groups include circular permutations of topo-
logies. The key distinctions between our more lenient
fold group criteria and the traditional fold definition
are highlighted in the following example. Eurplotes
raikovi pheromone ER-10 (pdb|lerp®*) and mature
T-cell Proliferation oncogene-encoded protein
p8MTP! (pdb|1hp8)®® are two unrelated, small
a-helical proteins. Because the structures of both
proteins are right-handed three-helix bundles, we
assign them to the same fold group (fold group 3;
Figure 1(b)). However, SCOP assigns these proteins to
separate folds (a.10: protozoan pheromone proteins
and a.17: p8-MTCP1), most likely because of the
different sizes and relative orientations of the
a-helices. The broad nature of our fold groups is
reflected by the distribution of SCOP folds in our
classification: 18 of our fold groups include proteins
from more than one SCOP fold, and six of our fold
groups include representatives of more than one
SCOP class.

The one exception to this trend is the set of
knottin-like domains. SCOP assigns all of these
domains to the same fold, g.3: Knottins (small
inhibitors, toxins, lectins), on the basis of the
presence of two adjacent disulfide bonds and a
B-hairpin. By our definition of a fold group,
however, all secondary structure elements in the
structural core of a domain should be considered.
Therefore, in our classification, knottin-like struc-
tures are arranged according to the topology of the
backbone contributing all four cysteine residues
that make up the disulfide cross, rather than only
the PB-hairpin that contains the third and fourth
cysteine residues. The knottin-like domains com-
prise fold groups 23, 24, and 25 (Table 1).

Disulfide-rich families are approximately equivalent
to SCOP superfamilies

Our disulfide-rich families are, for the most part,
consistent with the superfamily level of SCOP,
which is the broadest level of homology conveyed
in the SCOP classification hierarchy. SCOP, how-
ever, is a fairly conservative database and, after

thttp:/ /scop.mrc-lImb.cam.ac.uk/scop/intro.html

careful examination of the domains in our study,
a few additional homology relationships were
identified. These newly linked families are
described in the following section.

Distant homology between disulfide-rich
domains

Bowman—-Birk inhibitors and bromelain inhibitors

Bowman-Birk inhibitors (BBls) are serine pro-
tease inhibitors specific for trypsin and chymotryp-
sin. These proteins are found in many plant seeds,
and structures have so far been solved for BBIs from
soybean, lima bean, mung bean, adzuki bean,
garden pea, barley, peanut, and snail medic seeds.
Also, seven isoinhibitors of the cysteine protease
bromelain have been identified from the stem of
pineapple. The structure of bromelain inhibitor VI
(BI-VI) is currently available. The bromelain inhibi-
tors are somewhat unique, in that they are formed
by a heavy chain (41 residues) and a light chain
(1 residuesg that originated from a single-chain
precursor.’**” The BBI and BI-VI proteins have very
clear structural similarity (Figure 2(a)). First, both
proteins contain a tandem repeat of a small,
antiparallel three-stranded pB-sheet with strand
order 231 and three highly conserved disulfide
bonds. In both BBIs and BI-VI, one domain is
contiguous, while the second domain is related by
circular permutation. Furthermore, while the
sequence similarity between these proteins is not
overwhelming, the percentage identity between the
BBI and BI-VI domains is comparable with the
identity between the two subdomains of the same
protein. For example, the average identity between
the circularly permuted domain of BI-VI (1bi6HL in
Figure 2) and the BBI representative domains is
27%, while the identity between 1bi6HL and the
non-permuted BI-VI domain (1bi6H1) is only
marginally higher at 28%. Furthermore, BBIs and
BI-VI are identified as homologs by the MEROPS
database of proteases and protease inhibitors (clan
IF).23 On the basis of the sequence, structural, and
functional similarity between these proteins, we
have merged the BBIs and the bromelain inhibitor
VI into a single family, which is included in fold
group 13.

EGF-like subdomain of garlic allinase

Garlic alliinase is a lyase that cleaves carbon-
sulfur bonds to produce the sulfur-containing garlic
components to which this plant’s pharmacological
properties are attributed. The structure of this
protein confirmed the predicted presence of a
cysteine-rich N-terminal subdomain similar to
EGF-like domains.***® The function of this sub-
domain is unknown. This domain lacks one of the
three highly conserved disulfide bonds that are
typical of EGF-like domains, and has one additional
disulfide bond that is not seen among other family
members (Figure 3(a)). Despite these differences in
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Figure 2. Bowman-Birk and bromelain inhibitors are homologs. (a) MOLSCRIPT diagrams of Bowman-Birk inhibitor
from soybean (pdb|1bbi) and bromelain inhibitor VI from pineapple (pdb|1bi6). Each protein is comprised of two
homologous domains that adopt an antiparallel three-stranded B-sheet fold; one domain is continuous (yellow), while
the other is circularly permuted (pink). Highly conserved disulfide bonds are shown in red; additional disulfide bonds
are shown in blue. (b) Structure-based multiple alignment of BBI and BI-VI representatives. Continuous lines indicate
highly conserved disulfide bonds (red in (a)); broken lines indicate disulfide bonds that are found in only one of the two
tandem repeats (blue in (a)). In this and other multiple alignments, red bold text indicates conserved cysteine residues
involved in disulfide bonds, yellow highlighting indicates uncharged residues in mostly hydrophobic positions, grey
highlighting indicates mostly polar positions, and cyan highlighting indicates mostly aromatic positions.
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legf 1 --NSYPGCPSSYBBY B8 vfcncvi-B cBrrBlrwwelr 53 mouse, epidermal growth factor

lioxA 1 RKGHFSRCPKQ! Fé CERVBlfy---- 50 human, betacellulin
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1xdtR 107 =-==--=- 8 AP C) human, diphtheria toxin receptor
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lwhe 43 KYKCGDQCE YECTCAE CEFSEr------ 86 cow, coagulation factor X

lcgeA 31 --ABVNPCC-- 'ﬁ’ﬁCDCTR CBIPBiwtw[7] 84 sheep, prostaglandin HZ synthase-1

1ffmA 45 --SDGDQCA-- ---@8YICFCLP-A CETHRddgsa-- 9C human, ceoagulation factor VII
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Figure 3. EGF-like subdomain of garlic alliinase. (a) Structure-based multiple alignment of EGF-like family members.
Continuous lines indicate highly conserved disulfide bonds; broken lines indicate the additional disulfide bond in the
garlic alliinase EGF-like subdomain. (b) Garlic alliinase subdomain (green; pdb|11k9, A2-A60) superimposed with EGF-
like domains from human coagulation factor VII (blue; pdb|1ffm, A45-A90) and human diphtheria toxin receptor (pink;
pdbl1xdt, R107-R147).
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disulfide bonding patterns, the alliinase N-terminal
domain nonetheless shares striking structural
similarity with the EGF-like family. Among the
closest structural neighbors of the alliinase sub-
domain are EGF-like domains from human coagu-
lation factor VII (pdb|1ffm; 2.1 A RMSD, 33 C*
atoms) and human diphtheria toxin receptor
(pdbllxdt; 2.1 A RMSD, 31 C* atoms)
(Figure 3(b)). Although there is limited sequence
similarity between the alliinase subdomain and the
other EGF-like family members (typically <20%
identity), this distant homology relationship is
recognized by the Pfam® database, which places
the N-terminal domain of garlic alliinase (PF04863)
into the same clan as other EGF-like domains
(CL0O001: EGF superfamily). We have included the
N-terminal subdomain of garlic alliinase with the
family of EGF-like knottins in fold group 25.

Cellulose-binding/docking domains

The third example includes domains from two
different polysaccharide hydrolases that are
involved in recycling carbohydrates by breaking
down plant cell walls. The cellulose-binding
domain of Pseudomonas fluorescens xylanase A
(CBDx) binds carbohydrate polymers of plant cell
walls.* The cellulose-docking domain of Piromyces
equi endoglucanase Cel45A (CDDe) does not
interact directly with cellulose but instead binds to
small protein domains (cohesin domains) that are
found in the same polypeptide chain as domains
that do bind cellulose directly.*' Thus, while CBDx
and CDDe perform different molecular functions,
they are responsible for the same role, on a more

(a)

(b)

EEEE EEEE EEE

general level, of bringing the catalytic domains of
these enzymes and the carbohydrate polymers into
close proximity so that the hydrolysis reaction can
proceed. The structural features shared by these
domains include two hairpins that lie approxi-
mately perpendicular to each other (Figure 4(a)).
This region of these domains superimposes with
2.7 A RMSD (25 C* atoms). Additionally, the key
residues involved in binding are fresented on the
same face of both structures** (Figure 4(a)).
Although these domains share only limited
sequence similarity, the distant homology relation-
ship between them is also identified by the Pfam
database (PF02013: cellulose or protein-binding
domain). We have assigned CBDx and CDDe to
the cellulose-binding/docking domain family (fold
group 18).

Knottin-like domains

The knottin-like proteins are a large group of
structurally similar proteins, as described pre-
viously. SCOP assigns these domains to 19 super-
families in a single fold. Our classification includes
19 knottin-like families, although some of these
proteins are found outside of the SCOP knottin-like
fold. Furthermore, while most of our knottin-like
families are in close agreement with SCOP, we have
made subtle rearrangements of some families
within this large class.

The omega toxin-like superfamily is among the
largest knottin-like superfamilies in SCOP. While
most of the members are w-conotoxins and spider
toxins, this superfamily includes some insect toxins,
scorpion toxins, spider lectins, and antimicrobial

EEE HHHHH

EEEE

le8rA 20 mgnQQCnwygTLYPLCVTT-—======== tnGWGWEDQRSCIARstcaagpapfgivgsg 69 CBDx, P. fluorescens
# # #
HHHHH EEEE EEEEE EEEEEHHHH
le8pA 1 ---ASCwagsQGYNCCNNPsstkveytdasgQWGVONGOWCGIDysygg-—---——----- 46 CDDe, P. equi
# #

| il

Figure 4. Cellulose binding/docking domains. (a) The cellulose-binding domain of xylanase A (CBDx) from
P. fluorescens (pdb|1e8r) and the cellulose-docking domain of endoglucanase Cel45 (CDDe) from P. equi (pdb|1e8p) share
a similar structural core of two roughly perpendicular hairpins. Shared structural features are shown in color: CBDx has
two B-hairpins, while CDDe has one B-hairpin and one hairpin formed by an a-helix and a coil region. Other elements
are shown in grey. Putative binding residues are shown in ball-and-stick format and are white. In the superimposed view
of CBDx (green) and CDDe (pink), the two hairpins are shown in color and the rest of the backbone is shown as a thin
grey coil. (b) Structural alignment of the CDDe and CBDx domains. Putative binding residues are indicated by #.
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proteins. We refer to the omega toxin-like superfamily
of SCOP as the wTL superfamily. This set of proteins
comprise the bulk of one family in our classification
(the spider toxin-like family), although we have
included proteins from several other SCOP super-
families. These additional members include gur-
marin, antifungal peptides PAFP-S and Alo3, the
C-terminal domain of agouti-related signaling pro-
teins, the knottin-like domain of insulin-like growth
factor-binding proteins (IGFBPs), plant enzyme
(a-amylase, carboxypeptidase, trypsin) inhibitors,
and the C-terminal subdomain of the VHvl.1
polydnaviral gene product. With the exception of
the viral subdomain, which is not yet incorporated
into the SCOP database, each of these domains is
found outside of the wTL SCOP superfamily, perhaps
on the basis of functional dissimilarity. However, all of
these new members display significant sequence and
structural similarity with the wTL domains
(Figure 5(b)). Each of these additional subsets
includes at least one domain that shares >33%
sequence identity and <2.5A RMSD (>25 C~*
atoms) with a member of the wTL SCOP superfamily.

Furthermore, there are several cases in which
these new members share greater levels of sequence
and structural similarity with a representative of the
wTL SCOP superfamily than with other members of
its SCOP-assigned superfamily. For example, anti-
fungal protein PAFP-S (pdb|1dkc) is highly similar
to wTL representative conotoxin TxVla (pdb|1fu3)
with 37% sequence identity and 2.1 A RMSD (27 C*
atoms). Meanwhile, the sweet-taste suppressor
signaling protein gurmarin (pdb|lc4e) shares 38%
sequence identity and 1.9 A RMSD (26 C* atoms)
with wTL representative conotoxin TxVII
(pdb|1£3k). Although PAFP-S and gurmarin are
assigned to the same SCOP superfamily, they share
less similarity with each other (20% sequence
identity; 3.2 A RMSD, 33 C* atoms) than with the
wTL representatives (Figure 5(c)). Likewise, plant
inhibitors of trypsin, carboxypeptidase A, and
a-amylase inhibitor belong to the same SCOP
superfamily (plant inhibitors of proteinases and
amylases) despite the limited sequence and struc-
tural similarity among these proteins. The
a-amylase inhibitor shares only 16% sequence
identity and 3.2 A RMSD (24 C* atoms) with
carboxypeptidase A inhibitor, and only 22%
sequence identity and 4.0 A RMSD (27 C* atoms)
with the trypsin inhibitors. However, the a-amylase
inhibitor (pdb|lclv) shares 36% sequence identity
and 1.9 A RMSD (27 C* atoms) with the wTL
representative covalitoxin-I (pdb|1v5a). In a similar
example, Conus gloriamaris conotoxin GmlIXa
(pdb|lixt), the first structural representatlve of
the P-superfamily conotoxins,** is assigned to the
wTL of SCOP, presumably on the basis of putative
function and species of origin. However, this
protein shares more obvious similarity with
carboxypeptidase A inhibitor (pdbl4cpa) from the
plant inhibitors of proteinases and amylases SCOP
superfamily (41% sequence identity; 2.3 A RMSD,
25 C” atoms) than with the other wTL domains

(average sequence identity 23%; average RMSD
2.5 A, 24 C* atoms). Thus, there are members of the
wTL SCOP superfamily with greater similarity to
other SCOP superfamilies than to other wTL
domains, and there are members of other SCOP
superfamilies with greater similarity to wTL
domains than to each other. On the basis of such
links, we have merged four different SCOP super-
families with the wTL domains. The distribution
of pairwise sequence identity among spider toxin-
like family members in our classification, compared
to sequence identity between these proteins and
non-homologous disulfide-rich domains, is shown
in Supplementary Data (Supplementary Figure 3).

In most of these cases, entire SCOP superfamilies
are merged with the wTL domains. The sole
exception is the knottin-like domain of IGFBP. In
SCOP, this domain is classified with the cysteine-
rich repeats of EGF receptors (also known as ErbBs).
The extracellular domain of ErbB proteins includes
two regions of cysteine-rich repeats, each of which
is comprised of 13 homologous knottin-like
domains in tandem, and two regions of leucine-
rich repeats. The cysteme -rich regions are involved
in dimerization.*> On the other hand, three non-
similar disulfide-rich domains are found within
IGFBPs. The second domain adopts a knottin-like
fold, and is involved in binding insulin-like growth
factors.*® The knottin-like domains of IGFBPs and
ErbBs share only 19% sequence identity on average
and are structurally alignable over only 12 C*
atoms, with an average RMSD of 2.1 A over these
residues. Thus, the knottin-like domains of IGFBPs
and ErbBs share neither significant sequence,
structural, nor functional similarity and are there-
fore unlikely to be evolutionarily related. The
knottin-like domain of IGFBPs has been added to
the spider toxin-like family. Meanwhile, the ErbB
knottin-like repeats are very short (average size of
20 residues), and are structurally most similar to
other very small knottin-like domains, such as DPY
modules and the knottin-like subdomain of CRISP
family proteins (Figure 5(d)). However, due to the
limited sequence similarity between these domains
(average sequence identity of 25% between knottin-
like domains of ErbBs and CRISPs; average
sequence identity of 19% between ErbB knottin-like
domains and DPY modules), they remain as three
separate families within fold group 25.

Disulfide bonding patterns and protein topology

Disulfide bonds and protein structure

While there is debate about the physical mecha-
nism by Wthh disulfide bonds act as a stabilizing
influence,>>® the general importance of these
covalent bonds in small protein domains is
demonstrated clearly by their extremely high level
of conservation. However, a comprehensive view of
the numerous cysteine-mutation studies performed
on these proteins indicates that the extent to
which the structure and function of a domain are
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Figure 5. Additional members of the spider toxin-like family. (a) Structure-based multiple alignment of wTL domains
and added family members. Continuous lines indicate highly conserved disulfide bonds; broken lines indicate disulfide
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dependent upon the presence of conserved dis-
ulfide bonds varies. Mutagenesis studies of several
different proteins have shown that eliminating a
specific disulfide bond significantly alters neither
the protein structure nor function: the mutated
protein adopts a native-like fold (although it is
usually less stable and more susceptible to dena-
turation) and retains all or most of its wild-type
function (which is verified experimentally in some
cases and hypothesized because of the lack of
structural change in others). Small protein examples
include bovine pancreatic trypsin inhibitor (fold
group 29),*~* charybdotoxin (scorpion toxin-like/
insect and plant defensin-like family, fold group
23),°" kalata B1 (kalata-like cyclotides family, fold
group 23),”'and vascular endothelial growth factor
(cysteine knot cytokines family, fold group 23).”

In other studies, however, elimination of a single
disulfide bond resulted in drastic changes in protein
structure and/or function. For example, mutating
the disulfide bond between the first and third
cysteine residues (i.e. the 1-3 disulfide bond) in
murine epidermal growth factor (EGF-like family,
fold group 25) results in a structural fold that is
highly similar to the native fold except at the
N-terminal tail, but causes a dramatic reduction in
both mitogenic activity and receptor binding.”®
The opposite situation is seen upon mutation of
the 2-3 disulfide bond in an endothelin-1 analog
(endothelin-like family, fold group 1): the protein
retains agonist activity but the native tertiary fold is
completely destroyed.”® Eliminating the 2-4 dis-
ulfide bond of a-conotoxin GI (1/a conotoxin-like
family, fold group 35) results in both a non-native
structural fold and loss of toxicity.”™ A similar
disruption of both structure and function is seen
when the 2—4 or 3-5 disulfide bonds of toxin ShK
(sea anemone toxin K family, fold group 3) are
deleted. Interestingly, the ShK variant with a
mutated 1-6 disulfide bond retains potassium
channel inhibitor activity despite adopting a
structure significantly different from the native
fold.”® Unsurprisingly, very small proteins (<35
residues) tend to be highly intolerant of the
mutation of cysteine residues involved in formation
of a disulfide bond.

Native variations in disulfide bonds

It has long since been recognized that the cysteine
residues in disulfide bonds are nearly always
conserved as pairs.* That is to say, loss of a disulfide

bond in a protein is typically due to mutation of
both contributing cysteine residues rather than only
one. However, cases in which some members of a
disulfide-rich family have fewer (or more) disulfide
bonds relative to others are not uncommon.
Potassium channel inhibitor conkunitzin-S1
(pdb|1y1257) is a member of the BPTI-like/dendro-
toxin-like family (fold group 29). The structure is
essentially identical with other family members (the
closest structural neighbor is the Kunitz-type
domain from human type VI collagen, pdb|lknt,
0.96 A RMSD, 55 C* atoms), despite the fact that
conkunitzin-S1 contains only two of the three
disulfide bonds that are otherwise highly conserved
in the BPTI-like family. Similarly, the C-terminal
region of merozoite surface protein 1 contains a
tandem repeat of EGF-like domains, but the first
repeat in some Plasmodium species has only two of
the three highly conserved disulfide bonds of the
EGF-like domain family, while the second repeat
has all three.”® Numerous examples are seen in
which a few proteins have additional disulfide
bonds relative to the majority of family members.
Some spider toxins (for example w-agatoxin IVa,
pdblliva59 or p-agatoxin I, pdbl|leit®’) have an
additional disulfide bond on the key B-hairpin of
their knottin-like fold. Likewise, antifungal peptide
2 of the hardy rubber tree (pdb|1p9g®') contains a
fifth disulfide bond that is not seen in any other
structures of plant lectin-like family members (fold
group 23). Why certain family members seem to
require fewer (or more) disulfide bonds than their
homologs is not clear. Potential explanations might
include different functional constraints, or different
folding pathway requirements resulting from
sequence variations between family members or
the environment in which the organisms thrivef.
Less common variations within families are seen
when a cysteine residue in a disulfide bond is
contributed from similar spatial positions but
different regions of the protein sequence. One
such example of a migrated cysteine residue is
found in the thrombospondin type 1 family of fold
group 12. Members of this family have three
disulfide bonds, two of which are conserved in
the sequence (i.e. formed by cysteine residues that
align by sequence). The third disulfide bond
(shown in blue in Figure 1(c)) is formed by the

T Alignments of these four examples can be found at
ftp:/ /iole.swmed.edu/pub/disulf_aln

bonds found in few family members. (b) Calculated similarity between wTL domains and added family members.
Average values were calculated using representatives at 95% identity. A “linking pair” is defined as a pair of domains
from different SCOP superfamilies that share >33% sequence identity and <2.5 A RMSD (>25 C%). (c) American
pokeweed antifungal protein PAFP-S (pdb|1dkc) and gurmar plant signaling protein gurmarin (pdb|1c4e) are assigned
to the same SCOP superfamily but share a lower level of similarity to each other than to wTL conotoxins TxVIa
(pdbl|1fu3) and TxVII (pdbl|1£3k). Boldface letters in the alignment indicate identical residues between the domains
assigned to different SCOP superfamilies. (d) Very small knottin-like domains: cysteine-rich repeat from human ErbB2
(pdbl|1s78 A171-A192), DPY module from Drosophila melanogaster dumpy protein (pdb|loig), and the knottin-like
subdomain of T. stejnegeri stecrisp (pdb|1rc9 A166-A180). The C* traces are shown in order to clarify which B-strand

contributes each “hanging” cysteine side-chain.
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third and fourth cysteine residues in thrombospon-
din (TSP) (pdblllsl(’z) but by the first and fourth
cysteine residues in F-spondin (pdb|1szl, 1vex; K.
Paakkonen et al., unpublished results). Although
these residues (the third cysteine residue of TSP and
the first cysteine residue of F-spondin) are separ-
ated by ~25 amino acid residues in the sequence,
they are located in approximately equivalent spatial
locations. When the TSP and F-spondin domains are
superimposed (average RMSD: 3.4 A, 49 C* atoms),
the S atoms of the migrated cysteine residues are
~42 A apart. Cases such as these are intriguing
because they suggest that maintaining the fold of a
particular family (in this case, a very oblong three-
strand meander [-sheet) may require additional
stabilization in a specific region of the structure.

More generally, however, examples of shared
disulfide-bonding requirements are not seen among
fold groups. Families within a fold group are often
structurally stabilized by different numbers of
disulfide bonds that cross-link different pairs of
structure elements (for example, see Figure 1(b)-
(d)). Variations among bonding patterns suggests
that while these domains do require disulfide bonds
to maintain the protein fold, the specific arrange-
ment of those bonds within the structure may not be
particularly important. In fact, of the 17 fold groups
in this classification that include more than one
family, the only cases in which all members share
the same disulfide bonding patterns are the simple
o-hairpins and B-hairpins. The disulfide bond
connectivity patterns within each fold group are
summarized in Supplementary Data (Supplemen-
tary Figure 2).

Homologs with different disulfide-bonding patterns

Among the most interesting examples are hom-
ologous or even identical proteins shown to have
different disulfide-bonding patterns. The family of
disintegrins (fold group 21) includes proteins from
Viperidae and Crotalidae snake venoms, which
inhibit biological processes such as platelet aggre-
gation and tumor invasion by binding to integrins
of the B1 and B3 classes.®® Despite their high level of
sequence similarity (typically >40% identity
among family members), the solved structures of
representative disintegrins have revealed that these
proteins have quite different topologies and dis-
ulfide-bonding patterns (Figure 6(a)). These repre-
sentatives can be divided into four groups on the
basis of disulfide connectivities. Grouping these
proteins on the basis of similarity of structural fold
roughly parallels the groupings by disulfide-bond-
ing patterns. Members of the kistrin/trimestatin/
flavoridin subset superimpose reasonably well with
schistatin and three novel Echis carinatus disintegrin
polypeptides (average RMSD between the subsets:
231 A, 61 C* atoms), which is not unexpected
considering the four disulfide bonds they have in
common. Conversely, echistatin and obtustatin also
have four disulfide bonds in common, as well as
nearly 50% sequence identity, but have quite

different folds. Obtustatin has a compact, globular
shape, while echistatin adopts a more extended
conformation, similar to the other disintegrin
structures. Salmosin is unlike all other disintegrins
with solved structure both in structural fold and
disulfide-bonding pattern. The most conserved
structural feature among disintegrins is a B-hairpin
containing the RGD motif, which is involved in
binding integrin. Although the disintegrins all
perform the same general function (integrin-bind-
ing), they are relatively selective for different
integrin-ligand interactions.®* Additionally, some
of these proteins function as homodimers (schis-
tatin),*® others as heterodimers (E. carinatus novel
disintegrin),66 and still others as monomers (kis-
trin).”” Tt has been suggested that the different
integrin inhibition specificities may result from the
variations in surface charge distribution or the
striking conformational differences observed
between family members.®* This family is intri-
guing, in that, despite such clear sequence and
functional similarity, the disintegrins exhibit sig-
nificant variations in disulfide-bonding patterns,
structural fold, and dimerization state.

In a related example, different disulfide-bonding
patterns are seen for the same protein domain. The
somatomedin B (SMB) domain of human vitro-
nectin, an adhesive glycoprotein found in blood,
contains binding sites for plasminogen activator
inhibitor type-1 (PAI-1), urokinase-type plasmino-
gen activator receptor, and integrins. The three
structures currently available of the SMB domain
all have different disulfide-bonding patterns
(Figure 6(b)).”>”? Interestingly, it was observed
that several alternative bonding patterns would
be compatible with the same fold.”" For example,
two of the SMB domain structures in the PDB
(pdbl|locO0 and pdbl|lssu) superimpose with 2.0 A
RMSD over 36 C* atoms, despite having only one of
four disulfide bonds in common. Furthermore, it
was demonstrated that the PAI-1 binding function
of this domain was retained by these dissimilar
folds. As the only shared feature of these folds was a
short o-helix containing the previously identified
key functional residues (Figure 6(b)), it was
suggested that function is maintained because
each of the disulfide-bonding patterns is compatible
with the formation of this essential secondary
structure element.”> While only one native bonding
pattern apgarently exists in human blood PAI-1
(aabcdbed),”*” it is nonetheless interesting to note
the dramatic variations in global fold and disulfide-
bonding patterns that are tolerated by this domain
without sacrificing function.

Disulfide-bonding patterns observed in small
protein domains

Occurrences of disulfide-bonding patterns in
proteins were analyzed by Benham & Jafri.”* In
their study, the bonding patterns observed in 186
non-identical protein chains from the PDB structure
database and National Biomedical Research
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Figure 6. Variations in disulfide-bonding patterns. (a) Disintegrins with solved structures are grouped into four sets on
the basis of disulfide bonding patterns. In some cases, similar bonding patterns result in similar topologies; for example,
trimestatin (pdb|1j21) and chain A of E. carinatus disintegrin heterodimer (pdb|1tej). In another case, disintegrins adopt
non-similar topologies despite identical bonding patterns: echistatin (pdb|2ech) and obtustatin (pdb|1mpz). Salmosin
(pdbl113x) differs from the other structure representatives in both bonding pattern and fold. Cysteine residues involved
in intramolecular disulfide bonds are shown in red; cysteine residues involved in intermolecular disulfide bonds are
shown in blue. In the alignment, secondary structure elements not conserved in all proteins of a subset are shown in
italics. Intramolecular disulfide bonds are shown as black lines; intermolecular disulfide bonds are shown as blue
diamond arrows. Species abbreviations are as follows: Tf, Trimeresurus flavoviridis; Cr, Calloslasma rhodostoma; Ec,
E. carinatus; Ahb, Agkistrodon halys brevicaudus; Vlo, Vipera lebetina obtusa. (b) Three structures of the SMB domain of
human vitronectin have different disulfide bonding patterns. Functional residues are shown in ball-and-stick format.
The native bonding pattern is indicated by an asterisk (*).

Foundation protein sequence database (now a part of
UniProt)” were specified and evaluated in terms of
two intrinsic properties, symmetry and reducibility.
We have repeated this analysis with the domains in
our classification as described in Materials and
Methods, and the results are shown in Table 2.

The most striking result is that the number of
observed reducible patterns is much lower than

what is predicted when assuming all patterns are
equally probable. This clearly suggests that
irreducible disulfide-bonding patterns offer some
kind of evolutionary advantage over reducible
patterns. The most obvious explanation would be
that irreducible patterns result in more stable
structures than their reducible counterparts.
Because a reducible pattern can, by definition,
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Table 2. Frequencies of bonding patterns for small protein domains with N disulfide bonds

Representative domains (95%)

Families

Reducible patterns

Symmetric patterns

Reducible patterns

Symmetric patterns

Domains with

Families with

Obs Pred Obs Pred N bonds Obs Pred Obs Pred

N bonds

267
505
84
11
2
1

(=}
— 0N oo~ g

Nt o

be divided into independent cross-linked regions,
each subpattern found within a reducible pattern
could be responsible for locally stabilizing areas
within a protein, but still allow for undesirable
flexibility between those regions. Furthermore,
entropic stabilization is 7g)redic’ced to be greater
for irreducible patterns.”” In the case of small
protein domains that lack a hydrophobic core, the
greater complexity of irreducible patterns may
often be essential for maintaining the protein
fold.

In contrast, occurrences of symmetric patterns in
the set are slightly higher than expected if all
patterns are equally probable. The total number of
symmetric patterns observed in our set (61 families
or 563 representative domains) is 6-8% greater than
the sum predicted from random. This minor over-
representation may indicate that some kind of
biological advantage is gained by symmetric
bonding patterns as well. This may also be a
reflection of the high frequency of symmetric fold
topologies seen in proteins.

Thus, we find that symmetry was slightly over-
represented, while reducibility was highly under-
represented in the disulfide-bonding patterns of
small protein domains. Notably, Benham & Jafri
found that both symmetry and reducibility were
greatly overrepresented in their dataset.”* There are
several explanations that account for these conflict-
ing results. One factor is the difference in sample
size: Benham & Jafri’s work was completed about
12 years ago when the number of proteins with
confidently established disulfide-bonding patterns
was quite small. Additionally, Benham & Jafri’s
study was not limited to small protein domains. Itis
likely that the biological and physical forces
guiding disulfide-bonding patterns are different
for larger proteins, which could contribute to the
differences between these results. Furthermore,
their analysis considered entire polypeptide chains
rather than individual domains. The inclusion of
multi-domain proteins would greatly increase the
observed occurrences of reducible bonding patterns
relative to our survey of only single-domain
representatives.

A related analysis was performed by Hartig et al.,
who examined occurrences of each specific two and
three-bond pattern.”” Their observed frequencies of
those patterns are very well correlated with the
bonding pattern frequencies in our set of disulfide-
rich domains (data not shown).

Functions of disulfide-rich domains

General domain functions

Disulfide-rich domains have been demonstrated
to accomplish a wide variety of cellular roles, which
can be divided into three functional categories:
communication, structural, and enzymatic. By far
the most prevalent of these three is communication.
Popular functions of disulfide-rich domains in
this category are hormones, growth factors,
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pheromones, enzyme inhibitors, ligand-binding
domains of extracellular receptors, etc. A related
set of functions includes tasks of an offensive (e.g.
immobilizing prey by interfering with ion channel
activity) or defensive (e.g. inducing cell lysis of
microbial predators) nature. With the exception
of the ligand-binding domains, most disulfide-
rich domains with communication roles are
single-domain (i.e. not subdomains of larger
polypeptides). Furthermore, these domains are
predominantly extracellular.

Other disulfide-rich domains are theorized to
play structural roles. Most of these examples are
subdomains within larger proteins, such as the PSI
domain of the human Met receptor (fold group 26),
which is proposed to serve as a wedge to properly
orient the propeller-like and immunoglobulin
domains of this protein.”® There are also a few
single-domain disulfide-rich proteins with struc-
tural roles, including the hinge protein (non-heme
11 kDa protein) of the cytochrome bc; complex
(fold group 2), which is essential for complex
formation.

Additionally, there are two disulfide-rich proteins
that have been demonstrated to perform enzymatic
functions. These are phospholipase A2 (fold group
10) and the light chain of methylamine dehydro-
genase (fold group 22).

It should be noted, however, that many disulfide-
rich domains have not been functionally character-
ized. In many cases, a cellular or physiological role
has been established but the molecular target is not
yet identified, and then there are some domains for
which the function is completely unknown.

Functional convergence among disulfide-rich
domains

There are many examples of similar functions
that are performed by a number of unrelated
disulfide-rich domains. Cases of similar functions
performed by domains within different families
and/or fold groups are most likely examples of
convergent evolution. Of course, it is possible that
some examples may reflect remote homology that
cannot be established with confidence, given the
currently available sequence, structure, and
functional data.

The most prevalent function among the domains
in this classification is inhibition of the activity of
many different types of ion channels. Disulfide-rich
toxins have been demonstrated to block channels
that conduct a variety of different ions (including
Nat,K*, Ca%*,Cl~, or non-specific cations) with a
variety of different gating mechanisms (voltage-
gated, ligand-gated, or mechanosensitive). In our
classification, nine fold groups and ten families
include at least one protein that is a known or
putative ion channel inhibitor. Among these, there
are several examples of disulfide-rich toxins from
related species found in different families and in
different fold groups: e.g. sea anemone toxins with
right-handed three-helix bundle or three-strand

antiparallel B-sheet folds (fold groups 3 and 13),
scorpion toxins with short o-hairpin or knottin-like
folds (fold groups 1 and 23), and conotoxins with
knottin-like or small, disulfide-closed loop folds
(fold groups 23 and 35). Another common function
is the inhibition of various serine proteases,
including trypsin, chymotrypsin, elastase, plasmin,
thrombin, factor Xa, factor Vlla, etc. Despite their
different specificities and global folds, many of
these inhibitors are believed to share a common
mechanism. Comparison of the backbone angles of
the inhibitory loops of serine protease inhibitors
from unrelated families has shown that these
regions adopt very similar conformations.®” Serine
protease inhibitors are found in eight fold groups
and ten families of our classification. Also, many
disulfide-rich domains are annotated as antimicro-
bial or defensin proteins. The presumed mechanism
of these domains is to induce cell lysis of a microbial
predator by disrupting the cell membrane, although
the details of such a mechanism are unclear. More-
over, some of these proteins are thought to target
specific extracellular receptors rather than interact
directly with the membrane. Putative antimicrobial
or defensin proteins are found in six fold groups and
nine families of our classification. Membrane disrup-
tion is also the suggested mechanism for a number of
non-defensive proteins, such as snake venom cardi-
otoxins. The functions described in the preceding
examples are most commonly performed by whole
(i.e. single-domain) proteins. Disulfide-rich subdo-
mains, on the other hand, are frequently involved in
the binding of molecules found in abundance on or
near the cell surface, such as heparin, chitin, integrins,
and TGFp superfamily members.

Functional divergence of disulfide-rich domains

Examples of the divergent evolution of homo-
logous disulfide-rich proteins to various molecular
or cellular functions are common as well. Often,
these domains perform related functions, such as
spider toxins that block various types of ion
channels (Figure 7(a)), disintegrins that inhibit the
function of different integrin receptors with high
selectivity, or a-conotoxins that bind to and inhibit
assorted subtypes of nicotinic acetylcholine
receptors. In these rapidly evolving families,
numerous highly similar proteins are frequently
found in the same species.

In other cases, the homologous proteins perform
more distant functions. In the BPTI-like family, for
example, some members inhibit serine proteases,
while others block K* or Ca®>* channels. The BPTI-
like family includes an interesting example of
mechanistic divergence, while cellular function is
retained. As previously mentioned, many serine
protease inhibitors appear to share a common
mechanism. In these canonical inhibitors, including
the majority of inhibitors in this family, the
inhibitory loop forms one B-strand of a distorted
antiparallel B-sheet at the active site of the
protease.® However, in a small number of BPTI-like
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Figure 7. Functional divergence of disulfide-rich homologs. (a) Alignment of spider toxins, grouped by channel type
targeted: sodium (Na™), calcium (Ca%™), potassium (K ™), nicotinic acetylcholine receptors (nAChR), mechanosensitive
(mech). Seq id same refers to the average sequence identity among spider toxins that block the same type of channels.
Seq id diff refers to the average sequence identity between spider toxins that block a specific channel type and the rest of
the spider toxins (inhibitors of other channel types). Percentage identities were calculated using a non-redundant set of
spider toxins with solved structures and known channel types. Abbreviations of the spider species are as follows: Aa,
Agelenopsis aperta; Ar, Atrax robustus; Gs, Grammostola spatulata; Hav, Hadronyche versuta; Hai, Hadronyche infensa; Hev,
Heteropodidae venatoria; Pc, Psalmopoeus cambridgei; Pl, Paracoelotes luctuosus; Pa, Phrixotrichus auratus; Sha, Selenocosmia
hainana; Shu, Selenocosmia huwena; Sg, Scodra griseipes. Highly conserved disulfide bonds are indicated by continuous
lines; additional disulfide bonds found in some family members are indicated by broken lines. (b) Serine protease
inhibitors in the BPTI-like family perform the same function using different parts of the protein fold: bovine pancreatic
trypsin inhibitor (BPTI, pdbl|lbth, chain P) and factor Xa inhibitor (also called TAP or tick anticoagulant protein,
pdbl1d0d, chain A). Other BPTI-like family members utilize the same region of the protein to perform different
functions: the N-terminal residues are the key functional residues of TAP (pdb|1d0d; chain A) and green mamba snake
a-dendrotoxin (pdb|1dtx). Functional sites are indicated in purple in the MOLSCRIPT diagrams and with asterisks (*) in

the alignment.

family members, such as tick anticoagulant protein
(TAP) and ornithodorin, the inhibitory activity is
accomplished by the N-terminal residues, which
run parallel to the protease active site.*"** Notably,
the N-terminal region of this structure
also contributes the key functional residues of
a-dendrotoxin,®® a non-protease-inhibitor member
of this family. Interestingly, the toxin members of
this family share higher levels of sequence
and structural similarity with the canonical-type
inhibitors rather than the TAP-like inhibitors with

which they share a common functional site
(Figure 7(b)).

Materials and Methods

Identification of disulfide-rich protein domains

We consider a protein to be potentially disulfide-rich if
the structure contains two disulfide bonds within 23 A.
This distance cutoff was determined empirically on
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the basis of protein domains previously noted as
disulfide-rich in the Small proteins class of the SCOP
database. A locally mirrored version of the Protein Data
Bank (PDB; current through August 2, 2005) was searched
for structures containing two or more disulfide bonds
within 23 A.® A disulfide bond was assumed to exist
between two cysteine residues if their gamma sulfur
atoms were less than 3.5 A apart. The sequences of
individual PDB chains from those structures identified by
this automated search were extracted and clustered on
the basis of sequence identity using the BLASTCLUST
program (I. Dondoshansky & Y. Wolf, unpublished
resultst) using a 50% identity threshold and a length
coverage threshold of 90% on each sequence.
A representative of each cluster was examined in order to
identify and exclude non-disulfide-rich chains within PDB
structures and proteins in which the cysteine side-chains
contribute to metal-binding rather than disulfide bonds.
For the purposes of this study, we were interested in
disulfide-rich protein domains with structural folds
stabilized primarily by the formation of disulfide bonds
rather than by the hydrophobic core of the protein. Such
proteins typically have a very small hydrophobic core
and few secondary structure elements. Therefore, protein
structures with a significant hydrophobic core and many
secondary structure elements were removed from the set
of structures that had been identified in the automated
search. For example, the structure of Macadamia_integri-
folia antimicrobial protein MiAMP1 (pdb|1c01),%> which
contains three disulfide bonds and a substantial hydro-
phobic core (eight-stranded B-sandwich with Greek key
topology), was excluded from our classification because the
disulfide bonds appear to be incidental to the stability of the
protein’s structural fold. Likewise, proteins for which non-
disulfide-rich homologs or structural analogs are known
were also excluded, such as the Aspergillus giganteus
antifungal protein AGAFP (pdb|lafp),*® which adopts an
OB-like fold. We consider structures such as these to be
better described by their fold topology than by their
disulfide bonds, and are therefore classified more appro-
priately with their non-disulfide-rich structural neighbors.
Such cases were identified by manual examination of
cluster representatives. In general, the presence of a
substantial hydrophobic core and many secondary struc-
ture elements corresponds to the size or length of the
domain in question. The average size of domains set aside
in this manual filtering step is 215 residues, compared to the
average size of 57 residues for the disulfide-rich domains
included in this study. The size distribution of the domains
included versus excluded in this classification can be seen in
Supplementary Data (Supplementary Figure 1).

Classification of disulfide-rich protein domains

Fold groups of structurally similar disulfide-rich domains

The disulfide-rich protein domains identified from the
PDB were classified according to a two-tier hierarchy. The
first tier is the fold group level, which is based on
structural similarity between protein domains. Domains
in the same fold group share a common structural core
with topology that is either identical or related by circular
permutation. Circular permutation is usually defined as
an evolutionary event that results in the generation of
folds that share a similar packing of secondary structural
elements, while differing in their topological connectiv-

1 ftp:/ /ftp.ncbi.nih.gov /blast/

ities. In some cases, there is known homology between
circularly permuted domains (e.g. the two subdomains of
Bowman-Birk inhibitors described previously); these
domains are placed in the same family (see definition of
the family level below). Disulfide-rich domains from
different families in the same fold group signify cases in
which the protein structures are related by circular
permutation but for which an evolutionary relationship
cannot currently be supported, although it is possible that
future sequence or function data will reveal that these
domains are in fact distant evolutionary relatives. There-
fore, it should be noted that when proteins from different
families are related by permutation we mean an “artificial
permutation” of the structures so that they can be better
superimposed than if they were not permuted, and an
evolutionary connection is not implied in these cases.
Thus, within a fold group, all members share a
common structural core comprised of secondary struc-
ture elements found in the same spatial arrangement with
either identical or circularly permuted topology. Each fold
group can be differentiated from all other fold groups by
either the architecture of secondary structure elements,
topological connectivity, or both. For example, fold
groups 23 and 24 are both characterized by a knottin-
like domain core (as described in detail in another section)
with four separate structure elements contributing the
cysteine residues that form the disulfide cross, but these
two fold groups can be distinguished by the topological
connections of these four elements: domains in fold group
24 have left-handed connectivity between the four
elements while domains in fold group 23 have right-
handed connectivity between the first three elements but
left-handed connectivity between the last three elements.
Generally, all fold group members also share the same
secondary structure composition in the domain core.
Therefore, the description of the common structural core
in Table 1 is usually enough to visualize the structural
pattern and to show a distinction between different fold
groups. In many cases, it would also be possible to
attribute a new protein to a fold group just by this
description; for example, such patterns as helical bundles
or hairpins are well-known and recognizable super-
secondary structures. However, only abbreviated descrip-
tions are given in a few instances where the topology of a
fold group is more complicated than can be explained
succinctly. For example, E.raikovi pheromone ER-23
(pdbl1ha8, fold group 7) adopts a fold comprised of five
helices, where helices 1 and 5 are adjacent and roughly
parallel, helices 3 and 4 are antiparallel and lie
approximately perpendicular to helices 1 and 5, helix 2
is found on a connecting loop, and the connections
between elements are mostly right-handed with the
exception of left-handed connectivity between helices 2,
3, and 4; instead, this fold group is simply described as a
five-helix globular array. Although most fold group
members share the same core, some exceptions and
deviations from strict definitions are observed among the
disulfide-rich proteins due to the atypical nature of small
protein domains (i.e. the high incidence of small and
irregular secondary structure elements). Broken or
bulging B-strands and single-turn a-helices and 3;9
helices are quite common in these proteins, and can
result in non-identical secondary structure content within
fold groups. For example, short 3, helices are often found
in place of a-helices. Similarly, irregularities in B-strands
can result in predominantly coil regions with only
very short segments retaining the hydrogen bonding
patterns characteristic of true B-strand elements. Another
interesting example is seen in the cellulose-binding/
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docking domains of fold group 18. Two roughly
perpendicular hairpins comprise the structural core of
both members of this family, the cellulose-binding
domain of xylanase A (CBDx) from P. fluorescens and the
cellulose-docking domain of endoglucanase Cel45
(CDDe) from P.equi. However, CBDx contains two
B-hairpins, while CDDe includes one B-hairpin and one
hairpin formed by an o-helix and a coil region
(Figure 4(a)). In these homologous proteins, an equivalent
region of the protein adopts quite different secondary
structure conformations. It should also be noted that our
fold group definition does not require all members of the
same fold group to share the same disulfide-bonding
connectivity. The relationship between disulfide-bonding
patterns and structural topology is discussed in another
section.

Fold groups were determined by visual inspection. The
significance of these fold groups is evaluated in
Supplementary Data (Supplementary Figure 2), which
details the average structural similarity calculated for
representatives of the same fold group compared to the
structural similarity between representatives from differ-
ent fold groups. One traditional method for assessing
similarity between protein structures is by calculating
RMSD values on the basis of structural alignments. The
average RMSD within our disulfide-rich protein families
is 2.20(40.84) A, while the average RMSD within our fold
groups (excluding comparisons of members of the same
family) is only slightly higher at 2.34(+0.22) A. However,
members of the same family can be superimposed over 39
C* atoms on average, while members of the same fold
group (but different families) are alignable over only 18
C”* atoms on average. This example highlights one
negative aspect of RMSD: due to the length-dependent
nature of the calculation, the comparison of different
results is not always straightforward. There are other
drawbacks to RMSD analysis as well. First, structural
similarity statistics in general (including RMSD) tend to
be unreliable for small proteins due to the shortness of
their polypeptide chains. Also, large RMSD values do not
necessarily ensure a lack of structural similarity, most
notably in cases of proteins with internal rearrangements
such as circular permutations or domain swaps. Further-
more, while protein structures are more resilient to
change than their sequences, they are not immutable
and are intrinsically flexible. Nevertheless, while RMSD is
not an infallible method, it does often give a reasonable
indication of the structural similarity between proteins.
RMSD calculations for each family and fold group can be
found in Supplementary Data (Supplementary Figure 2).

Families of homologous disulfide-rich domains

The second tier is the family level, which reflects an
evolutionary relationship between domains. The super-
family level of SCOP was used as the starting point for
establishing the disulfide-rich families in this study. The
~500 disulfide-rich domains (17% of domains in this
study) that were not classified in SCOP were merged with
the existing SCOP superfamilies if significant overall
sequence similarity was recognized (typically >40%
identity). This resulted in 110 preliminary groupings of
homologs (87 associated with SCOP superfamilies and 23
additional sets of domains not classified in SCOP). These
preliminary groupings were then further studied to
identify more distant homology links by the following
process. First, manual structural alignments were gener-
ated for potentially related groupings of domains. These
alignments were used to determine whether the group-

ings in question share significant sequence similarity
(typically >20% identity), and to recognize similarity
among their cysteine conservation and disulfide-bonding
patterns. Indications of functional similarity (e.g. domains
performing related molecular or cellular functions, or
domains with key functional residues found in similar
spatial locations) that were identified by searching the
literature were considered as further verification of these
more distant homology relationships. After merging
certain preliminary groupings on the basis of these
criteria (sequence and functional similarity), a final total
of 98 families of disulfide-rich domains were established.
Examples of disulfide-rich families in this study that
differ from SCOP superfamilies are described in Results
and Discussion. Sequence similarity within the disulfide-
rich families is summarized in Supplementary Data
(Supplementary Figure 2). An example of the distribution
of sequence identity among family members compared to
sequence identity among non-homologous disulfide-rich
domains is shown in Supplementary Data (Supplemen-
tary Figure 3).

Multiple alignments of disulfide-rich families
and fold groups

The Insightll package was used to visualize and
superimpose the structures of the disulfide-rich protein
domains. Multiple structure-based alignments were
constructed manually for each family and fold group
based on the superpositions made in InsightII+.

Evaluation of disulfide bonding patterns

Disulfide bonding patterns in the set of small, disulfide-
rich domains identified in this study were analyzed
according to the intrinsic properties of symmetry and
reducibility, as defined by Benham & Jafri.”* A bonding
pattern has symmetry if it reads the same from N — C and
C—N. For example, if a domain has three disulfide bonds
where the first cysteine residue is bonded to the second,
the third to the fourth, and the fifth to the sixth, then it will
read as aabbcc from both directions. A bonding pattern is
reducible if a single cut can separate it into two discrete
subpatterns, where no disulfide bond is split between the
subpatterns. For example, the pattern ababcc is reducible
because it can be cut into abab and cc, but the pattern
abcabe is irreducible because it cannot be split into self-
contained subpatterns.

The number of symmetric and reducible patterns has
been tabulated in two ways: by the bonding pattern of
each family (defined as the pattern of the disulfide bonds
conserved in >80% of the family members) and by the
bonding pattern of each representative domain after
clustering all of the domains in the classification (95%
identity and 95% length coverage). Both measures are
considered because neither method alone provides an
ideal sample: the number of families provides a very
small sample size, but the counts given by representatives
are biased in favor of overpopulated families such as
scorpion toxins and epidermal growth factor-like
domains. Furthermore, seven families from our classifi-
cation with members having different disulfide bonding
patterns were excluded from this analysis. For example,
two domains in the cellulose-binding/docking domain
family (fold group 18) have bonding pattern aabb

t These alignments are available at ftp://iole.swmed.
edu/pub/disulf_aln


http://ftp://iole.swmed.edu/pub/disulf_aln
http://ftp://iole.swmed.edu/pub/disulf_aln

Disulfide Classification

235

(pdbl1e8p, 1e8q)* while the other two domains in this
family have bonding pattern abba (pdbl|1e8t, 1qld).*” For
consistency, members of these seven families are also
excluded from the calculations with representative
domains.

The predicted fraction of reducible patterns with N
disulfide bonds expected by random, equiprobable
connections between cysteines can be described by the
number of possible reducible patterns with N bonds
divided by the total number of possible patterns with N
bonds. Similar calculations give the predicted number of
symmetric patterns with N disulfide bonds.
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