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ABSTRACT We found that that disulfide-bond-
ing patterns can be used to discriminate structure
similarity. Our method, based on the hierarchical
clustering scheme, is applicable to proteins with
two or more disulfide bonds and is able to detect the
structural similarities of proteins of low sequence
identities (<25%). Our results show the surprisingly
close relationship between disulfide-bonding pat-
terns and proteins structures. Our findings should
be useful in protein structure modeling. Proteins
2003;53:1-5. ©2003 Wiley-Liss, Inc.
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INTRODUCTION

Disulfide bonds are common to many proteins and are
known to play a key role in stabilizing protein struc-
tures.’® Disulfides bonds help stabilize the folded states
by increasing favorable enthalpy interactions in the folded
states and by lowering the entropy of the unfolded states.®
Protein folding simulations®”® show that inclusion of
disulfide-bond constraints helps reduce the search of pro-
tein conformations. Because disulfide bonds impose dis-
tance and angular constraints on the protein backbones,
one would expect that disulfide bonds should exert signifi-
cant constraints on the overall three-dimensional (3D)
protein structures. Harrison and Sternberg® reported that,
although the small disulfide-rich protein folds are problem-
atic in protein structure taxonomy and prediction, the
regularities in disulfide-bridged B-sheets and in cystine
clusters can be used to classify their folds. Recently, Mas et
al.'° developed an approach KNOT-MATCH to superim-
pose protein structures that contain three or more disul-
fide bonds by means of 3D disulfide bridge topology. Using
this approach, they are able to find relationships among
proteins that are hidden to the current alignment methods
based on sequence or main-chain topology.

However, because the number of protein structures is
far less than that of protein sequences, it will be of great
value if one can detect structural similarity directly from
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protein sequences. A lot of work has been done to develop
approaches to detect structural similarity directly from
protein sequences by using sequence profiles***2 or hidden
Markov models (HMM).'?* For example, PDB-BLAST'®
uses PSI-BLAST!! to generate sequence profiles for spe-
cific protein families, and these profiles are then used to
scan protein structure databases. 3D-PSSM'6 uses 1D and
3D profiles coupled with secondary structure and solvation
potentials to predict protein folds. prof_sim'” is a profile—
profile comparison method to detect structural similarity
of remote homologues. SAM-T99'® builds a multiple-
sequence alignment by iterated search using HMM. There
are other approaches based on various algorithms such as
the support vector machine,'® threading techniques,?%:2!
or the multistrategy approach,?? which combines several
methods to use sequence and structure information in
different ways to generate one consensus structure. In this
work, we report that it is possible to use disulfide-bonding
patterns instead of the complete protein sequences to
discriminate protein folds. This idea is analogous to that of
Mas et al.,’® who use disulfide bridge topology instead of
the complete main-chain topology to superimpose struc-
tures.

MATERIALS AND METHODS

We first define the terms used in this work: for two
disulfide proteins A and B, each having n disulfide bonds,
we denote their disulfide-bonding pairs by (x; — x,,, 7, X5 —
X2y oees Xy~ X2,) ANA V1 = Yo7, ¥2 = V2o s ¥ = Yan)
respectively, where x; — «x,.;, and y, — y,,; are the
sequence numbers of the cystine pair forming the ithdisul-
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fide bond. In a similar way, for proteins A and B, we denote
their disulfide-bonding connectivity by (N; — N, 1, Ny —
N, .5 ..N,—Ny)and M, -M, . ,My—M, .,,..., Mn —
M,,), respectively, where N, — N, ;and M, — M, , ; are the
relative orders of the cystine pair forming the ithdisulfide
bond. For instance, the notation [1-3,2-4] means that the
first and the third cysteines form the first disulfide bond,
and the second and fourth cysteines form the second
disulfide bond. Using these notations, we cluster the
disulfide-boding patterns by the following equations:

2n

a= > (=& i =42 & =% D 3 —5?% (1)

i=1 i=1 i=1

B = D |AN; — AM/|/n, (2)

i=1

where ¥ = 1/2n>%%; and § = 1/2n>7%,, and AN, =
N,;.,—N,and AM; =M, ., — Mi.Ifa« = ayand B = B,, both

proteins are defined as having the same disulfide-bonding
pattern. We set the values of oy and B, to 0.996 and 3.0.

Data Sets

We collect all disulfide proteins with two or more
disulfide bonds from Protein Data Bank (PDB),?2 and the
data set is composed of 3134 disulfide chains that are
defined in the PDB file records. Each chain is treated as a
separate unit, and the interchain disulfide linkages are not
considered. Disulfide chains are classified hierarchically in
three levels: disulfide-bonding numbers, disulfide-bonding
connectivity, and disulfide-bonding patterns. The hierarchi-
cal classification is shown schematically in Figure 1. In
this work, all pairwise sequence comparisons and struc-
ture alignments are computed by ALIGN?* and CE,?®
respectively. The root-mean-square deviation (RMSD) val-
ues reported are for C_ atoms.

RESULTS

The protein pairs in the same cluster group are shown in
Figures 2—4. Figure 2 shows the structures of (a) the tick
anticoagulant peptide (1tap®®), a serine protease inhibitor,
and (b) cacicludine (1bf0%7), a calcium channel blocker.
These proteins are clustered in the same disulfide-bonding
patterns, which have the disulfide-bonding connectivity
[1-6,2-3,4-5]. Their RMSD value of C_ atoms is 3.6 A, but
their sequence identity is only 18.2%. In this cluster group,
we found a total of 92 disulfide chains, all of which are
classified in the BPTI-like superfamily in SCOP.?® The
complete list can be accessed from the SSDB website.?®
Figure 3 shows (a) thionin (1gps3°), a plant toxin , and (b)
brazzein (1brz3!), a sweet protein. Their RMSD value is
2.3 A and their sequence identity is 18.8%. All proteins in
this cluster group have the scorpion toxin-like struc-
tures.?® Figure 4 shows (a) tetranectin (1tn332) and (b) the
a-monomer of flavocetin-A (1c3a:a®?). These proteins have
17.7% sequence identity and an RMSD value of 1.5 A.
Despite the different orientations of their loops, both
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Fig. 1. The hierarchical classification of disulfide proteins, starting

from the disulfide-bonding numbers, the disulfide-bonding connectivity,
and to the disulfide-bonding patterns. In the schematics of the disulfide-
bonding patterns, the first thick line represents the total protein lengths,
and the thin lines represent the cystine bridges.
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Fig. 2. 1tap, an anticoagulant protein (a) and 1bf0, a calcium channel
blocker (b), each having four disulfide bonds [1-6, 2-3, 4-5]. Both proteins
have a BPTI-like structure and a sequence identity of 18.2%. The protein
images are rendered by Rasmol*' in the trace model. The disulfide bonds
are indicated by dotted lines.

proteins have a C-type lectin fold.?® Automatic structure
alignment programs such as VAST,?* FSSP,3% or CE?® are
not able to detect their structure similarities from the
database, although both proteins are classified in the
C-type lectin domain family in SCOP, which is based on
extensive expert knowledge. Further analysis shows that
the proteins of this cluster group are classified into five
SCOP domains®®: 1) snake coaggultinin, 2) the asialoglyco-
protein receptor, 3) CD69, macrophage mannose receptor
CRD4, 4) tetranectin, and 5) lithostathine. Figure 5 shows
the RMSD values versus sequence identities of the pro-
teins in this cluster group. The pairwise sequence identi-
ties of these proteins vary in wide ranges, but their 3D
structures are similar.
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Fig. 3.
(b), each having four disulfide bonds [1-8, 2-5, 3-4, 6-7]. Both proteins
have a scorpion toxin-like structure and 18.8% sequence identity.

1gps, a plant toxin (a) and 1brz, a sweet protein called brazzein
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Fig. 4. 1tn3, tetranectin (a) and 1c3a:a, the a-monomer of flavocetin-A

(b). Both proteins have a disulfide-bonding connectivity [1-2, 3-6, 4-5].
Both proteins have C-type lectin folds, despite the different orientations of
their loops. Their RMSD value and sequence identity are 1.5 A and
17.7%, respectively.
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Fig. 5. The plot of sequence identities versus RMSD values of 32
disulfide proteins'® in the same cluster group, including 1tn3 and 1c3a:a
shown in Figure 4. All these proteins have C-type lectin folds and similar
disulfide-bonding patterns.

We performed exhaustive pairwise comparisons of both
sequence similarities and structure similarities of all 3134
disulfide-bonding chains in the PDB. Figure 6 shows the
plot of the RMSD values of C, atoms versus sequence
identities of every pair of disulfide proteins whose se-
quence length ratios are >70%. The trends of the RMSD
values are a familiar one: the structural deviations remain
relatively flat and then rise sharply at around 25-30%
sequence identities, which are the usual lower bounds of
sequence identity set by the homology modeling methods
of protein structures. For comparison, we also performed
pairwise comparisons of the structure similarities in the
same cluster groups. The results are shown in Figure 7.
The RMSD values remain flat throughout the range of
sequence identities, and there is no sharp rising of RMSD
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Fig. 6. The RMSD values of C, against sequence identities of all
disulfide chains in PDB. Only protein pairs whose length ratios are =70%
are computed.
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Fig. 7. The RMSD values of C, against sequence identities of the
disulfide chains in the same cluster group of disulfide-bonding patterns.
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values. There are some scattering points with relatively
higher RMSD values, which, under visual inspection, do in
fact have similar structures; 90% of the proteins that are
in the same cluster groups are also classified in the same
SCOP families, which comprise proteins of sequence iden-
tities of 30% or greater, or proteins of lower sequence
identities but of similar structures and functions.?® Other
proteins, although not belonging to the same SCOP fami-
lies, are found to be in the same SCOP superfamilies,
which share a common evolutionary origin®$2" due to
functional similarities or common features unlikely to
have occurred randomly.

Use of Disulfide-Bonding Patterns in Structure
Prediction

We can exploit the relationship between the disulfide-
bonding patterns and structures to predict protein folds
directly from disulfide-bonding patterns without the need
of complete sequences. An example is the nonspecific lipid
transfer protein (nsLTP2) from rice, whose structure®®
(116h) was recently solved after we completed the library of
the disulfide-bonding patterns. NsLTPs are divided into
two families, nsLTP1 and nsLLTP2. Many structures of
nsLTP1 have been solved,?® but 116h is the only nsLTP2
whose structure is solved. Rice nsLTP2 has <30% se-
quence identity with nsLTP1s, and its cysteine-pairing
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pattern is different from nsLTP1. However, using Eq. 1,
we find one protein that has the same disulfide-bonding
pattern as rice nsLLTP2. This protein, soybean hydrophobic
protein*® (1hyp), has 16.1% sequence identity with rice
nsLTP2. Our approach predicts that these two proteins
should have a similar fold, and this is indeed the case,
because they have an RMSD value of 4.2 A. Because our
approach does not need complete sequences, it has the
advantage of finding structural templates of little se-
quence similarities to the query sequence. However, if the
disulfide-bridge pattern does not exist in the library, then
our approach will not work. Such limitations also exist in
other structural template-based approaches.

DISCUSSION

In this work, we demonstrate for the first time that
disulfide-bonding patterns can be effectively used to dis-
criminate structure similarities between proteins. For the
homologous sequences, one would expect that their disul-
fide-bonding patterns are similar. However, we show that
there is a very close relationship between the disulfide-
bonding patterns and the protein structures and that such
relationship holds in the case of low sequence similarity
(sequence identities < 25%). An interesting question arises
as to whether the relationships found by our approach are
due to purely geometrical constraints, which, allowing
only a few possibilities in protein conformations, force the
structures to conserve; or whether the relationships are
due to sequence divergence with conserved structures. In
general, the presence of only a structure similarity does
not allow us to clearly distinguish between these two
possibilities. However, according to Russell et al.,>” ho-
mologs and analogs can be distinguished by means of
SCOP data set based on extensive expert knowledge.
Proteins within the same SCOP superfamily are taken to
be homologous due to obvious functional similarities or
common characteristics unlikely to have occurred ran-
domly, even though these proteins often lack sequence
similarity. Analogs are defined as proteins with similar 3D
structures but generally with different functions and little
evidence of a common ancestor (within the same fold but in
different superfamilies). We found in the Results section
that the proteins of each cluster group always belong to the
same families or superfamilies, and never in different
folds. Our results seem to suggest that the relationship
between disulfide-bonding patterns and protein structures
comes from sequence divergence. This conclusion is also
consistent with the observation® that many of the similari-
ties in the disulfide-bridge topology may have diverged
from a common ancestor, such as the o/p scorpion toxins.
However, it is obvious that further investigations are
needed to draw a definite conclusion.
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