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ABSTRACT. We propose a novel method for defining patterns of
contacts present in protein-protein complexes. A new use of the tra-
ditional contact maps (more frequently used for representation of the
intra-chain contacts) is presented for analysis of inter-chain contacts.
Using an algorithm based on image processing techniques, we can
compare protein-protein interaction maps and also obtain a dissimi-
larity score between them. The same algorithm used to compare the
maps can align the contacts of all the complexes and be helpful in the
determination of a pattern of conserved interactions at the interfaces.
We present an example for the application of this method by analyzing
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the pattern of interaction of bovine pancreatic trypsin inhibitors and
trypsins, chymotrypsins, a thrombin, a matriptase, and a kallikrein -
all classified as serine proteases. We found 20 contacts conserved in
trypsins and chymotrypsins and 3 specific ones are present in all the
serine protease complexes studied. The method was able to identify
important contacts for the protein family studied and the results are in
agreement with the literature.

Key words: BPTI, Protein-protein interactions, Contact maps,
Serine proteases

INTRODUCTION

Genome projects have revealed novel genes for various model organisms. However,
for the vast majority of the genes, there is a lack of any clue as to their specific function. Even
for organisms extensively studied in molecular genetics, almost half of the genes have no
known function. In this context, the comprehensive analysis of biomolecules such as mRNAs,
proteins and metabolites is very promising. In this study, we focus on the information which
could be obtained by the analysis of protein-protein interactions (PPIs).

It is well known that specific PPIs are involved in almost all physiological processes.
Sensing extracellular signals, for example, is a matter of receptor to adaptor interactions. The
shape of the cell is maintained by an intricate network of structural protein interactions. Under-
standing PPIs involved in common cellular functions is important to get a grasp of how they
work cooperatively in the cell, and PPIs are also of extreme importance in providing informa-
tive hints about protein function (Ito et al., 2001).

PPIs are established based on specific surface features: the main one is the surface
complementarity of the proteins that interact as well as the appropriate distribution of resi-
dues in the protein-protein surface. When proteins are interacting, many contacts are formed
between their amino acid residues to stabilize the complex. In this study, we propose a novel
strategy to compare the PPIs of complexes which were crystallized and had their structure
solved by X-ray crystallography. The proposed method can, additionally, define patterns of
interactions that are essential for complex formation and stabilization.

It is well known that contact maps are useful tools for studying protein structures as
they can represent them robustly. The traditional contact map is a symmetric square matrix of n
X n positions, where # is the number of residues of a protein, and each [i, j] position indicates
whether there is a contact between the residues i and . In a previous study (Melo RC, Fernandes
FA Jr., Carceroni RL, Murray CS, et al., unpublished results), we described the protein struc-
ture comparison as a problem of measuring the dissimilarity between contact maps. We dem-
onstrated that by using only hydrophobic interactions, hydrogen bonds (the ones which do not
include water molecules) and charged attractive contacts, we could classify protein structures
with high precision (up to 90% for the tested families). This indicates that we have developed
sharp algorithms for contact map comparison and also that contact maps are conserved for a
specific fold.
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In this study, we propose a variation of the contact maps, which shows PPIs (inter-
chain) instead of intra-chain contacts.

We used the well-studied bovine pancreatic trypsin inhibitors (BPTIs) bound to five types
of serine proteases (trypsins, chymotrypsins, thrombins, matriptases, and kallikreins) to test the
proposed method. We show that trypsins and chymotrypsins display a specific pattern of contacts
with the inhibitor and we also compare these patterns with the contacts of thrombin, matriptase and
kallikrein complexes. We found that there is a small set of conserved contacts in all the complexes
and that they are essential for BPTI binding according to literature data (Krowarsch et al., 1999;
Brandsdal et al., 2001; Wilmouth et al., 2001; Topf et al., 2002; Bobofchak et al., 2005).

MATERIAL AND METHODS
Contact maps

In Figure 1, we present an example of the traditional symmetric square contact map. It
is an n X n matrix, where # is the number of residues of a protein chain, and each [Z, j] position
indicates whether or not there is a contact between the residues i and ;.

The protein-protein interaction maps

We define the PPI map as an m x n matrix in which m is the number of residues of the
first protein and # is the number of residues of the other one. Thus, an important difference of
contact maps and our PPI maps is that they are not square and symmetrical, for obvious rea-
sons. The point [, j] indicates whether or not there is a contact between the residue 7 of the first
protein and the j one of the other.

The traditional contact maps do not differentiate the nature of the contacts, but we
consider the following types of contacts:
hydrophobic interactions;
charged attractive interactions;
charged repulsive interactions;
hydrogen bond;
aromatic stacking;
disulfide bonds

The hydrogen bonds can be formed between the main chain of a residue and the main chain
of the other, between main chains and side chains and also side chains and side chains. We also con-
sider the hydrogen bonds with one or two water molecules between the interacting residues.

We believe that the inclusion of all contact types is important in order to make the method
more precise because interactions between proteins are very specific. The contacts we use were
taken from the Blue Star Sting Suite (Contacts Module) described by Mancini et al. (2004). The
method used by them to characterize contacts can be found in Sobolev et al. (1999).

The map comparison algorithm

In a previous study (Fernandes Jr. et al., 2004), we modeled the problem of identifying
how close in structure two proteins are as a problem of measuring the similarity between their
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Figure 1. A. This is an example of the traditional contact map for bovine pancreatic trypsin inhibitor (BPTI) (PDB
ID 1tpa, chain I). On the x-axis, we have the 58-amino acid residues of the sequence and the same for the y-axis. The
points indicate contacts. Notice that some clusters of contacts are formed. B. The cluster showed in green indicates
the hydrogen bonds that connect the two f3-strands to form a f3-sheet as shown in the BPTI structure in green. Notice
that this cluster appears as a decreasing function as the f-strands are in an anti-parallel topology. The red cluster is
formed by the hydrogen bonds that form the small helix shown in the structure in red. Notice that this cluster is in
the diagonal of the map and shows only local contacts as usual in helix formation. C. The other cluster, shown in
blue, is not representative of a secondary structure but clearly shows the proximity of two parts of the chain. These
parts are shown in blue in the structure.

contact maps. We think that through the type and position of the contacts of a protein, we can clas-
sify its fold. In that research, we studied two conceptually distinct computer vision approaches to
measure this similarity: one is an image registration algorithm (based on a metric we call average
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dispersion radius) and the other is a content-based image retrieval technique (which uses the color
correlogram). The image registration was more accurate in our experiments.

After that research, we developed a new image registration metric for contact map
comparison which is based on the earth mover’s distance (EMD) (de Melo et al., 2006). This
new algorithm is more accurate than the average dispersion radius.

The image registration paradigm (Brown, 1992) is often used to match multiple im-
ages as a single object that undergoes non-rigid transformations (Maintz and Viergever, 1998).
A cost is attributed to each deformation that the object may undergo and the image-to-image
dissimilarity is computed by finding the minimum-cost deformation that maps one image to
the other.

A motivation to apply this idea to protein contact maps is that distinct proteins did
evolve from common ancestral molecules, and their phylogenetic distances are strongly cor-
related to structural dissimilarity. Thus, if we can somehow model the “deformations” needed
to “warp” a contact map into another as a sequence of simple transformations that mimic
the effects of evolutionary changes in protein structure, the structural similarity between two
proteins may be computed by finding the minimum-cost sequence of such transformations
between their contact maps.

We have shown that there is a trade-off in the choice between these paradigms: con-
text-based image retrieval techniques tend to be more efficient with very large data sets, but,
on the other hand, similarity-based techniques tend to be more accurate, at least in terms of
matching pairs of images that are closely related. Thus, we decided to use the algorithm based
on the EMD to compare PPI maps as they are very specific for a pair of proteins and two similar
complexes show a very similar contact pattern.

The use of EMD in image databases was initially proposed by Rubner et al. (1998).
The idea is that each contact in one map is treated as a unit of mass of earth spread in a space
on which a ground distance is given and the contacts in the other map are treated as holes with
unit capacity in the same space. The EMD measures the amount of work needed to fill the holes
with earth under the constraint that masses of a given type of contact may only be used to fill
up holes with the same type. As noted by Rubner et al. (1998), computing EMD is equivalent
to solving the transportation problem, which is a very well-known linear programming prob-
lem. More specifically, the EMD is obtained by finding a set of non-negative earth flows that
minimize the earth mover’s total work.

Consider the two hypothetical contact maps shown in Figure 2. Imagine that the map
A is of the first protein and the map B is of the other protein. Both proteins have 5 residues in
this case. The EMD consists of trying to move the colored points of map A to points of the same
color of map B with the minimum work. The work is the distance of the movement. First, we
will consider the point a of map A. If we compute its Euclidean distance to all the other blue
points of map B, we find that @’ and ¢’ are the closer ones. However, ¢’ is in the same place as
¢, so we move a to a’ and store the cost of doing such movement, which is

N[ x4 (v )] = N[(3-47°+(4-57] = 1.41,

where x  is the x coordinate of point @ in the matrix A, y,_ is the y coordinate in the same
matrix and x, and y, are the coordinates for the image B. Point ¢ will be moved to ¢’ and d
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to d’ with 0 cost. Let us now consider the red point e. This particular point will be moved to
b’ with cost 1. The green point b does not have a correspondent in map B; thus, we attribute
an arbitrary cost of 3 because of this mismatch. Thus, the cost of transforming map A in map
B is 5.41. We divide this sum by the total number of contacts which is 9, and the average
movement of each point is 0.60 which is the dissimilarity of the two maps.

A B
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- 2 W = n

1 2 3 4 5 1 2 3 4 5

Figure 2. Two hypothetical contact maps for exemplification of earth mover’s distance technique.

How to align contacts

Once we have computed the EMDs of each pair of PPI maps, we aligned the contacts
of their maps. For that, we use the earth flows given by the models built to compute EMD. If
a given contact in the PPI map 1 was moved to a contact in the PPI map 2, we considered that
these two contacts align, that is, that they are equivalent in both maps. In the example of the
previous section, contact a aligns to a’, b to anyone, cto ¢’,dtod’,and eto b’

Selection of complexes

We decided to study the serine protease family because they are one of the most well-
studied proteins that form complexes with other proteins (Fersht and Sperling, 1973; Kraut,
1977; Carter and Wells, 1988; Warshel et al., 1989; Perona and Craik, 1995; Laskowski Jr. et
al., 2000; Laskowski Jr. and Qasim, 2000; Bartlett et al., 2002; Hedstrom, 2002). According to
SCOP, there are 12 different inhibitors (that bind to serine proteases) with solved structure. We
decided to use BPTI because it is the one that shows more complexes in the PDB.

BPTlI is a protein found in many tissues throughout the body and inhibits several of the
serine protease proteins such as trypsins, kallikreins, chymotrypsins, thrombins, matriptases, and
plasmins. Their interaction with serine proteases has been widely studied (Hijikata-Okunomiya
et al., 1987; Krowarsch et al., 1999; Czapinska et al., 2000; Brandsdal et al., 2001, 2006). These
inhibitors usually have a conserved cysteine residue in forming disulfide bonds. BPTI is a mono-
meric polypeptide containing about 58-amino acid residues. It is characterized by an extremely
stable conformation and binds to trypsins with high affinity (K in the 10"'-10" M range). This
strong inhibition arises primarily from the interaction between LY S15 side chain of the inhibitor
and ASP189 of the enzyme at the bottom of the specificity pocket (Helland et al., 1999).
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We selected all the BPTI chains present in PDB from the SCOP classification (release
1.69, July 2005) (Murzin et al., 1995) and, then, retrieved all complexes that contain those chains
from PDB. We found 136 occurrences of BPTI chains in the PDB. We inspected these data
manually and obtained 45 complexes of BPTI with other proteins. We then removed the com-
plexes with BPTIs that were not from Bos taurus and obtained 38 complexes. Among those BPTI
complexes, there were 29 trypsins, 4 chymotrypsins, 1 thrombin, 1 matriptase and 1 kallikrein, 1
anticoagulant protein, and 1 coagulation factor VIla. We decided to use only the serine proteases
and selected 4 trypsins, the 4 chymotrypsins, 1 thrombin, 1 matriptase, and 1 kallikrein to test our
approach and define the pattern of PPIs among the BPTI and various types of serine proteases.

The 4 trypsins were randomly selected: one is an anhydrotrypsin (1tpa), two are
trypsinogens (3tpi and 2tgp) and one is a -trypsin (2ptc). All of them were solved at a 1.9-A
resolution and have the same space group (I1222). It is important to mention that all the BPTIs
bound to chymotrypsins are mutants (K15G, K15L, K15V, K15F).

Due to the lack of data for BPTI complexed with non-trypsin serine proteases, we had
to include only the 4 mutants of BPTI complexes with chymotrypsins. They are K15G-M52L,
K15L-M52L, K15F-M52L and K15V-M52L from the 1p2m:B, 1p2n:B, 1p2q:B, and 1p20:B,
respectively. Notice that there are 2 mutations in the sequences: residue 15 is an LYS in the wild-
type BPTI and is mutated to GLY, LEU, PHE, and VAL. This is an important mutation to consider
as LYS15 is located in the center of the canonical binding loop of BPTI and is responsible for up
to 50% of all contacts made between the inhibitor and a protease at the interface (Helland et al.,
1999). The position 52 can be an MET or an LEU, but it is located in the BPTI helix which is not
part of the binding site. Table 1 shows the chains of the complexes used in our experiments.

Table 1. Chains of the 11 complexes tested.

PDB

IDs SCOP classification

Itpa:1, 3tpi:L, 2ptc:1, Small proteins BPTI-like ~ Small Kunitz- Bovine pancreatic Cow

2tgp:L, 1p2m:B, 1p2n:B, type inhibitors trypsin inhibitor, (Bos taurus)

1p20:B, 1p2q:B, 1bth:P, and BPTI-like BPTI

2kai:l, leaw:B toxins

1tpa:E, 3tpi:Z, 2ptc:E, Beta proteins  Trypsin- Eukaryotic Trypsin(ogen) Cow

2tgp:E like serine  proteases (Bos taurus)
proteases

Ip2m:A, 1p2n:A, Beta proteins  Trypsin- Eukaryotic (o,y)- Cow

1p20:A, 1p2q:A like serine  proteases chymotrypsin(ogen) (Bos taurus)
proteases

1bth Beta proteins  Trypsin- Eukaryotic Thrombin Cow
like serine  proteases (Bos aurus)
proteases

2kai Beta proteins ~ Trypsin- Eukaryotic Kallikrein A Pig
like serine  proteases (Sus scrofa)
proteases

leaw Beta proteins  Trypsin- Eukaryotic Matriptase MTSP1 Human
like serine  proteases (Homo sapiens)
proteases
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As can be seen in Table 1, we tried to analyze the interactions of one inhibitor with a
set of serine proteases. The inhibitor chains we have collected in our dataset have the following
amino acid sequence (Figure 3):

RPDFCLEPPYTGPCEARI IRYFY AR AGLOO TPV YGGCRARKRNNFESAEDCMET CGGR

Figure 3. Default sequence for the bovine pancreatic trypsin inhibitors used. In red, we represent the small and
hydrophobic amino acid residues; in blue, the acidic ones and in magenta the basic ones. The green amino acids are
those with a hydroxyl or with amine groups.

In Figure 4, we present the multiple structure alignment of the serine proteases used
in our experiments.

Figure 4. Serine protease chains aligned. In red, we present the trypsins, in blue the chymotrypsins, in green
thrombin, in cyan matriptase, and in pink kallikrein.

RESULTS AND DISCUSSION

Protein-protein interaction maps for the bovine pancreatic trypsin inhibitor-serine
protease complexes

We built the contact maps for the 11 BPTI-serine protease complexes. By inspect-
ing only those contact maps, it is possible to notice some pattern of interaction of BPTI with
trypsins (Figure 5) and with chymotrypsins (Figure 6). We can also see that the complexes with
thrombin, matriptase and kallikrein show different patterns of contacts.
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Figure 5. Protein-protein interaction maps of bovine pancreatic trypsin inhibitor-trypsin complexes. The x-axis
represents the enzyme amino acid residues and the y-axis, those of the inhibitor. Blue points represent hydrophobic
interactions; green, charged attractive contacts; cyan, charged repulsive contacts; red, hydrogen bonds of any nature,
and pink, aromatic stackings. These maps were built from the following PDB IDs: A. 1tpa. B. 2ptc. C. 2tgp. D. 3tpi.

We can see that amino acid residues in the inhibitor sequence range 10 to 20 generate the
majority of contacts which lock the inhibitor to the enzyme. This happens because the reactive
loop of the inhibitor is considered to be formed by residues 12 to 18. We can also see that there
are 3 main clusters of contacts: the left one which is next to residue 50 of the enzyme and the
other two around residue 200. The denser cluster is the one which shows the contacts originating
at residue 15 of the inhibitor and going toward the neighborhood of residue 195 of the enzyme.
LYSI15 of the inhibitor is the central residue of the reactive loop. It binds to the specificity pocket
and mimics a possible substrate, a residue of ARG or LYS. SER195 is part of the catalytic triad
and participates directly in the cleavage of the susceptible peptide bond of the substrate.

We can identify clusters of contacts in the BPTI-chymotrysin complexes that are quite
similar to the complexes of BPTI-trypsins. However, the left cluster of residue 15 of the inhibi-
tor is formed mostly by hydrophobic interactions, and the middle cluster of the same residue
is less dense. The upper cluster is much denser, meaning that there is a considerable number of
hydrogen bonds between the neighborhood of inhibitor residue 40 and neighborhood of residue
90 of the enzyme.

As we can see in Figure 7, contacts in the position of the lower clusters of trypsin and
chymotrypsin exist also in the case of thrombin, matriptase and kallikrein. However, there
are various other new contacts out of the observable clusters, which indicates that they have
a different pattern of interactions. An interesting feature of matriptase is the great number of
aromatic stackings that are formed in the BPTI-matriptase interface.
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Figure 6. Protein-protein interaction maps of bovine pancreatic trypsin inhibitor-chymotrypsin complexes. The colors are
the same as in Figure 5. These maps were built from the following PDB IDs: A. 1p2m. B. 1p2n. C. 1p2o. D. 1p2q.

Clustering of complexes using a minimum spanning tree

We compared each of the 11 BPTI complex interface contacts with the 10 others using
the EMD metric. Similar to Yee and Dill (1993), we have built a minimum spanning tree in
which each edge implies similarity between PPIs of the connected complexes. For the present
study, a minimum spanning tree is a graph that provides one way to describe relatedness among
PPI patterns. Consider a graph in which each of the C complexes is represented by a node.
Every possible pair of nodes is connected by an edge. Each edge is weighted by the dissimilar-
ity score relating the two complexes. Hence, we have [C x (C - 1)] / 2 edges. A spanning tree
is a sub-graph in which there are only C - 1 edges connecting the C vertices (complexes). In a
minimum spanning tree, the sum of the weights of the edges is as small as possible. Thus, the
only connectivity is among the most similar complexes. We constructed a minimal spanning
tree using Kruskal’s algorithm (Kruskal Jr., 1956). See Figure 8.

We can see that, in the EMD tree, complexes of the same type of serine protease are
always connected, showing that they were considered to be very similar by the metric. The
algorithm was able to associate trypsin complexes as well as the chymotrypsin ones.

The trees based on sequence and structure could also cluster the complex of each sub-
family. However, we can see that the connections between the items as well as the tree topology
change. We converted each tree into a vector and computed the cosine of each pair of vector.
We found that the correlation between the trees based on sequence and on structure is 0.37, 0.24
between the trees based on EMD and on sequence and 0.34 between the EMD and structure. The
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Figure 7. Protein-protein interaction maps of: A. Bone pancreatic trypsin inhibitor (BPTI)-thrombin, B. BPTI-
matriptase and C. BPTI-kallikrein complexes. The colors are the same as in Figure 5. These maps were built from
the following PDB IDs: 1bth for 4, 1eaw for B and 2kai for C.

correlation is very small, but as expected, it is greater when comparing EMD with structure than
with sequence, as the sequence can vary. However, when the structure remains similar, contacts
tend to be much conserved. The correlation between the trees based on sequence and structure
is greater than the correlations with the EMD, as expected. When we cluster the complexes in
the sequence and structure trees, we use only enzyme data. In the computation of EMD, we also
consider inhibitor data, since we use contacts between enzyme and inhibitor.

Conservation of contacts among the complexes

Using the flows given by the results of the transportation problem models, we aligned
the contacts of the pairs of complexes which were connected in the minimum spanning tree.
We analyzed, for the enzymes and inhibitors, the interface-forming residues (IFR) which are
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Figure 8. Minimum spanning trees of the complexes. A. Based on the earth mover’s distance score of the protein-
protein interaction maps. B. Based on BLAST score of the sequence of the enzymes. C. Based on the PrISM (Yang
and Honig, 1999) root mean squared deviation of the aligned structures of the enzymes. In red, we present the
trypsins, in blue the chymotrypsins, in green thrombin, in cyan matriptase, and in pink kallikrein.

the ones which lose accessibility upon formation of a complex. We computed the contacts that
each IFR establishes with a ligand and found the preserved ones. For example, the enzyme
residue 14 always creates a hydrophobic interaction and residues 193 and 195 always engage
in a hydrogen bond. The inhibitor residues 13, 15 and 17 do establish a hydrogen bond in all
complexes and 14, 15 and 17 engage in formation of the hydrogen bonds.

In Tables 2 and 3, we show the alignment of the interface contacts. We can see that
there are 18 conserved contacts in the trypsins analyzed: 2 hydrophobic, 1 charged attractive, 12
hydrogen bonds, and 3 aromatic stacking interactions. In chymotrypsins, we have 21 conserved
contacts with 6 hydrophobic, 14 hydrogen bonds and 1 aromatic stacking. We can notice that
the conserved contacts are quite different between the two types of serine proteases bound to the
BPTI. This occurs because the IFRs for the two types of serine proteases are different. Also, we
have to consider that the BPTIs complexed with chymotrypsins are mutants (LYS15 changed).

Genetics and Molecular Research 6 (4): 946-963 (2007) www.funpecrp.com.br
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Table 2. Trypsin-bovine pancreatic trypsin inhibitor aligned contacts.

2ptc Itpa 3tpi 2tgp

| 13 215 13 215 13 215
] 14 57 14 57 14 57 14 57
| 15 190 15 190
| 15 191 15 191
[ | 15 195 15 195 15 195
[ | 15 215 15 215 15 215
] 16 195 16 195 16 195
| 17 151 17 151 17 151
] 17 193 17 193 17 193 17 193
] 19 139 19 39
| 38 99 38 99 38 99

15 189 15 189 15 189 15 189

17 40 17 40 17 40
[ | 13 216
] 15 193 15 193 15 193 15 193
| 15 194 15 194 15 194 MC-MC
] 15 195 15 195 15 195 15 195
| 17 41 17 41 17 41 17 41
| 39 96 39 96 39 96 39 96 MC-W-MC
[ | MC-W-W-MC
[ | 14 192 14 192 14 192 14 192
[ | 15 190 15 190 15 190 15 190
] 15 195 15 195
] 16 195 16 195 MS-SC
| 17 40 17 40 17 40
[ ] 19 39 19 39 19 39 19 39
| 19 97 19 97 19 97 19 97
[ | 13 192 13 192 13 192 13 192
[ | 15 215 15 215 15 215 15 215
[ | 15 219 15 219 15 219 15 219
| 15 227 15 227 15 227 15 227 MC-W-SC
[ | 19 39
| 37 94
[ | 39 98
| 12 192
. 17 152 MC-W-W-SC
u 15 190 15 190  SC-SC
u 15 190 15 190  SC-W-SC
[ | SC-W-W-SC
| 15 228 15 228 15 228 15 228
[ | 17 40 17 40 17 40 17 40
| 17 151
] 39 215 39 215 39 215 39 215

The color in the left most column indicates the type of contact. In blue, hydrophobic interactions, in green charged attractive
contacts, in cyan charged repulsive, in red hydrogen bonds, and in magenta aromatic stackings. As hydrogen bonds are divided
into 9 types, we show their localization in the right most column. The columns 2 and 3 are the contacts of trypsin of PDB ID Itpa:
the first number is the residue of the inhibitor and the second one is the residue from the enzyme. The other columns are similar
for the other three trypsins. Note that for each complex, there are some gaps in the alignment. Shaded lines indicate contacts
conserved in all of the family proteins examined. MC = main chain atoms; W = water atoms; SC = side chain atoms.
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Table 3. Chymotrypsin-bovine pancreatic trypsin inhibitor aligned contacts.

1p2n 1p2o 1p2q 1p2m

™ 11 192 11 192
n 13 215 13 215 13 215
] 14 57 14 57 14 57 14 57
] 14 215 14 215
] 15 190 15 191 15 191
] 15 195 15 195 15 195 15 195
n 15 213 15 213 15 213
n 15 215
] 15 216
] 16 195 16 195 16 195 16 195
] 17 39 17 39 17 39 17 39
n 17 151 17 151 17 151 17 151
n 19 39 19 39 19 39 19 39
] 34 192 34 192

17 40 17 40 17 40
m 13 216 13 216 13 216 13 216
m 15 193 15 193 15 193 15 193
] 15 195 15 195 15 195 15 195 MC-MC
] 15 214 15 214
m 17 41 17 41 17 41 17 41
] 39 96 39 96 39 96 39 96  MC-W-MC
m 12 218 12 218 12 218 12 218
] 39 92 39 96  MC-W-W-MC
] 40 96 40 96 40 96 40 926
] 15 195 15 195 15 195 15 195
] 16 195 16 195 16 195 16 195
n 17 40 17 40 17 40 17 40 MC-8C
] 39 97 39 97 39 97 39 97
] 17 149 17 149
] 37 94 37 94 37 94 37 94 MC-W-SC
m 12 218 12 218 12 218
m 20 58 20 58  MC-W-W-SC
] 39 94 39 94 39 94 39 94
] 17 150 17 150 17 150 17 150  SC-SC
] 17 150 17 150  SC-W-SC
m SC-W-W-SC
m 17 40 17 40 17 40 17 40

MC = main chain atoms; SC = side chain atoms, and W = water atoms.

If we compare these contacts with the complexes of thrombin, matriptase and kal-
likrein, we find only 3 conserved contacts that are co-located in all the complexes. They are a
hydrophobic contact between residue 14 of the BPTI and the 57 of the serine protease and two
main chain-main chain hydrogen bonds: residue 15 of BPTI with residues 193 and 195 of the
enzymes. See Figures 9 and 10.
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Figure 9. Conserved hydrophobic contact in all complexes (CYS14 from inhibitor with HIS57 from enzyme).
Inhibitor is shown in orange and enzyme in blue. Residues are presented in CPK (carbons in gray, oxygens in red,
nitrogens in blue, and sulfurs in yellow).

Figure 10. Conserved hydrogen bonds in all complexes. There are 2 hydrogen bonds that are conserved in all
complexes and they can be seen as a triangular constellation in the figures: the upper vertex is the oxygen of residue
15 and the bottom vertices are nitrogens from residues 193 and 195. The first bond is between residue 15 from the
inhibitor and residue 193 from the enzyme and the other is between the same residue 15 and residue 195 from the
enzyme. A. In this trypsin, we have LYS15 - GLY 193 and LYS15 - SER195. B. Here, we show the 3 residues of the
conserved hydrogen bonds of the 11 complexes, taken from the aligned structures. Residue 15 of the inhibitor varies
in all the complexes, but the enzyme residues 193 and 195 are always GLY and SER, respectively.

These two hydrogen bonds are very well known in the literature. After substrate binding
to the enzyme, the reaction begins with the hydroxyl group of SER195 making a nucleophilic at-
tack on the carbonyl carbon atom of the substrate. This changes the geometry around this carbon
atom from trigonal planar to tetrahedral. The inherently unstable tetrahedral intermediate formed
bears a formal negative charge on the oxygen atom derived from the carbonyl group. This charge
is stabilized by the hydrogen bonds between main chains of the GLY 193 and SER195. The site
where these interactions occur in the protein is termed an oxyanion hole.

Conservation of the contacts in other serine protease complexes available in PDB

The conserved contacts found in our dataset were found in all the BPTI complexes
present in PDB. We verified that even in several BPTI mutant complexes, the conserved con-
tact triplet is present in the interface of the proteins.
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Helland et al. (1999) determined ten complexes formed between bovine B-trypsins and
inhibitor residue 15 variants (GLY, ASP, GLU, GLN, THR, MET, LYS, HIS, PHE, TRP). All
complexes were crystallized under the same conditions. They found that all the mutant side
chains could be accommodated at the primary binding site of the enzyme, and we verified that
even with all these mutations, the hydrogen bonds are conserved for these complexes.

CONCLUSIONS

This paper proposes a novel method for PPI analysis. We did not find any other algo-
rithm which finds the pattern of PPIs in a family of complexes as we propose. We define novel
PPI maps that are maps of interactions between two bound proteins and present an algorithm
for comparison of these maps. The algorithm is based on the EMD and was solved by the
known transportation problem. We also show how this algorithm can be used to align contacts
of complex interfaces and to find patterns of interactions for similar complexes.

In our tests, we used the well-studied serine protease family and its more common in-
hibitor, BPTI. We used 11 complexes of BPTI, namely 4 with trypsins, 4 with chymotrypsins,
1 with thrombin, 1 with matriptase, and 1 with kallikrein. We found a pattern that was identi-
fied by our procedure in all the complexes of BPTI-serine proteases from the PDB structures
present in SCOP.

Many studies have been conducted on the interactions of BPTI with serine proteases.
The active site of the enzyme is well known as is the inhibition mechanism. It is known that
the hydrogen bonds are the most frequent and most important type of contacts that promote
binding between these two proteins. In analyzing the contacts present in trypsin, chymotrypsin,
thrombin, matriptase, and kallikrein interfaces with BPTI, we identified a set of 18 contacts
conserved in trypsins and 20 in chymotrypsins. The experiments show that there is a different
pattern of interaction for each subfamily of serine proteases.

In comparing the contacts in all the subfamilies, we found 3 contacts that are present in
all of them. They are a hydrophobic contact between CYS14 of the inhibitor and HIS57 of the
enzyme and two main chain-main chain hydrogen bonds between residue 15 of the inhibitor
and residues 193 and 195 of the enzyme. The hydrophobic interaction is formed by conserved
amino acid residues: one is a CYS which is conserved because it forms a disulfide bridge in
BPTI and the other is HIS57 of the inhibitor which is conserved because it is part of the cata-
lytic triad. In this case, we believe that the contact is conserved because the contact-forming
residues are conserved.

The two conserved hydrogen bonds are very important and well known in the literature
as the oxyanion hole. This site is formed by the backbone N atoms of the catalytic SER195 and
GLY 193 and engages the backbone O atom of the P1 residue of substrate in an important hy-
drogen bond interaction (Wilmouth et al., 2001). From kinetic and structural data, Bobofchak
et al. (2005) estimate that the hydrogen bond with GLY 193 contributes to the stabilization of
the ground and transition states of >1.5 kcal/mol but <3.0 kcal/mol. The hydrogen bond with
SER15 is also very important in the complex stability and its break was shown to be implicated
in the release of the substrate after the cleavage of the peptide bond (Topf et al., 2002). Helland
et al. (1999) showed that even when mutating residue 15, which is usually an LYS, with GLY,
ASP, GLU, GLN, THR, MET, LYS, HIS, PHE or TRP, the hydrogen bonds are conserved.
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The results for the tests with serine proteases are not new but are in agreement with data in
the literature. We still have to extend the application of our tests to other complexes of known struc-
tures, but the method seems to be very promising as the interactions involved in binding between two
proteins tend to be conserved for similar complexes, which makes the method very appropriate.
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