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Abstract

The identification of protein biochemical functions based on their three-dimensional structures is strongly
required in the post-genome-sequencing era. We have developed a new method to identify and predict
protein biochemical functions using the similarity information of molecular surface geometries and elec-
trostatic potentials on the surfaces. Our prediction system consists of a similarity search method based on
a clique search algorithm and the molecular surface database eF-site (electrostatic surface of functional-site
in proteins). Using this system, functional sites similar to those of phosphoenoylpyruvate carboxy kinase
were detected in several mononucleotide-binding proteins, which have different folds. We also applied our
method to a hypothetical protein, MJ0226 from Methanococcus jannaschii, and detected the mononucleo-
tide binding site from the similarity to other proteins having different folds.
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With the progress of genome projects, more than 60 geno-
mic sequences have already been provided. However, large
fractions of the gene products have not been annotated, and
even when annotations were assumed, not all of them might
be reliable due to the inherent ambiguity in functional in-
ference using conventional methods based mainly on se-
quence homology (Devos and Valencia 2000; Wilson et al.
2000; Aloy et al. 2001; Teichmann et al. 2001). To extend
our understanding of genomes in light of biological conse-
quences, we should overcome this difficulty and try to iden-
tify the functions of gene products encoded on the genomic
sequences.

The protein function is considered to have two different
aspects: a biological function and a biochemical function.
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From the viewpoint of molecular biology, the former func-
tion could be described in terms of protein—protein interac-
tions, whereas the latter should be directly related to each
protein structure. Our goal in the present study was to de-
velop a reliable method to predict the biochemical functions
of proteins from their three-dimensional (3D) structures.

Our approach is to search for similar substructures of
known proteins against hypothetical proteins. Currently, it
is well known that fold-level similarity can give us only a
limited amount of information regarding the hypothetical
proteins’ function (Thornton et al. 2000; Todd et al. 2002).
Thus, our method should be able to detect the similarities
among proteins that have different folds. For that purpose,
we focused our attention on the local structures of the func-
tional sites in proteins.

In particular, we describe the protein structure based on
the molecular surfaces of the proteins and the electrostatic
potential on the surface, in order to discriminate the phys-
icochemical differences in the local surface.
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Several approaches have been proposed based on mo-
lecular surface geometry (Rosen et al. 1998; Exner et al.
2002a,b; Heifetz et al. 2002; Venkatachalam et al. 2003). In
these methods, for the purpose of reducing the computation
time of the similarity search, the number of vertices describ-
ing the molecular surface is reduced, or the search space is
limited by using a grid-based search algorithm. These re-
ductions might cause trouble such that the same molecule
would not be identified when it is put on a different coor-
dinate system. Thus, we did not reduce the surface points
and developed a new method based on a clique search al-
gorithm (Kinoshita et al. 2002).

For the system to predict a protein’s biochemical function
from its 3D structure, a database for protein functional sites
and a similarity search method against the database are re-
quired. For the functional site database, we constructed a
database called eF-site (electrostatic surface of functional-
site in proteins), which is available on the Web at http://ef-
site.protein.osaka-u.ac.jp/eF-site. In the database, the mo-
lecular surfaces of many protein molecules with their elec-
trostatic potentials on the surfaces are contained. The

Surface A Surface B

information about the functional residues is also stored.
Each molecular surface was generated by Connolly’s algo-
rithm (Connolly 1983), and the electrostatic potential was
calculated by numerically solving Poisson-Boltzmann equa-
tions with a precise continuum model (Nakamura and
Nishida 1987). We have already registered more than 7000
entries in the eF-site database, and 1684 entries were se-
lected as the representative functional surfaces according to
the local surface similarity, as described below. It should be
noted that the redundancy, which we eliminated to select a
set of representatives, is not based on the homology but on
the atomic configuration of the binding site (Kinoshita et al.
1999). Thus, some homologs could be selected as different
representatives according to the different binding condi-
tions, such as those crystallized with different ligands and/or
with point mutations. These representative entries were
used for the following studies.

Our search method is an application of the graph theorem
using the particular descriptors for the surface geometry and
the physicochemical properties of a protein’s molecular sur-
face. In fact, there are a set of curvatures at each vertex
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Figure 1. Search algorithm and calculation of curvature. (A) The molecular surface was calculated using Connolly’s algorithm (Connolly 1983) and is
represented by a set of triangular meshes. Properties such as electrostatic potential were also considered and were added at each vertex. Our search method
is based on the clique search algorithm known in the mathematical field of the graph theorem. A graph is made from nodes and edges. Here, each node
is considered as a pair of vertices with similar electrostatic potentials (V) and curvatures (A™") at the vertices. All possible combinations of the nodes were
then examined. Similarity was defined as absolute differences in the electrostatic potential and curvatures less than 0.04 and 0.2, respectively. With this
definition of the nodes, each pair of nodes specifies the pairs of vertices, one from Surface A and the other from Surface B. When the pairs of vertices have
similar mutual distances, an edge between the pairs of nodes is drawn. Similarity was defined as an absolute difference in the mutual distance less than
1.5 A. We then have a graph for a pair of surfaces to be compared. In this graph, we focus our attention on the special subgraph called “clique.” Clique
is a subgraph all of whose nodes are connected by edges. In a clique, the corresponding vertices then have a similar spatial arrangement. Thus, the problem
when searching for a similar subsurface is to find the largest clique in the graph. To search for the largest clique from a given graph, we used an established
algorithm by Bron and Kerbosch (1973). (B) Curvature at a vertex P was calculated by considering the normal cross-section at point P. The normal
cross-section is a crossing line between the normal plane and the molecular surface. The cross-section was approximated with a second-order polynomial,
and the curvature was determined from its coefficient. According to the freedom of the normal planes around a normal vector at point P, a set of curvatures
was calculated for each normal plane obtained by rotating the plane around the normal vector. We obtained the maximum and minimum curvatures by
rotating the normal plane from 0° to 180° with a step of 5°, and used them to describe the surface geometry at each vertex.
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forming the molecular surface (Fig. 1) and the electrostatic
potential at the vertex. From a mathematical viewpoint, the
geometric feature of each vertex at a local surface can be
described by two principal curvatures. Among the various
principal curvatures, a combination of the maximum and
minimum curvatures was found to be the best descriptor
which is more sensitive than the conventional combination
of the mean curvature and Gaussian curvatures. Thus, dur-
ing graph construction, the nodes were assumed when these
descriptors as the properties of each vertex were similar
between the two molecular surfaces. The edges between

these nodes were then connected when the mutual distances
between the vertices were also similar (Fig. 1A). This pro-
cedure for forming a nondirected graph was found to be
much more effective at identifying the similar local molecu-
lar surface than our previous algorithm (Kinoshita et al.
2002), which was more sensitive to local structural changes
than the current method, and so even a small structural
change or structural difference would significantly alter the
description of molecular surfaces. Finally, the largest clique
was found for the graph using the conventional exhaustive
search algorithm (Bron and Kerbosch 1973).
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Figure 2. (Continued on next page)
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With this search method and the eF-site database, we first
examined whether our method could detect any similarity
beyond the fold level. As an example, we studied the func-
tional similarity, which was recently noted (Tari et al. 1996)
among phosphoenoylpyruvate carboxy kinase (PCK; SCOP:
c.19; Lo Conte et al. 2002) and “some p-loop containing tri-
phosphate hydrolase fold (SCOP: ¢.37).” In these cases, pro-
tein folds are quite different, as seen in the different SCOP
classification number and the different 3-sheet topologies.

By using the whole surface of PCK (PDB: layl) as a
query, a similarity search was carried out against the rep-
resentative eF-site entries. The search results for PCK are
shown in Figure 2. The three proteins homologous to PCK
and two proteins with different SCOP folds (Fig. 2B,C.E)
were detected with a relatively high similarity score (Z-
score =3.0), and were followed by F1 ATPase (PDB: lelq,
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SCOP: ¢.37.1.1, Z-score = 2.8), CheA (PDB: 1i5b, SCOP:
d.122.1.3, Z-score = 2.8), and some others with mono-
nucleotide binding proteins. The two nonhomologous en-
tries with high Z-scores are ferredoxin-NADP*-oxidoreduc-
tase (FNR) complexed with adenosine-2'-5'-diphosphate
(PDB: 1fnc, SCOP: c.25.1.1, Z-score = 3.3) and tryptopha-
nyl-tRNA synthetase (TrpRS) complexed with tryptopha-
nyl-5" AMP (PDB: 1i6k, SCOP: ¢.26.1.1, Z-score = 3.1),
both of which bind mononucleotides as well as PCK. In
both cases, similarities were partially observed around the
ligand binding site. The local surface geometry and property
are similar around the adenosine base and sugar binding part
in the former case (Fig. 2D), and around the phosphate
binding part in the latter case (Fig. 2F).

The relationship between their biochemical functions and
the observed similarities is not clear. However, it is inter-

Figure 2. (A) Search results for PCK against the 1684 representative entries in the eF-site database. The similarity score was
normalized by the Z-score. (B) Ribbon and surface models of PCK (PDB: layl). Ribbon view is colored from blue to red via green
from N terminus to C terminus of the protein. Surface model was colored according to the electrostatic potential at the surface, where
blue and red indicate the positive and the negative potentials, respectively. The ligand molecule is represented by a ball-and-stick model
in both models to indicate the ligand binding site. (C) Same as B for FNR (PDB: 1fnc). (D) Close-up view for the corresponding
subsurface between PCK and FNR detected by the similarity search. The ball-and-stick models indicate the bound ligands in both
complexed models. (E) Same as B for TrpRS (PDB: 1i6k). (F) Same as D for PCK and TrpRS. B-F were drawn using MOLSCRIPT

(Kraulis 1991) and Raster3d (Merritt and Murphy 1994).
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esting that the similar detected surfaces are somewhat re-
lated to their biochemical functions. For the pair with com-
pletely different biochemical functions of PCK and FNR, a
similarity was observed around the common adenosine
base. In contrast, for the latter pair of PCK and TrpRS, both
of which use the phosphate for their enzymatic reactions, a
similarity was detected only around the phosphate binding
sites. As a consequence, recognition of the adenine moiety
is common in the former pair, and the enzymatic reaction to
break a phosphodiester bond is common in the latter pair.
Both the molecular recognition and enzymatic reaction are
parts of the chemical function of proteins, and we may
expect that the subsurface similarity corresponds with the

partially similar chemical functions. Other similarity
searches to identify the functional site surfaces, such as for
the serine proteases, were also successfully performed, as
well as in our previous study (Kinoshita et al. 2002).
These successful results encouraged us to apply our
method to some hypothetical proteins as a structural genom-
ics research. Here, we show a result for the MJ0226 free
form (PDB: 1b78) from Methanococcus jannaschii because
their ligand was experimentally identified. When the 3D
structure of this protein was first determined, the fold was
new (Hwang et al. 1999), and the overall similarity in the
fold level did not work to annotate its function. However, a
partial similarity to several mononucleotide related proteins
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Figure 3. (Continued on next page)
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was observed by Hwang et al. (1999). Based on their ob-
servation, they predicted the mononucleotide binding ability
of this protein and proved it directly by solving the complex
with the ATP analog, which was then registered with the
PDB as 2mjp. This is an excellent example of the structure-
based function prediction.

We calculated the molecular surface of the free form of
this protein, MJ0226 (1b78), and a similarity search was
done against the same representative eF-site entries used
above. As shown in Figure 3A, the first-ranked entry (Z-
score = 5.9) is the complexed form of the same protein, and
so it is trivial. The interesting results can be seen in the

Figure 3. (A) Same as Figure 2A for MJ0226 free form. (B) Same as Figure 2B for MJ0226 free form (PDB: 1b78). (C) Same as B
for FPGS (PDB: 1jbv). (D) Same as Figure 2D but between the MJ0226 free form and FPGS. It should be noted that ATP shown in
the close view of MJ0226 was taken from the complex form according to the superimposition between the complex form and the free
form. (E) Same as B for PK (PDB: 1a49). (F) Same as D but between MJ0226 and PK1b78. B—F were drawn using MOLSCRIPT

(Kraulis 1991) and Raster3d (Merritt and Murphy 1994).
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second- and third-ranked entries: the folylpolyglutamate
synthetase (FPGS) complexed with an ATP analog (PDB:
1jbv, Z-score = 4.2) and pyruvate kinase (PK) complexed
with an ATP (PDB: 1a49, Z-score = 4.1), respectively.

The folds of these detected entries are completely differ-
ent from that of MJ0226 (SCOP: c.51.4.1 for MJ0226,
¢.72.2.2 for FPGS, and c.49.1.1 for PK), and the entire
molecular surfaces are also different (Fig. 3B,C,E). In con-
trast, the local subsurfaces around the binding sites are very
similar, as shown in Figure 3D,F. We used the whole sur-
face of the free form of MJ0226, and so the query contained
no ligand molecules. The location of the ATP analog was
modeled by superimposing the molecular surfaces of the
free and the complexed forms of MJ0226, and they are
shown in Figure 3D,F. As can be seen in these complexed
models and the complex structures we detected, our method
successfully detected the binding site of the mononucleotide
of this hypothetical protein. However, the binding mode of
the mononucleotide is somewhat different from that of
FPGS and that of PK (Fig. 3D,F), which might indicate the
different biochemical functions between this hypothetical
protein and the detected proteins. These precise binding
modes may be further discriminated by examining the
atomic configurations in detail around the functional site
(Wallance et al. 1997; Kinoshita et al. 1999).

Several other applications to the proteins without any
functional information are now underway with the collabo-
ration of X-ray crystallographers. Some of the successful
results, including the conserved protein TT1542 from Ther-
mus thermophilus HB8, will be published in the near future.

In summary, using the current search system for the mo-
lecular surface similarity, we successfully predicted what
the ligand is and where it binds to this hypothetical protein,
even though there are no known proteins with similar folds
or homologous sequences in the databases. However, iden-
tifying the precise binding mode of the ligand is still a
difficult task for prediction.
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