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The genomes of more than 100 species have been sequenced, and the biological func
tions of encoded proteins are now actively being researched. Protein function is 
based on interactions between proteins and other molecules. One approach to assum
ing protein function based on genomic sequence is to predict interactions between an 
encoded protein and other molecules. As a data source for such predictions, knowl
edge regarding known protein-small molecule interactions needs to be compiled. We 
have, therefore, surveyed interactions between proteins and other molecules in Pro
tein Data Bank (PDB), the protein three-dimensional (3D) structure database. Among 
20,685 entries in PDB (April, 2003), 4,189 types of small molecules were found to inter
act with proteins. Biologically relevant small molecules most often found in PDB 
were metal ions, such as calcium, zinc, and magnesium. Sugars and nucleotides were 
the next most common. These molecules are known to act as cofactors for enzymes 
and/or stabilizers of proteins. In each case of interactions between a protein and 
small molecule, we found preferred amino acid residues at the interaction sites. 
These preferences can be the basis for predicting protein function from genomic 
sequence and protein 3D structures. The data pertaining to these small molecules 
were collected in a database named Het-PDB Navi., which is freely available at http:// 
daisy.nagahama-i-bio.ac.jp/golab/hetpdbnavi.html and linked to the official PDB 
home page.
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One of the challenges in bioinformatics is to assign func
tions to proteins encoded in predicted open reading 
frames in genomic sequences. The current progress in 

genome sequencing projects has provided more than 20 
billion nucleotides of DNA sequence (1). An enormous 
number of proteins are encoded by these DNA sequences, 
and computational methods have been developed to 
obtain hints about their functions (2). Even with such 
efforts, the functions of about half of the proteins pre
dicted from genomic sequences remain unknown (3).

Protein function is based on interactions between pro
teins and other molecules. Enzymes interact with cofac
tors and substrates to catalyze chemical reactions, signal 
transducers interact with other proteins, and transcrip
tion factors interact with DNA to regulate transcription. 
In order to study the biological function of a predicted 

protein, knowledge of the cofactors that make the protein

 fold and work is required. An understanding of a pro
tein's modifications and interaction partners is also nec
essary. In short, one way to assume the biological func
tion of proteins is to predict the interactions between 

proteins and other molecules. A number of methods for 
predicting these interactions have been developed (4), 
but effective methods for postulating biological function 
remain to be established.
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Fundamental information regarding interactions 
between proteins and other molecules is found in PDB 
(5). Protein 3D structures are often determined in com

plexes with other molecules called heterogen molecules. 
The same heterogen molecules are often found complexed 
with different proteins. Therefore, atomic interactions 
between small molecules and proteins can be quantita
tively assessed, and a general tendency in interactions 
can be deduced. Classification of protein-heterogen mole
cule interactions is an initial step in understanding pref
erences in interactions and for developing novel methods 
for predicting protein function based on interactions with 
other molecules.

We have therefore, developed a heterogen molecule 
database, named Het-PDB Navi., to survey heterogen 
molecules in PDB and identify molecules for which

? 2004 The Japanese Biochemical Society.Vol. 135, No. 1, 2004 79



80 A. Yamaguchi et al.

Fig. 1. The top page of Het-PDB Navi. available at httpi// 
daisy.nagahama-i-bio.ac jp/golab/hetpdbnavi.html.

Fig. 2. Result of a heterogen molecule search. When a user 
searches PDB entries containing an ATP molecule, Het-PDB Navi . 
displays all the entries containing ATP with a link to the 3D struc

ture of each entry.

enough data is available to study their interactions sta
tistically. With Het-PDB Navi., one can survey PDB 
using the name of a heterogen molecule. The information 

given in Het-PDB Navi. is similar to that in PDBsum (6), 
but Het-PDB Navi. also provides lists of heterogen mole
cules grouped by their names. This article further deals 
with the preferences of amino acid residues at interaction 
sites for heterogen molecules.

Fig. 3. A list of heterogen molecules in PDB. The list contains 
three-letter identification of heterogen molecules, the number of 
PDB entries containing heterogen molecules, and the description of 
the molecules. The three-letter identification is linked to a list of 
PDB entries containing the heterogen molecule (Fig. 2).

MATERIALS AND METHODS

Extraction of Names of Small Molecules from PDB
Names and three-letter identification of heterogen mole
cules that interact with proteins were extracted from 
PDB (5). Each entry in PDB contains line-by-line infor
mation, and lines with HETNAM or HETATM in the first 
column contain three-letter identification and names of 
heterogen molecules. Heterogen molecules were classi
fied based on three-letter identification and stored in the 
database. Chemical modifications of proteins, such as 

phosphorylation and sugar attachment, were treated as 
heterogen molecules. Water molecules were not consid
ered as such.

Architecture of Het-PDB Navi.-Het-PDB Navi. is a 
text-based perl-driven database. The present Het-PDB 
Navi. accepts queries about heterogen molecules by 
three-letter identification or PDB ID, and then searches 
PDB entries (Fig. 1). When three-letter identification of a 
heterogen molecule is used as a query , all PDB entries 
with that heterogen molecule are shown (Fig . 2). The 3D 
structures of each entry can be seen by clicking the PDB 
ID, when Rasmol (7) is installed as a plug-in of the 
browser. When a protein is an enzyme , the database also 
shows the chemical reaction that the protein catalyzes . 
With this data and list of interacting molecules , it is pos
sible to assume whether the molecule is a cofactor or a 
substrate. A link to PDBsum (6) is also found here .

The database contains a list of three-letter identifica
tions of heterogen molecules with the name of each mole
cule (Fig. 3). When the three-letter identification of a het
erogen molecule is unknown, it can be found in the list 

given in the database. The database contains all PDB
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entries, and therefore, there are cases when identical 

protein-small molecule interactions are included multi
ple times. We considered that even with the same protein 
and heterogen molecule pair, the interactions between 
them may change due to crystallization conditions, and 
these differences may be biologically important. There 
are other cases where identical proteins have different 
heterogen molecules. Therefore, we did not select pro
teins by sequence identity. The database is freely availa
ble under the URL: http://daisy.nagahama-i-bio.ac.jp/ 
golab/hetpdbnavi.html, and linked to the official PDB 
home page. Data in Het-PDB Navi. are updated regularly.

Statistics of Heterogen Atoms in PDB Based on Het
PDB Navi.-The same heterogen molecules in PDB are 
often annotated with different three-letter identifica
tions. Therefore, classification of heterogen molecules 
was first done by automatically finding identical matches 
of three-letter identifications and then by manually com
paring real names of heterogen molecules. Statistical 
analyses on preferred amino acid residues and atoms 
that interact with heterogen molecules were carried out 
for molecules with a sufficiently large number of interac
tions. Protein-heterogen molecule interactions were 
defined as follows. A protein atom was determined to be 
bound to a metal ion, when the distance between them 
was less than the sum of the van der Waal radii of both 
atoms. For other heterogen molecules, a protein atom 
residing less than 4.OA away from one of the heterogen 
molecule atoms was defined to interact with the molecule.

For statistical analyses, identical interactions between 

identical proteins should not be counted twice. We 

employed the following steps to eliminate duplicate 

entries: (i) retrieve all PDB entries that interact with cer

tain heterogen atoms from Het-PDB Navi., (úA) calculate 

all-against-all identity of the amino acid sequences given 

in each entry and form clusters by a 30% sequence iden

tity threshold, (úB) build a multiple alignment in each 

cluster, (úC) eliminate duplicate entries with identical 

modes of binding to heterogen atoms with identical 

amino acid residues, and (v) count heterogen atoms and 

residues interacting with the heterogen atom found in 

entries remaining in the multiple alignment.

RESULTS AND DISCUSSION

Statistics in Het-PDB Navi.-In the April 2003 release 
of PDB, there were 35,557 heterogen molecules. These 
heterogen molecules were placed into 4,189 groups based 
on three-letter identification and chemical similarity. In 
PDB, similar molecules, such as hemes, are sometimes 
annotated by different three-letter identifications, like 
HEM, HEG, and HEC. Twenty-nine heterogens were 
found to account for about 64% of the heterogen mole
cules in PDB (Table 1). In table 1, numbers in parenthe
ses in the second column were obtained by eliminating 
identical entries. There were no obvious differences in 
fractions of heterogen atoms. Table 1 contains sulfate, 
chloride, sodium, glycerol, acetate, and phosphate ions, 
as well as ethanol and pentanediol, which are presuma
bly agents for protein crystallization. Many of these mol
ecules were artificially added and therefore not consid
ered to possess biological function. However, a case has 
been reported in which a sulfate ion was located at the

Table 1. The 29 most common heterogen molecules.

surface of the protein where phosphorous atoms from a 
DNA molecule were located in biologically active form (8). 
Sequence and structural motifs for nucleotide-binding 
sites were often found around a phosphate group, as in 
the case of P-loops (9), phosphate-binding helix-turn
helix modules (10), and others. Therefore, binding sites 
for artificial substances may also be biologically signifi
cant sites.

Table 1 shows the abundance of ions followed by nucle
otide-related and sugar-related molecules. The abun
dance of these molecules allowed us to perform statistical 
analyses on the interactions between these molecules 
and proteins.

Preferences for Metal-Ligating Residues-Of the top 29 
heterogen molecules in Table 1, 11 were metal ions. 
These metal ions are important components of enzyme 
active sites or stabilizers of protein 3D structures (11). 
When metal-ligating residues were analyzed for non
homologous proteins in PDB, every metal showed a dif
ferent preference (Fig. 4).

In PDB, there were 6,010 magnesium ions. There were 
1,868 non-homologous magnesium-binding sites, and the 
metal was bound to 8,984 atoms. Of these, more than half 
were an oxygen atom of water. The next most common 
group of atoms that bound a magnesium ion belonged to 
nucleotides such as ATP and GTR Ligation by nucle
otides was characteristic of this ion. The major atom that 
bound the ion was an oxygen atom in an aspartic acid
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Fig. 4. Preference of four metals for residues in metal-bind
ing sites of proteins. Numbers in each pie chart indicate the 

number of interactions. Different colors represent different types of 
residues: dark gray, nucleotide-related molecules such as ATP/GTP; 
white, protein main chain atoms; and light gray (at the top left), the 
sum of minor residues.

residue side chain. Aspartic acid is considered to be a 
dominant residue that ligates magnesium ions, and the 
metal has been found in the active site of DNA polymer
ase (12). The oxygen atom in the glutamic acid side chain 
was another major ligand for magnesium ions. The 
number of glutamic acid residues was about half the 
number of aspartic acid residues (Fig. 4). These statistics 
will be important for predicting magnesium-binding sites 
from genomic sequence and 3D protein structure (11, 13).

The second most common metal ion found in PDB was 
calcium. Of 4,898 calcium ions, 1,972 were bound to non
homologous proteins with 4,434 ligating atoms. The 
major ligand atoms belonged to side chains of aspartic or 
glutamic acid residues and water molecules (Fig. 4). A 
unique aspect of the calcium ion ligand was found in the 
dominance of amino acid main chain carbonyl groups 
(14). About one quarter of calcium ligands were oxygen 
atoms from carbonyl groups in the main chain of the pro
tein. The reason for this dominance has not been 
explained. We checked for relationships between ligation 
by main chain oxygen and protein fold or function, but 
found no correlations. Frequent ligation by main chain 
oxygen atoms of calcium ion ligands is one of the causes 
of difficulty in predicting calcium-binding sites from 
amino acid sequences.

The third most common group was a zinc ion, of which 
3,600 existed, which were grouped into 1,608 zinc ion 
binding sites with 2,505 ligating atoms. Zinc is consid
ered to be a soft ion, similar to a copper ion, and different 
from magnesium and calcium ions, which are called hard 
ions (15). The difference in the chemical characteristics of 
ions is reflected by differences in ligating atoms. The 
majority of atoms that bound zinc ions were sulfur atoms 
in cysteine side chains and nitrogen atoms in histidine 
side chains (Fig. 4). A similar tendency is found for cop

per ions. However, one quarter of atoms complexed with 
zinc ions were oxygen atoms in asparatic acid, glutamic 
acid, or water. Zinc ions have been considered to be rarely

Fig. 5. Preference for residues in ATP/GTP/NAD+/PLP-bind
ing sites of proteins. Numbers in each pie chart indicate the 
number of interactions. Different colors represent different types of 
residues. The white segment at the top left represents minor resi
dues.

ligated by oxygen atoms, but our survey results challenge 
this concept. In the case of copper ions, ligation by oxygen 
is rarely observed. The contribution from aspartic and 

glutamic acid residues to zinc ligation was similar to that 
for magnesium and calcium ions, but these two ions are 
rarely ligated by nitrogen atoms.

Preferences for Nucleotide-Binding Residues-The sec
ond largest group in Table 1 was nucleotides. Studies on 
binding sites for ATP/GTP have been reported (16). The 
residues that interact with ATP and GTP have been 
reported to be similar, despite the fact that ATP and GTP 
mediate distinct biological functions (16). In our study, 
the three most common residues that interact with ATP 
and GTP were the same as those from a previous study, 
namely, arginine, lysine, and glycine (Fig. 5). The first 
two are positively charged and are expected to interact 
with phosphorus groups of ATP and GTP. Glycine resi
dues have often been found at ATP and GTP-binding 
sites, which are supposed to interact with phosphorus

Fig. 6. Preference of mannose and glucose for residues in 
sugar-binding sites of proteins. Numbers in each pie chart indi
cate the number of interactions. Different colors represent different 

types of residues. The white segment at the top left represents 
minor residuess.
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groups. Following the top three residues, however, the 
next most common residues differed for ATP and GTP
binding sites. Phenylalanine and aliphatic residues were 
often found at ATP-binding sites, whereas tryptophan, 
aspartic acid, and glutamic acids were most often found 
at GTP-binding sites (Fig. 5). These differences, reported 
here for the first time, will contribute to predicting ATP
and GTP-binding sites in genome sequences and 3D 
structure of proteins.

Binding sites for NAD+ and NADPH molecules were 
often found in PDB and have been expected to have simi
lar residue preferences to those for ATP, because both 
molecules contain an adenine ring with a phosphorous 

group. As expected, both binding sites were abundant in 
glycine and arginine residues (Fig. 5). However, an abun
dance of lysine and phenylalanine, which were evident in 
ATP-binding sites, was not observed in NAD+-binding 
sites.

Pyridoxal phosphate (PLP) is another nucleotide-like 
molecule often found in PDB (Table 1). At the PLP-bind
ing sites, glycine, serine, and tyrosine residues were often 
found. An abundance of glycine residue was also found in 
ATP, GTP, and NAD+-binding sites, but an abundance of 
serine and tyrosine residues was specific to PLP-binding 
sites. The large number of lysine residues was explained 
by the fact that PLP often formed covalent interactions 
with protein molecules at lysine residue side chains (17). 
PLP is a molecule with phosphorus groups and hence 
expected to have electrostatic interactions with arginine 
residues. However, binding sites forrr PLP were not rich in 
arginine.

Preferences for Sugar-Binding Residues-Table 1 con
tained a reasonable number of sugar molecules, namely, 
glucosamine, mannose, glucose, galactose, and fucose. 
These sugar molecules are either enzyme substrates or 
products or sugars that are attached to protein surfaces. 
Interactions between sugar molecules, such as mannose 
or glucose, and proteins are known to be important for 
cell-cell interactions (18). However, few statistical analy
ses of sugar-protein interactions have been performed 
thus far. Figure 6 illustrates differences in amino acid 
residue preferences at mannose and glucose-binding 
sites. In PDB, there were 1,859 mannose molecules 
(Table 1). Homologous interactions between mannose 
and proteins were eliminated by sequence identity 
between proteins, resulting in a total of 1,892 interacting 
residues. Mannose is known to bind covalently to an 
aspartic acid residue side chain. However, we found no 
obvious preferential interactions between mannose and 
aspartic acid residues. The interactions showed no obvi
ous preferences in amino acid residues.

Glucose is a two-epimer of mannose with exactly the 
same molecular weight as mannose. This chemical prop
erty suggested that both sugars might interact with pro
teins in a similar way. In PDB, there were 1,346 glucose 
molecules (Table 1) and 2,905 interacting residues. In the 
case of glucose-protein interactions, residues with nega
tive charges or aromatic rings were preferred (Fig. 6). 
Differences in interactions between sugars and proteins 
may relate to functional differences in the proteins that 
interact with the sugar. For instance, mannose is often 
found in glycoproteins, while glucose takes part in cellu
lar respiration and metabolic pathways. Knowledge of

the preferred residues for interactions between proteins 
and specific sugar molecules will pave the way for pre
dicting and designing protein-sugar interactions.

Genome sequencing and structural genomics projects 
will supply a tremendous amount of data on the biologi
cal functions of proteins. In PDB, we now have enough 
structural data to study interactions between proteins 
and metals, nucleotides, or sugars. The discovery of pat
terns in these interactions may provide a basis for pre
dicting interactions between small molecules and pro
teins. Het-PDB Navi. will provide basic knowledge on 
interactions between proteins and small molecules.
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