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1 Introduction

One of the most important goals in molecular biology is to elucidate the relationship among sequence,
structure, function and properties of biomolecules. Such knowledge would enable us to design the
modifications of biomolecules for particular functions, and drugs to modify the function and property
of biomolecules. Now, the number of entries in the Protein Data Bank (PDB) is over 10,000. These
prized structural data should be used to understand the molecular mechanism of structural integrity
and stability of biomolecules. The functionally important sites such as active sites in enzyme and
ligand binding sites tend to be conserved among a family of proteins. The conserved amino acid
sequences are called motif, and many motifs have been known so far. The physico-chemical properties
of biomolecules are studied by various biophysical and biochemical methods. The structure, function
and property of biomolecules are often closely related, but it is usually difficult to infer the relation
from individual data. Thus, if researchers are interested in the structure of particular molecules and
its relationship with function and physico-chemical properties, they usually need to examine several
databases and literatures to obtain the information of their interest. On the other hand, structure
comparison is one of the most important and interesting subject of bioinformatics because it plays a
key role in structure classification, structure search, motif detection, function prediction, and so on.

It would be useful to have an integrated environment where one can examine the relationship
among sequence, structure, function and property of biomolecules based on databases and a lot of
search, analysis and visualization tools.

2 An Integrated Environment for Biomolecule Information

2.1 3DinSight: an integrated database

We have developed an integrated database of structure, function and property of biomolecules, called
3DinSight [1, 2], by focusing on the following points:

(1) Integrate PDB’s structure, PROSITE’s motif, PMD’s Mutations and a lot of data of amino acid
property into a relational database. The motifs and mutations are mapped to the 3D structures;

(2) Provide strong and flexible programs to search the database by keywords, sequences, motifs, and
so on, which are very difficult for the original flat-formatted databases;

(3) Provide a World-Wide-Web (WWW) interface so that researchers around the world can access
to the data and can carry out searches easily;



(4) Visualize the relationship among structure, functional sites and property automatically in 3D
space, together with the link to associated document information.

2.2 Towards an integrated environment: new databases and tools
We are developing following new databases and tools, which are integrated to 3DinSight:

1) Thermodynamic Database for Proteins and Mutants(ProTherm)[3], which is a collection of vari-
ous thermodynamic data such as Gibbs free energy, enthalpy, heat capacity, and so on of proteins
and mutants. now over 5,000 entries are loaded in the database. This database and search tool

will help researchers in studying the mechanism of stability of proteins and mutants.
2) Protein-Nucleic Acid Recognition Database, it consists of

2.1) Protein-Nucleic Acid Complex Database, which is a collection of structural data of protein-
nucleic acid complex. The database enables users to examine sequence-dependent DNA
conformation in a form of table or graph. We plan to implement information on the
conformation changes of protein upon complexation, and create interface to extract detailed

information about base-amino acid interactions from the complex structure.
2.2) Database of Base-Amino Acid Interactions, which collects pairs of atoms between bases and

amino acids within 4 angstrom into a database table. User can specify residue names (base
and amino acid), atom types (they can be checked by clicking “Atom Name”) and side-
chain/backbone to search the database. After the search, all the atom pairs with distance
values will be displayed and all the atom pairs will be highlighted in the complex structure
if you want to show the image. Thus, users can examine the specific interactions between

base and amino acids in each structure.
2.3) Thermodynamic Database for Protein-Nucleic Acid Interactions, which collects various

thermodynamic data on interaction between proteins and nucleic acids;
2.4) Tools for the predictions of binding sites and target genes of transcription factors.

These databases and search tool will provide users with insight into the mechanism of protein-

nucleic acid recognition from various aspects.
3) Protein-Ligand Database, which collects all ligands and the binding information with proteins

from PDB. The ligand can be search by name, formula, structure and binding conditions.
4) Structure analysis tools of proteins, which are based on a novel method called Delaunay tessellation[4].

The interior space of the protein can be uniquely divided into Delaunay tetrahedra whose ver-
tices are the C'a atom positions. Then one unique code can be assigned to each tetrahedra by
the vertex residues and four surrounding tetrahedron. Because the structure is represented in a
string of digits, more easily and rapidly programs of structure analysis tools can be developed.
The tools include structure classification, 3D structure searching of proteins, motif detection,
and so on.
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Abstract—An amino acid sequence pattern conserved among afamily of proteinsis called motif. It isusually
related to the specific function of the family. On the other hand, functions of proteins are realized through their
3D structures. Specific local structures, called structural motifs, are considered as related to their functions.
However, searching for common structural motifsin different proteinsis much more difficult than for common
sequence motifs. We are attempting in this study to convert the information about the structural motifsinto a
set of one-dimensional digital strings, i.e., a set of codes, to compare them more easily by computer and to
investigate their relationship to functions more quantitatively. By applying the Delaunay tessellation to a 3D
structure of aprotein, we can assign each local structure to aunique code that is defined so asto reflect its struc-
tural feature. Since astructural motif is defined as a set of the local structuresin this paper, the structural motif
is represented by a set of the codes. In order to examine the ability of the set of the codes to distinguish differ-
ences among the sets of local structureswith agiven PROSITE pattern that contain both true and fal se positives,
we clustered them by introducing a similarity measure among the set of the codes. The obtained clustering
shows a good agreement with other results by direct structural comparison methods such as a superposition
method. The structural motifs in homologous proteins are also properly clustered according to their sources.
These results suggest that the structural motifs can be well characterized by these sets of the codes, and that the

method can be utilized in comparing structural motifs and relating them with function.

Key words. motif, three-dimensional structure, Delaunay tessellation

INTRODUCTION

Functions of proteins are usually derived from
some specific sites, such as active sitesin enzyme and
ligand binding sites. The three-dimensional (3D)
structures of such sites (structural motifs) are one of
the most important factors for understanding the func-
tion of the proteins. However, most databases, such as
PROSITE [1], BLOCKS[2], and PRINT [3], are col-
lecting the motifs by analyses of amino acid
sequences, i.e., define the motifs as sequence patterns
or profiles. The sequence pattern can be readily used
for searching the same motif in other protein
sequences. However, if the sequence pattern is short
or ambiguous, many false positives, i.e., incorrect pro-
teins with different functions are picked up together
with true positives, because a significance of differ-
encesin the sequencesis underestimated. On the other
hand, if the sequence pattern is too specific or strict,
many false negatives occur, i.e., many proteins with
the desired function are missing in detected proteins,
because even slight differences in the sequence from
the given sequence pattern are not allowed. As far as
the sequence information alone is used for finding
motifs, we cannot overcome the limitations in mini-

mizing these false positives and false negatives. One
of thereasonsfor such limitations are that afunctional
site in a protein usually consists of severa regions
which are separated along the polypeptide chain, but
closeto each other in space. In this sense the structural
information must help to improve this situation.

Nowadays, alarge number of 3D structures of pro-
teins are known. Thelist of entriesin the Protein Data
Bank (PDB) [4, 5]; exceeds 15,000 and is expected to
increase drastically owing to the progress of structural
genomics in near future. Although it is well known
that the structural information is useful and required,
it is more difficult to derive common features in the
3D structures from different proteins than thosein the
sequences. The difficulty mainly comes from the
dimensionalities of the sequence and structure (one
and three dimensions, respectively). Therefore, it is
useful to devel op asimpleway to characterize specific
3D local structures, i.e., structural motifs, in a one-
dimensional description. Previously, one of the
authors has devel oped the method to represent protein
local structures by adigital string, i.e., code [6] using
the Delaunay tessellation. It has been shown that the
method can represent characteristic features of the
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local structures properly; for example, it can classify
the secondary structures more closely with respect to
the residues surrounding them.

In this study we are interested in structural motifs
that are larger in size than those considered by Wako
and Yamato (local structure represented by one code)
and usually consist of more than one code. Conse-
quently, it is necessary to introduce some similarity
measure to compare the structural motifs in terms of
those codes. We introduced a simple measure of dis-
tance between the set of codes to evaluate similarity
between structural motifs. The similarity measure
was, then, applied to the structural motifs to cluster
them (in this paper, theterm local structureis used for
the local structure represented by one code defined by
Wako and Yamato; the term structural motif is used
for a set of the local structures containing a given
PROSITE sequence pattern, irrespective of whether it
is true or false positive of the pattern). Two points
were examined. Firstly, can the false positives be dis-
tinguished from the true ones? The structural motifs of
false positives should be different from those of the
true positive proteins. Secondly, can the structural
motifs of the true positives be clustered in some mean-
ingful manner? Their structures should resemble each
other, but may differ to some extent. If the clustering
provides some meaningful results with respect to
functions, the sets of codes assigned to the structural
motifs can be said to bear useful information about
their 3D structures to distinguish protein functions.

ALGORITHM FOR CODING LOCAL
STRUCTURES

The program to code 3D local structures is based
on the method called Delaunay tessellation [6], which
uniquely divides the interior space of a protein into
nonoverlapping volume elements named Delaunay
tetrahedrons. Since each residue is represented only
by aCa atom in that method, the vertices of Delaunay
tetrahedrons are the Ca atom positions. One unique
code (string of digits) is assigned to each tetrahedron
according to the four vertex residues on the relevant
tetrahedron and at most four more vertex residues on
the tetrahedrons surrounding it. Finally, a set of the
codes assigned to these five tetrahedronsis assigned to
the relevant tetrahedron as its own code. The coding
rules are briefly summarized as follows (see [6] for
more detail);

Step 1: Represent each residue in a given protein
only by its Ca atom.

Step 2: Apply the Delaunay tessellation to the 3D
structure of the protein.

Step 3: Consider a Delaunay tetrahedron, say, T,,.

AN et al.

Step 3.1: Number four vertices of T, with the digit
1 to 4 according to the increasing order of their resi-
due numbers.

Step 3.2: Number the vertex residues of the sur-
rounding tetrahedrons of T, that share one facet with
T, say, T,, T,, T5, and T,, with the digits 5 to 8,
respectively, irrespective of their residue number (the
residues on the shared facet with T, are excluded,
because they are numbered in Step 3.1).

Step 3.3: Rearrange these digitsin increasing order
of the corresponding residue numbers.

Step 3.4: Assign these four to eight digits (the num-
ber of digits depends on the number of tetrahedrons
surrounding T,) to T, as the code.

Step 4: Assign the code to every tetrahedron in the
given protein.

Step 5: Re-assign a set of five codes of T, T, T,,
T;, and T, to T, asits own code.

In this paper alocal structure is defined as a set of
residues related to such five tetrahedrons. These resi-
dues are not necessarily consecutive along the
polypeptide chain. In most cases they are localized in
two or three separate regions of the chain. But, of
course, they are close to each other in space.

ANALY SIS OF STRUCTURAL MOTIFS

In order to examine the ability of our codes for
characterizing 3D structures of proteins, we coded all
the protein structures in PDB and analyzed them. It
has been already shown that these codes are useful to
represent local structure features, that is, the local
structures with the same code have 3D structures sim-
ilar to each other [6]. We are now studying local struc-
tures larger in size, i.e., structural motifs, than those
studied in that paper. Since we will focus our attention
on the structural motif related to the PROSITE
sequence pattern in this paper, the term structural
motif is used in the more restricted meaning as fol-
lows.

For agiven protein, consider the residues consecu-
tively connected along the polypeptide chain and con-
taining a given PROSITE sequence pattern com-
pletely. The first and last residues must be the ones
given in the PROSITE pattern. Some of the tetrahe-
drons obtained by the Delaunay tessellation of the
protein contain these residues. We define the struc-
tural motif as a set of residues that are contained in
such tetrahedrons. Therefore, it should be noted that
many residues separated from the given PROSITE
pattern along the chain, but near to it in space are
included in the structural motif defined here.

The structural motif is represented by a set of
codes for these tetrahedrons. Our interest is whether
or not the differences between the structural motifs

MOLECULAR BIOLOGY Vol. 35 No.6 2001
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can be distinguished in terms of these codes. For this
purpose, we introduce at first the similarity measure
between the sets of codes.

M easur e of Distance between Code Sets

In order to evaluate similarity between structural
motifswe define a distance between two code sets cor-
responding to the structural motifs of two proteinsin
the following manner.

Consider two code setsA={A, A,, ..., A} and B=
{Bh BZ’ cees Bn}a where A1 = {a107 ailg Qp, a3, a14} (I =
1,....,mandB,={bgb,,b,bs b, (=1,...,n.nand
m are the total numbers of tetrahedrons in the struc-
tural motifs, respectively. The distance between the
two code sets A and B is defined as follows:

Distance(A, B)

_ ,_(Smilarity(A —- B) + Similarity(B — A))
m+n ’

m 4
- - . D n D DD
Smilarity(A—B) = %nffﬁz (S« ka%’
=0

i=1

"Om 02 il
Smilarity(B— A) =y Max0y (S OViL:

S0 S i

Sj,k = 1 |f a.ik: bjk or bik: ajk, O'[heI'WI%O. Vk (0 < Vk< 1,

v o Vi = 1) is aweighting factor. They can be set
arbitrarily, but we set them so asto emphasize the sig-
nificance of the code g, or by, for the central tetrahe-
dron; V,=0.6and V,=V,=V;=V,=0.1.

Clustering Structural Motifs

The distance between two code sets, i.e., between
two structural motifs in different proteins, defined
above was applied to protein sets with a given PROS-
ITE motif to cluster them. These structures are
expected to contain some pairs resembling with each
other very much or moderately (e.g., pairs of the true
positives of the PROSITE motif) and others different
from each other (e.g., pairs of the true and false posi-
tives), even if they have the same PROSITE sequence
motif. We examined the ability of the code setsand the
similarity measure among them defined above to dis-
tinguish such similarity and difference.

Figure 1 shows an example of the clustering anal-
ysis for the structural motifs with 19-residue pattern,
Lactalbumin_lysozyme, C—x(3)-C—x(2)-[LMF]-x(3)-
[DEN]-LI]-x(5)-C (PS00128), which is involved in
sugar metabolism (the structural motifs are denoted
by the PDB entry codes of the proteinsthat contain the
structural motifs). In this example, since all the struc-
tural motifs are true positive, their 3D structures are
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very similar to each other, except for 1hwa (lysozyme;
determined by NMR; minimized average structure),
which has remarkably different from the others.
Kasuya and Thornton [7] compared these structures
with respect to the root-mean-square differences and
obtained the same result.

The structural motifs except for lhwa are further
divided into the two clusters, a-lactalbumin and
lysozyme, in Fig. 1. Although few proteins belong to
wrong clusters, the clustering seems to be carried out
properly in general. In the lysozyme cluster the two
and one major clusters from human and chicken,
respectively, arewell recognized. Thelysozymesfrom
other species of birds, such as quail, guineafowl, tur-
key, and pheasant, seem also to be clustered properly.
As for the lysozymes from mammalian except for
human, lysozyme from Australian echidna is con-
tained in the a-lactalbumin cluster and that from horse
is located in the most outer group of the lysozyme
cluster.

Figure 2 shows another example of Peroxidase 1
with a 11-residue pattern [DET]-LIVMTA]-
x(2)-[LIVM]-[LIVMSTAG]-[SAG]-[LIVMSTAG]-
H-[STA]-[LIVMFY] (PS00435), which isinvolved in
various biosynthetic and degradation functions. The
clustering divided the proteins with this sequence
motif into the two major groups: Group 1 includesthe
false positives for this PROSITE motif, cathepsin B
fromrat (ImirA, 1mirB, 1theA, 1theB, 1cpjA, 1cpjB,
1cteA, 1cteB). Group 2, the cluster of the remaining
proteins, can be divided further into several sub-
groups. The groups of CO dehydrogenase (1gj2l and
1gj2C) and glucose oxidase (1gpeB and 1gpeA) are
false positive. The groups of myeloperoxidase from
dog (ImypD, 1mypC,) and human (1ImhiD, 1mhIC)
located in the outer cluster are true positives, but have
different 3D structures from other peroxidases, as
shown by Kasuya and Thornton [7]. The remaining
are peroxidases, and true positives for this PROSITE
motif. Their major subgroups, cytochrome ¢ peroxi-
dase from baker’s yeast, lignin peroxidase from white
rot basidiomycete, and peroxidase from Arthromyces
ramosus and from horseradish, are well clustered.

DISCUSSION

Although motifs of proteins are usually described
by sequence patterns, they are only parts of the struc-
tural motifs. It iswell recognized that the local struc-
tures should be taken into consideration to understand
the function of the protein. The coding method apply-
ing the Delaunay tessellation has been originally
developed for characterizing local structures, and
shown that it is useful for that purpose. On the other
hand, in this paper, we consider local 3D structures
larger in size than those in the original paper and
examineif the sets of codes representing them are use-
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Fig. 1. Clustering of the proteins with Lactalbumin_lysozyme PROSITE motif, C—x(3)-C—x(2)-[LMF]—x(3)-[DEN]-[LI]-x(5)—

C (PS00128). D, @, @), and @ are human, goat, bovine, and Guinea pig a-lactalbumins, respectively. The remaining are
lysozyme from human (h), chicken (without symbols), Japanese quail (j), quail (q), Guineafowl (f), turkey (t), pheasant (p), Aus-
tralian echidna (e), and rainbow trout (r).
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Fig. 2. Clustering of the proteins with Peroxidase 1 PROSITE motif, [DET]{LIVMTA]X(2)-{LIVM]-{LIVMSTAG]{SAG]-
[LIVMSTAG]-H-{STA]{LIVMFY] (PS00435). Lignin peroxidase from white rot basidiomycete ((7)); manganese peroxidase

from a basidiomycete ((2)); peroxidase from Arthromyces ramosus ((3)), from peanut ((4)), and from horseradish (()); peroxi-
dase 1 from barley ((6)); ascorbate peroxidase from pea ((7)); cytochrome c peroxidase from baker’s yeast (without symbols);
myeloperoxidase from dog ((8)) and from human ((9)); cathepsin B from rat (a); CO dehydrogenase from Pseudomonas carbox-

ydovarans (b); glucose oxidase from Penicillium amagasakiense (c).
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ful to distinguish the differences between the struc-
tures. The above results indicate that the method pre-
sented here have the good ability to properly cluster
the mixed set of structures with the same PROSITE
sequence pattern, i.e., not only true and false posi-
tives, but also the homologous proteins. This is
because the sets of the codes include the information
not only about the secondary structure contents, but
also about the network (interactions) among them.

One of the problemsin this method isthat there are
an enormous number of codes. It means that the codes
are sensitive to the local structure differences. The
sensitivity of the codes, however, has both merit and
demerit. The merit is that the codes can detect the
small differencesin the structures. The demerit is that
similar structures (structures that seem similar for us)
cannot be detected as a similar structure in some
cases, because they are assigned to different codes.
The similarity measure between the code sets were
introduced in this context, and seemsto work well not
only to distinguish the differences between the larger
local 3D structures, but also to detect the similarity,
according to the above results.

Itisalso important to represent local structuresthat
should be called structural motifs by these codes prop-
erly, because the codes are a very easy way to treat in
computer. In this sense the two local structures con-
sisting of exactly the same code sets are important,
because they must be very similar to each other (in[6],
the local structures consisting of only one code were
considered). If such local structures are found, it

AN et al.

means that the structural alignment of the two local
structures are performed simultaneously, because the
correspondence between the residues can be obtained
from the correspondence between the vertices of the
corresponding tetrahedrons. However, the sensitivity
of the code to the local structure differences discussed
above is a problem at present to use this coding
method more efficiently. The study isnow in progress.

The coding method presented here can detect
structural motifs in new proteins, if the structural
motifs of all the proteins in PDB are more properly
coded. This will provide significant implication to
structural genomics and functional genomics, where
functions of the new proteinsrequired to be annotated.

REFERENCES

1. Bairoch, A., Bucher, P, and Hofmann, K., Nucl. Acid
Res., 1997, vol. 25, pp. 217-221.

2. Henikoff, S. and Henikoff, J.G., Genomics, 1994,
vol. 19, pp. 97-107.

3. Attwood, T.K., Beck, M.E., Flower, D.R., Scordis, P,
and Selley, J.N., Nucl. Acid Res., 1998, vol. 26, pp. 304—
308.

4. Bernstein, F.C., Koetzle, T.F., Williams, G.J., et al.,
J. Mal. Bial., 1977, val. 112, pp. 535-542.

5. Berman, H.M., Westbrook, J., Feng, Z., et al., Nucl. Acid
Res., 2000, vol. 28, pp. 235-242.

6. Wako, H. and Yamato, T., Protein Eng., 1998, val. 11,
pp. 981-990.

7. Kasuya, A. and Thornton, JM., J. Mal. Biol., 1999,
vol. 286, pp. 1673-1691.

MOLECULAR BIOLOGY Vol. 35 No.6 2001



Running title:  Frequency of amino acid occurrence in o-helix.
Environment-dependent and position-specific frequencies
of amino acid occurrences in a-helices
Hiroshi Wako', Jianghong An? and Akinori Sarai®
School of Social Sciences, Waseda University, 1-6-1 Nishi-Waseda, Shinjuku-ku, Tokyo
169-8050, Japan
Tsukuba Institute, The Institute of Physical & Chemical Research (RIKEN)
3-1-1 Koyadai, Tsukuba, Ibaraki 305-0074, Japan
Keywords:
Delaunay tessellation / local structure motif / amino acid substitution / principal component

analysis/ helix capping

Abstract
Using the method to define local structure motifs of proteins by the Delaunay tessellation
proposed by Wako and Yamato (Protein Eng. (1998) 11.981-990) we analyzed
environment-dependent and position-specific frequencies of amino-acid occurrences in
a-helices. In that method the three-dimensional structure of a protein molecule is uniquely
divided up into non-overlapping Delaunay tetrahedrons, each vertex of which is occupied
by one of the comprising residues. Then a code is assigned to each tetrahedron so as to
characterize a local structure containing it. To the tetrahedrons located in the interior of
a-helices 36 kinds of codes are assigned. The differences in the codes reflect the existence
and absence of four surrounding residues around the relevant region of the a-helix. In other
words the environment of the a-helix can be differentiated by these codes. Accordingly we
analyzed the frequencies of amino acid occurrences on each vertex of the tetrahedrons for
each of these codes. Such data provide information about possible amino acid substitutions
specific to a vertex position (i.e., a position in the a-helix) for a given code (i.e.,



environment around the a-helix). Furthermore, the principa component analysis was
carried out to revea general features of the amino acid occurrences in the a-helices.
Relating to these results such frequencies at N- and C-terminals of a-helix are also
discussed.

INTRODUCTION

An a-helix is the most easily recognizable local structure in protein structures owing
to its regularity, and an important structural element for protein folding. Many efforts have
been made for predicting the locations of the a-helices in a protein from its amino acid
sequence. For such a purpose many experimental and theoretical data on determination of
propensities of amino acid residues to occur in the a-helices have been provided (Chou and
Fasman, 1974; Levitt, 1978; Wako et al., 1983; Williams, et al., 1987; Altmann et al., 1990;
Blundell and Zhu, 1995; Chakrabartty and Baldwin, 1995; Kumar and Bansal, 19983, b).
Although some amino acid residues do demonstrate preference for the a-helix, it is only
marginal. For example, the most helix-preferring amino acid Glu occurs in a-helices only
59% more frequently than random. Even Gly and Pro residues, which are not stereo
chemically compatible with the a-helical conformation, are found in a-helices about 40%
as often as random (Creighton, 1993).

The a-helix is characterized by consecutive main chain (i, i-4) hydrogen bonds
between an amide hydrogen and a carbonyl oxygen. This pattern is, however, interrupted
a N- and C-termini because, upon termination, no turn of helix follows to provide
additional hydrogen bond patterns. Such end effects are substantial for the amino acid
preference (Presta and Rose, 1988; Auroraet al., 1994; Blundell and Zhu, 1995; Aurora and
Rose, 1998).

The position-specific preferences of particular amino acid residues are found
especially at the terminal regions of the a-helices. For example, acidic Asp and Glu
residues predominate at the N-terminus, and basic Lys, Arg, and His residues at the
C-terminus, as a result of favorable interactions of their charges with the helix dipole.
Although Pro residues rarely occur in the interior of a-helices, where their unusual
backbones interrupt the a-helix and cause it to kink, they occur frequently at the N-terminal
first turn of the a-helix, where their particular geometry fits well. Asn, Asp, Ser, and Thr
residues often occur in the first turn, where their side chains tend to form a hydrogen bond
to the backbone of the third residue father along. On the other hand, Gly residues occur at
the carboxyl end of about athird of all a-helices, where the more flexible backbone of this
residue tends to disrupt the a-helix by tending toward 330 type conformation (Creighton,
1993).

For the interior of the a-helices the amino acid preference is provided by the
normalized frequency (the fraction of an amino acid residue occurring in the o-helices



divided by its fraction in all of the proteins). This property indicates the propensity of each
amino acid for forming the a-helix. Since the a-helix has a very regular structure in the
interior, it is usual not to pay much attention to position specificity of the amino acid
preference in such aregion.

It is well known, however, that the amino acid occurrences vary with the locations
in protein folding, the geometries, and the lengths of the a-helices, even in the interior
region (Blundell and Zhu, 1995; Zhu and Blundell, 1996; Kumar and Bansal, 1998a, b). As
a matter of fact, many a-helices are amphipathic, in which they have predominantly
non-polar residues along one side of the a-helical cylinder and polar residues along another
(Schiffer and Edmundson, 1968). The two sides are usually referred to as hydrophobic and
hydrophilic ones, respectively. However, this definition is not adequate to analyze the
position-specific amino acid preferences in the interior of the a-helices, because the two
sides are defined owing to the richness in hydrophobic and hydrophilic residues,
respectively. Alternatively the position-specific amino acid propensities in the interior of
the a-helices were obtained by using solvent inaccessibility of the residues in them
(Blundell and Zhu, 1995; Zhu and Blundell, 1996).

In this paper we are also interested in the environment-dependent and position-specific
frequencies of amino acid occurrence in the a-helices, but our approach to such a problem
is quite different from those described above. We used the method to define local
structure motifs of proteins by the Delaunay tessellation proposed by Wako and Yamato
(1998). In that method the three-dimensional structure of a protein molecule is divided up
into non-overlapping Delaunay tetrahedrons, on each vertex of which one of the comprising
residues is located. The Delaunay tessellation can be performed uniquely for a given
protein. Then, in order to characterize a local structure constructed by the residues on the
vertices of several tetrahedrons spatially neighboring each other, a code (Delaunay code) is
assigned to each tetrahedron according to the rules proposed by Wako and Yamato, while
they were dlightly modified from the original onesin this paper.

We focus our attention on the interior of the a-helix, because we want to demonstrate
the ability of the Delaunay code to differentiate the interior positions of the a-helix in spite
of its regularity. Although the N- and C-terminal regions of the a-helix are also interesting,
we will discuss them briefly, because many researches have been carried out on the
terminal regions. It should be also emphasized here that the Delaunay code was devised to
analyze not only the a-helix, but also various local motifs. Although we confined ourselves
to analyzing the Delaunay codes just related to the a-helix in this paper, the same approach
is applicable to other codes.

As described below, the Delaunay code assigned to the tetrahedron located in the
interior of an a-helix is given as FHABCDEG: FHABCDEG: x: y: FHABCDEG, where 36
kinds of codes are possible for x: y. The differences in the codes for the a-helices arising



from x: y reflect the situation whether or not some residues are located around the relevant
a-helices. In other words the environment of the a-helix can be differentiated by these 36
kinds of codes. Accordingly, we examined the frequency of amino acid occurrence on a
given position of a given code (i.e., a given vertex of the Delaunay tetrahedron in a given
environment) in the interior of the a-helix. It should be noted that our interest is the
analysis of the amino acid frequencies of occurrences with respect to its environment rather
than their preferences for the formation of the a-helix to other conformational states such as
an extended structure, aturn, and random coil.

METHODS
Local structure code

We review the Delaunay tessellation and code assignment to the tetrahedrons briefly
at first. In this paper the code assignment rules are slightly changed from those defined in
Wako and Yamato (1998).

The three-dimensional structure of a protein molecules is represented as a set of Ca
atoms. In the previous paper, if a protein has more than one chain, they have to be treated
independently. In this study, however, we changed the code assignment rules so that two or
more chains can be treated together. This modification makes it possible to assign a code to
the tetrahedron consisting of residues in the interface regions of the two subunits.

By the Delaunay tessellation the interior space of the protein is divided up into
non-overlapping Delaunay tetrahedrons whose vertices are the Co. atoms. Some edges of
the tetrahedrons are virtual bonds connecting adjacent Ca atoms along the polypeptide
chain and others connect two non-adjacent Co. atoms near each other in space.

Consider a Delaunay tetrahedron To. The amino acid residue number at the four
vertices of T are denoted vi(To), Vao(To), Va(To), and v4(To). Here we can require the
suffixes to satisfy vi(To)<Va(To)<Vvs(To)<Va(To) without loosing generality.

We also consider the tetrahedrons neighboring Ty, which share one of the facets
(triangle faces) of To. At most four tetrahedrons, Ts, Te, T7, and Tg, are possible to exist,
although they do not always do so. If any, the four tetrahedrons, Ts, Ts, T7, and Tg, are
defined as sets of vertex residues, { vz, V3, Va4, Vs}, { V1, V3, V4, Ve}, { V1, Vo, V4, V7}, and { vy, V2,
V3, Vg}, respectively.

Furthermore, we take into account the tetrahedrons neighboring Ts to Ts. At most 12
more tetrahedrons are possible to exist. They are defined as Tg={ V3, Va4, Vs, Vo}, T10={ V2, V4,
Vs, Vio}, Tuu={V2, V3, Vs, Vi1}, T12={V3, V4, Ve, V12}, T13={ V1, Va, Ve, Vaa}, T14={ V1, V3, Ve, V14},
T1s={V2, Va, V7, Vis}, T1e={V1, Va4, V7, Vie}, T17={V1, V2, V7, Vi7}, T1g={V2, V3, Vg, Vig},
T19={ V1, V3, Vg, Vag}, and To={V1, Vo, Vg, Voo}. In thisway we can assign v to vy to some
residues in the given protein uniquely for each tetrahedron.

We consider local structures consisting of these 20 residues. In actual fact, however,
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most local structures consist of less than 20 residues, because (1) some tetrahedrons do not
exist, and (2) some vertices coincide with other vertices.

Then, we assign the two kinds of codes, called ST and NNT codes in the previous
paper, to each tetrahedron.

The ST code is defined by arranging the vertex residue number v, to vg in increasing
order. The ST code is a string of the suffices of v's in such order, and assigned to the
tetrahedron To. For example, if vg<v,<vi<V,<vs<ve<vz<vy, then the ST code of the
tetrahedron Ty is 87125634. In this paper, however, we modified this code assignment rule
with respect to the three points. For the modification, first of all, the figures 1 to 8 are
converted to alphabets A to H, respectively. Both the upper and lower cases are allowed in
following the rules described below.

The first point of the modification is to distinguish the residues in separate regions
along the polypeptide chain(s). For the above example, assume that the eight residues are
localized into three regions, (Vs, V7, V1, V2), (Vs, Ve), and (Vs, V4), in the chain. We can also
assume another case consisting of two regions such as (vs, V7, Vi, V2,vs) and (e, V3, Va).
Here, the two residues are regarded to be separated, if they are separated by more than 3
residues along the chain (or they are in different chains). In the examples the differences
between vs and v, and between v3 and vs in the first case, and between vs and ve in the
second case, should be greater than 3. The two cases cannot be distinguished by the original
code assignment rules. By using the lower and upper cases of the alphabets alternately for
the neighboring regions, 87125634 is, for example, converted into HGABefCD and
HGABEfcd for the first and second cases, respectively. We use the al phabets rather than the
figures, just because we can use the upper and lower cases.

In addition to the above example, we introduce two more examples to explain the
another new rule introduced into the code assignment. One is Vs<Ve<Vg<V7<V1<Vo<V3<V4
comprising three regions (vs, Ve), (Vs, V7, Vi, V2), and (vs3, Vi4). Ancther is
Vg<V7<V1<V,o<V3<V4<Vs5<Vg comprising three regions (vs, vz, Vi, V2), (Va, Va), and (Vvs, Ve).
The codes EFhgabCD and HGABCEF, are assigned to these tetrahedrons, respectively,
according to the rules described so far. While in the previous paper we regarded these three
codes HGABefCD, EFhgabCD, and HGABCdEF as different local structures, we intended
to regard them as the same local structure in this paper. For this purpose we add a new rule:
if there are more than one region in a code, they are arranged in the order of their sizes (the
numbers of residues contained in the regions); if the sizes are equal to each other, they are
arranged in the alphabetical order. In the examples any of the three codes are represented by
HGABCcdEF. Owing to this modification we can not only unify several codes into one code,
but also assign the code to a tetrahedron lying across the two chains (such assignment is
impossible according to the original rules, because a comparison of residue numbers in
different chains makes no sense).



The third point is that if the residue is missing at any of the vertices vs to vs, alphabet
x is used for such vacant vertices. In the previous paper such vertices are not included in the
code. As aresult any ST code consists of eight alphabets, while four to eight figures in the
previous paper. Thisruleisintroduced just for computational convenience.

After the ST codes are assigned al the tetrahedrons in the protein, then the NNT
codes are re-assigned to them taking into account the surrounding tetrahedrons. That is, the
NNT code for Ty is defined as c(To): ¢(Ts): ¢(Te): ¢(T7): c(Ts), where ¢(T;) is the ST code
for the tetrahedron T;. This procedure is the same as the previous one. Hereinafter, the NNT
code is simply referred to as code.

Codes for a-helix

One of the typical codes of the interior of the a-helix is FHABCDEG: FHABCDEG:
c(Te): ¢(T7): FHABCDEG (which corresponds to the code 68123457: 68123457: c(Te):
c(T7): 68123457 in the previous paper). The correspondence between residues and vertex
positions are given in Table 1 and Fig. 1. This type of codes is the most abundant in the
proteins. There are 36 possible codes for ¢(Tg): ¢(T7) as shown in Table 2. Both ¢(Tg) and
c(T7) have the string ABEHCD, followed by F/f, G/g, and/or x in various combinations.

Statistical analysis of amino acid occurrence

Let f be the frequency of occurrence of amino acid j (j=12,---,20) a a

j.c.b
given site b (a given vertex of the tetrahedron) of a given code ¢, and define
fop=(fieprs Toep) - Thisis akey property in this study. For the interior of the o-helix

c=12---,36. Asfor the vertices we confine ourselves to the four vertices vi to v4in the
central tetrahedron Ty in the following statistics (i.e., b=1 2,3 4).

Accordingly there are 36x4=144 points for f_, in the 20-dimensiona space. Their

distribution can be characterized by the principal component analysis as follows.

Mean < f; > and standard deviation s; for a given amino acid j are calculated
over the 4 vertices of the 36 codes. Then normalized frequency x; ., isintroduced as

foo—<f >
j,c,b:JHD—J (1)
S|

X

For the sake of convenience, these values are gathered up in a matrix:
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A correlation between amino acid i and j, C; :%ZZXLC’”XM, is expressed in a
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where X' is a transpose matrix of X. In order to make a principal component analysis
the eigenvalues and eigenvectors of matrix C are calculated:

Cu, =4, 4
where eigenvector u, satisfies the orthonormal condition such that uu; =1 if i=]j,

and uu; =0 if i#j.Weassume 4, > 1, >--->1,. Then u, isaunit vector along the
k th principal component axis. Since the data projected on the k th axis have the standard
deviation o = \/Z u,S;, the following property is convenient to see the frequency of
amino acid occurrence along the kth axis:

fi=<f >0, (5

where u,; isthe jth componentof u,.

RESULTS
Structure data set

In this study we used the structure data set of 682 representative protein chains which
have less than 25% homology with each other selected from Protein Data Bank (Bernstein,
1977; Hobohm, et al., 1994). If a entry of PDB contains two or more chains, the Delaunay
tessellation and code assignment were carried out for the system including all the chainsin
the entry, even if only one of the chainsis included in the representative structural data set.
The tetrahedrons are classified into three categories: intra-chain (vertices v, to vg are in a
representative chain), contact surface (v, to v4 are in arepresentative chain, but at least one
of vs to vg in another chain), and inter-chain (some of v; to v, are in a representative chain,



but at least one of them in another chain).

The numbers of tetrahedrons categorized into intra-chain and contact surface observed
in the 682 representative protein chains for the codes related to the interior of the a-helix
are shown in Table 2. No tetrahedron categorized into inter-chain is observed for these
codes as a matter of course. In the statistical analyses described below only the intra-chain
tetrahedrons contained in the representative chains were used.

The contact-surface tetrahedrons were analyzed separately. The results are also given
below briefly, since the number of the tetrahedrons which belong to this category is too
small to make areliable statistical analysis.

Principal component analysis

At first we examine the position-independent properties. Mean frequency of amino
acid occurrence and its standard deviation over vertices v; to v, of the 36 codes related to
the interior of the a-helix are given in Fig. 2(a). Ala (12.8%) and Leu (12.2%) are the most
abundant, and followed by Glu, Val, Lys, lle, and Arg (6 to 8 %). On the other hand, the
percentages for His, Trp, Cys, and Pro are less than 2 %. These results are well correlated
generally with the other analyses about amino acid preferences for formation of the a-helix
(Chou and Fasman, 1974; Williams et al., 1987), athough the preference is usually defined
as the fraction of residues of each amino acid that occur in a-helix, divided by the fraction
of its random occurrence.

The standard deviations for Leu, Glu, Ala, and Lys (5.2, 4.6, 4.0, and 3.7 %,
respectively) are larger than 3.0 %. The fact that the standard deviation of Leu is much
larger than Alain spite of their comparative mean values indicates that the occurrence of
Leu is more biased (i.e., more dependent on environment of vertices) than Ala (i.e., more
independent). In the same context, the occurrence of Glu and Lys is more biased than Val,
lle, and Arg.

The top four largest eigenvalues, 4, to A,, are11.1, 2.7, 1.3, and 0.9, respectively.

Their contribution to variance, i.e, A, /20, are 55.6 %, 13.5 %, 6.7 %, and 4.3 %,

respectively. The top two eigenvalues A4, and A, contribute to variance as much as about
70 %.

f* defined by Eq. 5 are plotted for the first and second principal componentsin Figs.

]

2b and Zc, respectively. The large negative values of o, for Glu (-4.2 %) and Lys

(-3.3 %) and the large positive one for Leu (4.7 %) in the first principal component (the line
with solid square symbols in Fig. 2b; Although the negative and positive signs are
interchangeable as shown by the lines with the solid square and open triangle symbols in



Fig. 2b, we refer them in this manner for convenience sake) indicate that they are
characteristic amino acids to differentiate the two type of positions in the interior of the

a-helix, i.e., hydrophilic (o}; <0) and hydrophobic (o, >0) ones. Asp (-2.5 %), Arg
(-1.9 %), and GIn (-1.8 %) have aso relatively larger negative o; values, and lle (2.6 %),
Val (2.5 %), Ala (1.9 %), and Phe (1.6 %) have relatively larger positive o,; vaues.

In the second principal component the large negative values of o,; are observed for

Leu (-1.7 %), Lys (-1.1 %), and Arg (-0.8 %), and the large positive ones for Ala (3.0 %),
Gly (1.3 %), and Ser (0.7 %) (the line with solid square symbols in Fig. 2c; The negative
and positive signs are also interchangeable as described above). The second principal
component indicates another kind of characteristics to differentiate the positions in the

interior of the o-helix, i.e., the preference for the amino acids with larger (o,; <0) and

smaller (o, >0) sidechains. In actual fact those vaues for the amino acids with aromatic

rings His, Tyr, Phe, and Trp are negative, and those for Pro, Val, Thr and Cys are positive,
although their absolute values are much smaller than the above residues.

The correlation coefficient C; between the normalized variables x; and x; are

given in Fig. 3. The large positive (negative) C;; valuesindicate that if an amino acid i is

favorable at a given vertex of a given code, another amino acid j is favorable (unfavorable)
at this vertex. The amino acids can be divided into three groups; hydrophilic (Arg, Asp, Glu,
Asn, Lys, and GIn), hydrophobic (Tyr, Cys, Trp, Met, Phe, Val, lle, and Leu), and others
(His, Ser, Thr, Gly, Pro, and Ald). The amino acids belonging to the first and second groups

have very large positive C; values with other amino acids in the same group, and very

large negative C; values with the amino acids in another group. The amino acids
belonging to the last group can be divided further into two groups; (His, Ser, Thr, and Pro)
and (Gly and Ala). Most of their ‘Cij‘ values with the other amino acids are, however, less

than 0.5, differently from the first and second groups. It should be remarked that this group
except His contains the amino acids with relatively smaller sidechains, compared with the
first two groups.
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Environment-dependent and position-specific frequency
Each of eight vertices corresponding to i-2 to i+5 for the 36 codes for the interior of

the a-helix has a characteristic frequency patterns of amino acid occurrence f,, (see Table

1 for the correspondence between residue and vertex positions). In Fig. 4 the results are
shown for the three kinds of codes, c(Te): c(T;) = ABEHCDfG: ABEHCDfG (a),
ABEHCDfG: ABEHCDxx (b), ABEHCDxx: ABEHCDgx (c), as an illustration. As for the
four surrounding residues around the a-helix, vio, Vi3, V16, @nd vi7, al of them exist in Fig.
4a, v and viz in Fig. 4b, and vi7 in Fig. 4c.

In Fig. 4a hydrophobic amino acids are preferable at the vertices v, to v, since all
the four surrounding residues exist. At the vertices vg and vig both hydrophobic and
hydrophilic amino acids occur with nearly equal frequencies. These vertices are relatively
independent from the surrounding residues, and located on the opposite side of the a-helix
cylinder against v, and v, (Fig. 1). It frequently occurs that when hydrophobic amino acids
are preferable on one side, hydrophilic amino acids are preferable on another side. This fact
may be reflected in the statistics for these vertices. It holds also in Figs. 4b and 4c.

For the interpretation of the results shown in Figs. 4b and 4c, we have to take into
consideration the vertices composing the tetrahedrons Tiz, T13, T16, and T17; i.€., T12={V3, V4,
Ve, V12}, T13={V1, V4, Ve, Vi3}, T16={V1, Va4, V7, Vie}, and T17={ V1, V2, V7, Va7} (Seeaso Fig. 1).
In Fig. 4b v3, v4, and ve prefer hydrophobic amino acids owing to the existence of vi, and
V13, While v, v, and vs prefer hydrophilic ones owing to the absence of vi6 and vi7. On the
other hand, in Fig. 4c v, and vs (= v7) prefer hydrophobic amino acids owing to the
existence of vy7, while v4 and vg prefer hydrophilic ones owing to the absence of vi, Vi3,
and vie. V1 isambivalent.

Gly at vg shows remarkable high frequency. Since Gly is frequently found C-cap
region of the a-helix, it may indicate that the situation represented by this code appears
more often near the C-terminal of the a-helix.

In order to illustrate that the frequencies f_, differ depending on the codes (i.e.,

environment) even for the same vertex position, some examples are given in Figs. 5aand b.
For the four codes, (1) c(Te): ¢(T7) = ABEHCDfG: ABEHCDfG (2) ABEHCDfG:
ABEHCDxx, (3) ABEHCDxx: ABEHCDfg, (4) ABEHCDxx: ABEHCDxx., the

frequencies f., on the vertices vi and v, are shown. As for the four surrounding residues

around the (X-he“X, V12, V13, V16, and V17, al of them exist in (l), onIy V12 and V13 in (2), only
Vs and V17 in (3), and none of them in (4). v, is affected by the existence of apair of v and
V17, and v4 by a pair of vy, and vi3. Asaresult, v, of (1) and (3) prefers hydrophobic amino

10
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acids (Fig. 5a), and so does v4 of (1) and (2) (Fig. 5b). Both v, and v4 of (4) prefer
hydrophilic amino acids.

In Fig. 5¢ the frequencies f_, for the surrounding vertices vi3 and vi¢ are shown.

In any case the hydrophobic amino acids are strongly preferable, because they interact with
the residues in the a-helix.

Through Figs. 4 and 5 Alaresidue is remarkable. While Ala behaves essentially like
hydrophobic amino acids, it frequently appear at hydrophilic amino acid preferable
verteiecs. The small sidechain and strong preference for forming the a-helix are considered
to make it possible.

The results shown so far can be examined from the viewpoints of principal

components. The first and second principal components for the frequencies f_,, i.e, the

projection on the first and second principal axes were calculated for each of the 36 codes.
Only the data for the vertices (a) v, and (b) v4 are plotted in Fig. 6. In order to clarify the
results the codes were divided into six and five groups for v; and vg, respectively, taking
into account the existence of residues at the four vertices, vio, Vi3, V16, and vi7 (see the
caption of Fig. 6). In the first principal axis (horizontal one) the large positive (negative)
value indicates the preference for the hydrophobic (hydrophilic) amino acids. In the second
principal axis (vertical one) the large positive (negative) values indicates the preference for
amino acids with smaller (larger) sidechains.

Since T13={ V1, Va, Ve, V13} and T1e={V1, Va4, V7, V1g}, both v; and v, are affected by vi3
and vi. On the other hand, T12={V3, V4, Vs, V12} and T17={V1, Vo, V7, V17} indicate that vi,
can affect v,4 but not v4, while v17 can affect v, but not v4. Generally speaking, Fig. 6 shows
that in the existence of such influential residues the hydrophobic amino acids with smaller
sidechains (open symbols in Fig. 6) are preferable, and that in the absence of them the
hydrophilic amino acids with larger sidechains (closed symbols) are preferable. However in
some cases (Group 5 for vi and Group 4 for v4, symbols + and * in Fig. 6), where some of
the influential residues exist but others do not, hydrophobic amino acids with larger
sidechains are preferable.

Tetrahedron on the contact surface

The tetrahedrons classified as contact surface consist of the vertices v, to vg4 in the
same chain and at least one of the vertices vs to vg in a different chain. Although such
tetrahedrons assigned to the a-helix related codes are found in the protein structure set
considered here, the number of such tetrahedrons is too small to obtain reliable statistical
analysis results (see Table 2). For the cases of ¢(Te): ¢(T7)= ABEHCDfG: ABEHCDfG and
ABEHCDfG: ABEHCDfg, where the numbers of the data are relatively larger than the

11
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others, the differences of f,, between tetrahedrons classified as intra-chain and contact

surface are plotted for some verticesin Fig. 7. In Fig. 7athe differences for the vertices vi,
V4, and ve facing surrounding residues Vi, Vis, Vie, and vi7, some of which isin a different
chain, are plotted. On the other hand, in Fig. 7b, the differences for the vertices v, and vg
facing the interior residues in their own chain are plotted. The frequencies of the
hydrophilic amino acids increase in Fig. 7a and those of the hydrophobic amino acids do so
in Fig. 7b, although such changes are too subtle to assert it.

Cap regions
The cap regions are very interesting in the analysis of the a-helix. In this paper,
however, we analyzed only the tetrahedrons characterized by the codes c(T1) = ¢(Ts) =
FHABCDEG but ¢(Tg) = FHABCDEG, and c(Ty) = ¢(Ts) = FHABCDEG but c(Ts) #
FHABCDEG, corresponding to the N- and C-caps, respectively, while ¢(T1) = ¢(Ts) = ¢(Tg)
= FHABCDEG in the interior of the a-helix. Either c(Tg) or c(Ts) not equa to
FHABCDEG is an indication that the N- or C-terminal of the a-helix is distorted,
respectively.
In Table 3 the codes, for which more than 60 data are found in the structural data set
used in this study, are shown. The correspondence between the residue and vertex positions
are given in Table 4. In Table 4 the helix positions for the helix capping defined by Aurora

and Rose (1998) are also given. The frequency f_, at some vertices for (a) the N-cap with

the code c(Ts): c(Te): c(T7): c(Ts) = FHABCDEG: FGABEHCD: ABEHCDxx:
ABCDEGxx and (b) the C-cap with the code FHABCDxx: ABEHCDgx: ABEHCDFG:
FHABCDEG are plotted in Fig. 8.

Aurora and Rose pointed out the significance of the interactions of N3 and N4 (i.e., v
and v4) with the N’ or N” (v12 and v13) and the significance of Nc (ve) for the N-cap. In Fig.
8a hydrophobic amino acids occur more frequently at vertices vs, v4, and viz, while Asp,
Glu, and Gln are also frequent at v3 and Lys and GIn at v4. The occurrence of Asp, Ser, Thr
and Pro are remarkably higher at vs.

For the C-cap Aurora and Rose revealed that Gly isrich at C' (vs) and interactions of
C3 (vy) with the residues following C' (not included in the codes related to the C-cap
considered here). In Fig. 8b Gly is exceptionally abundant at vs, and hydrophobic residues,
especialy Leu, isfound much more often at v;.

These results for the N-cap and C-cap well agree with the analysis by Aurora and
Rose in general.
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DISCUSSION

The amino acid preference for forming the a-helix is usually defined as the ratio of the
frequency of a given amino acid found in the a-helix state to that found in al the states. In
this paper we examined frequencies of occurrence of 20 amino acids for a given position of
the a-helix in a given environment, which is specified with respect to the vertex position of
Delaunay tetrahedron and the Delaunay codes assigned to it according to the rules proposed
by Wako and Yamato (1998). The former parameters are useful to predict secondary
structure locations in amino acid sequences. In other words, they are useful, when the
conformational state for a give residues to take in a given sequence is interest. On the
contrary, when we adopt the latter parameters, we can get information about preferable
amino acids at a given position of the a-helix in a given environment. Since the codes are
assigned so asto reflect the environment of the relevant position, we can regard them as the
environment-dependent and position-specific amino acid frequencies.

Assume that we have a protein whose three-dimensional structure is known. We can
assign the code to every Delaunay tetrahedron after the Delaunay tessellation. If we want to
substitute a different amino acid for some amino acid residue in the protein, we can
examine the local structures containing the tetrahedrons with the same code in other protein
structures. The statistical analyses described here can provide helpful information about the
candidate amino acids for the substitution, which is environment dependent and position
specific.

As for the environment-dependent amino acid substitution tables, they were
constructed by structural alignment data of homologous proteins by Overington et al. (1990,
1992). In constructing the tables the conformational states (defined as combination of
secondary structures, buried/exposed, hydrogen bond formation, and so on) are taken into
account. These tables show that the substitution pattern depend on the conformational states.
Wako and Blundell (1994a, b) used these tables in the prediction of the secondary-structure
and the solvent-accessibility classes, and emphasized the significance of the
position-dependent (or conformational state dependent) information about amino acid
substition patterns.

In connection with the environment-dependent amino acid substition tables, it should
be emphasized for the method discussed in this paper that the conformationa states and
environment can be taken into account through the Delaunay codes. The classification
reflects more precise situation where the local structure is located, and does not require the
collection and alignment of homologous proteins. Although we confine ourselves into the
a-helix in this paper, the same method can be apply any local structure motifs defined by
Delaunay codes. In other words the present method makes it possible to analyze the amino
acid frequencies of occurrence for the structures without being restricted to conventional
conformational states such as a-helix, B-structure, turn, and so on.
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Finally, we summarize the results obtained in this paper for the a-helix.
(1) The interior region of a-helix represented by the Delaunay code FHABCDEG:
FHABCDEG: x: y: FHABCDEG is examined. There are 36 codes of this type. The
differences between the codes reflect the existence or absence of surrounding residues
around the a-helix.
(2) The major factors to the occurrence of the 20 amino acid in the interior of the a-helix
are (a) preference for a-helix formation, (b) hydrophobicity and hydrophilicity, and (c)
sizes of amino acid sidechains.
(3) The above factors (b) and (c) are environment-dependent and position-specific. The
codes used in this paper can represent the environment of the a-helix, and the statistics
based on the codes can provide the position-specific frequencies of amino acid occurrence.
(4) Alais a notable amino acid in the a-helix. Its behavior is essentially for hydrophobic
amino acid. However, it occurs at the vertices preferable for hydrophilic amino acids to
some extent.
(5) The frequencies of amino acid occurrences on the a-helix surface in contact with the
residues in a different chain are examined by analyzing tetrahedrons lying across the two
chains. Although the difference in the frequencies from those in the one chain is very subtle
and the data is not enough for the reliable statistical analyses, it indicates that the
hydrophilic amino acids are dlightly more preferable on the surface in connecting with
another chain, while the hydrophobic amino acids are dlightly more preferable on the
surface facing the interior of the own chain.
(6) The N-cap and C-cap of the a-helix represented by the codes c(T1) = c¢(Ts) =
FHABCDEG but ¢(Tg) = FHABCDEG, and c(T1) = ¢(Ts) = FHABCDEG but c(Ts) #
FHABCDEG, respectively, are examined. The frequencies of amino acid occurrences have
much more particular patterns compared with the interior of the a-helix. Unfortunately, the
number of dataistoo small to perform the statistical analyses with confidence.
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TABLE 1. Codesfor theinterior of a-helix
and correspondence between residues and vertex positions

(FHABCDEG: FHABCDEG: ¢(Te): ¢(T7): FHABCDEG)

Residue| i-2 | i-1 | i | i+l | i+2 | i+3 | i+4 | i+5 others”
Vertex Y ve " v v v v v V12 Vi3 Vie V17
V20 Vg Vio | Via | Vi5 | Vig V7 Vi
c(To) FH | A B D | EG
c(Ts) FH | A B C D | EG
c(Te) A B | EH D F/f x | Glg,x
c(T7) A B | EH C D F/f,x | Glg,x
c(Tg) | FH | A B C D | EG

* The residues separated by more than 3 residues from the residues i-2 to i+5 along the chain

are classified as others.
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TABLE 2. Codes of c(Te) and c(T>) for the interior of a-helix

c(Te) c(T) No. of data observed Surrounding
intra-chain  contact surface residues”
ABEHCDfG ABEHCDfG 2346 414 1111
ABEHCDfG ABEHCDfg 1425 157 1111
ABEHCDfG ABEHCDfx 1987 160 1110
ABEHCDfG ABEHCDgf 370 39 1111
ABEHCDfG ABEHCDgx 381 82 1101
ABEHCDfG ABEHCDxx 1000 60 1100
ABEHCDfg ABEHCDfG 1175 159 1111
ABEHCDfg ABEHCDfg 732 93 1111
ABEHCDfg ABEHCDfx 869 44 1110
ABEHCDfg ABEHCDgf 189 23 1111
ABEHCDfg ABEHCDgx 582 78 1101
ABEHCDfg ABEHCDxx 1292 40 1100
ABEHCDfx ABEHCDfG 503 94 1011
ABEHCDfx ABEHCDfg 562 76 1011
ABEHCDfx ABEHCDfx 376 33 1010
ABEHCDfx ABEHCDgf 163 21 1011
ABEHCDfx ABEHCDgx 1203 108 1001
ABEHCDfx ABEHCDxx 2208 66 1000
ABEHCDgf ABEHCDfG 414 41 1111
ABEHCDgf ABEHCDfg 157 15 1111
ABEHCDgf ABEHCDfx 320 14 1110
ABEHCDgf ABEHCDgf 74 8 1111
ABEHCDgf ABEHCDgx 127 16 1101
ABEHCDgf ABEHCDxx 273 14 1100
ABEHCDgx ABEHCDfG 1895 122 0111
ABEHCDgx ABEHCDfg 786 46 0111
ABEHCDgx ABEHCDfx 802 54 0110
ABEHCDgx ABEHCDgf 253 14 0111
ABEHCDgx ABEHCDgx 211 14 0101
ABEHCDgx ABEHCDxx 226 13 0100
ABEHCDxx ABEHCDfG 1034 73 0011
ABEHCDxx ABEHCDfg 985 37 0011
ABEHCDxx ABEHCDfx 315 19 0010
ABEHCDxx ABEHCDgf 253 16 0011
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ABEHCDxx
ABEHCDxx

2185 70
1889 0

0001
0000

ABEHCDgx
ABEHCDxx

* Existence and absence of residues on the vertices vy, Vi3, Vig, and vi7 are indicated by 1 and
0, respectively. For example, 1001 means that residues exist on vi, and v,7, but not on v;3 and

Vie.

TABLE 3. Codes for N-cap and C-cap of a-helix

c(Ts) c(Te) c(T7) c(Tg) No. of data observed
N-cap
FHABCDEG FABEHCDg ABEHCDfx ABCDEGxx 94
FHABCDEG FGABEHCD ABEHCDfG ABCDEGhx 92
FHABCDEG FGABEHCD ABEHCDfG ABCDEGxx 7
FHABCDEG FGABEHCD ABEHCDfg ABCDEGxx 127
FHABCDEG FGABEHCD ABEHCDfx ABCDEGxx 196
FHABCDEG FGABEHCD ABEHCDxx ABCDEGfx 124
FHABCDEG FGABEHCD ABEHCDxx ABCDEGxx 216
C-cap
FHABCDEg ABEHCDxx ABEHCDgx FHABCDEG 62
FHABCDxx ABEHCDfG ABEHCDFG FHABCDEG 87
FHABCDxx ABEHCDfg ABEHCDFG FHABCDEG 82
FHABCDxx ABEHCDgx ABEHCDFG FHABCDEG 158
FHABCDxx ABEHCDxx ABEHCDFG FHABCDEG 122
HABCDFxx ABEHCDgx ABHCEDGf FHABCDEG 61
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TABLE 4. Codes for N-cap and C-cap
and correspondence between residue and vertex positions

N-cap (FHABCDEG: FHABCDEG: FGABEHCD: ABEHCD??. ABCDEG??)”

i-4,
Residue| i-3, | i-1 i i+1 | i+2 | i+3 | i+4 | i+5 others
i-2
Vi2 Ve Vi V2 V3 V4 Vs \'
Vertex Vig V17 Vig V2o
Vi3 Vg Vio Via Vis Vig V7 Vi1
c(To) FH A B C D E,.G
c(Ts) FH A B C D E,G
c(Te) FG A B EH C D
c(T7) A B EH C D F/fx | Glg,x
c(Tg) A B C D E.G F/f.x | H/h,x
Helix N’
o Nc N1 N2 N3 N4 N5
position | N”

C-cap (FHABCDEG: FHABCDxx: ABEHCD??. ABEHCDFG: FHABCDEG)

Residue | i-2 i-1 [ i+1 | i+2 | i+3 | i+4 | i+5 others none
Vis Ve Vi V2 V3 V4 V5 Vie

Vertex Vi2 Vi3 Vg Vi1
V20 Vg V10 Via Vis Vig V7 V17

c(To) FH A B C D E,G

c(Ts) FH | A B C D E/lex | G/g,x

c(Te) A B EH C D F/fx | G/g,x

c(T7) A B EH C D FG

«Te9) |FH| A | B | C | D |EG

Helix

position

cs | 4| Cc3]Cc2|C1| Cc | C C’

* Symbol ? represents either F/f, G/g, or X.
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C-terminus

(b)

FIGURE 1. Vertex numbers in the interior of a-helix with the code FHABCDEG:
FHABCDEG: ¢(Tg): ¢(T7): FHABCDEG. Ca atoms are shown by the balls. Whether or
not the vertex residues 12, 13, 16, and 17 exist isreflected in ¢(Te) and c(T7) (see Table
1). Two views are shown: (a) parallel and (b) perpendicular to the helix axis.
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FIGURE 4. Frequency of amino acid occurrence f , at eight vertices corresponding to

residues i-2 to i+5 in the interior of the a-helix. The data are shown for the three kinds of
codes. (a) c(Te): c(T7)=ABEHCDfG: ABEHCDfG (b) ABEHCDfG: ABEHCDxx, (c)
ABEHCDxx: ABEHCDgx.
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interior of the a-helix. The data are shown for the four kinds of codes: (1) c(Te): ¢(T7) =
ABEHCDfG: ABEHCDfG, (2) ABEHCDfG: ABEHCDxX, (3) ABEHCDxx: ABEHCDfg, and
(4) ABEHCDxx: ABEHCDxx. f., for (a) viand (b) v4 of the four codes, and (c) for vz and

v Of the three codes are given.
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notation).
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FIGURE 7. Difference in f,, for contact-surface tetrahedrons from ones for inta-chain

tetrahedrons. The results are shown for the six vertices vy, Vo, Va, Vs, and vg of the two codes,
(1) c(Te): ¢(T7) = ABEHCDfG: ABEHCDfG and (2) ABEHCDfG: ABEHCDfg.
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FIGURE 8. Amino acid frequencies f_, for N-cap and C-cap. (a) ¢(Ts): ¢(Te): c(T7): c(Ts) =
FHABCDEG: FGABEHCD: ABEHCDxx: ABCDEGxx (N-cap) and (b) FHABCDxXx:
ABEHCDgx: ABEHCDFG: FHABCDEG (C-cap).



BRKka7

Delaunay DY i {455 512 F] A L CRETEEE 5 2 52 EOF R O—21%, WHE RO 23MED H
TR —INB XTF ROl FREMOM EEREZLLICRL TNDIETHD,
L7=23o7C, 14 SDOTE RN T X TEiKEE (Ala, Val, Leu, Ile, Met, Phe, Trp) TH®HBIL, L
ML ZEDMNEARIZEEE T 52D TE D4 DM HEIR N T X CTIFEET HDelaunay VU E K%
G JRETIEE LV o EEE G 2 Tl & . FIUT B BUKME T BB T T R
Do TRTFEL QDI EEEIRL QDb Tlde, EWNSH BAEA 3 2Bk M7k 223 22
FIZRTEL ., L2 Native 2 AARREE DR EIZITRNEWV SR BEW T 52812705, 25
L CEBSNTRIEEIL, LR > T, BKa 7 LFERZ LN TELD,

Delaunay =—R T HIZRFTHEE T — X2 X — 2529 LIz W R & 38 L7 A
LUFITHRIT 3%,

Fl1 . HBEEEOSEVERKIT

HEUBEE OB BUK 2 72, RO I b 0ndbh -T2,

a. a U7 AOBUKEZE KT 55N DRA U H IR, 4 DDTE RO IEE 57— 1%
G, i+1, i3, i+4) T, bolbZ R HSNiz, ZNHDBUKEEIL, <7 FREIZH > THEN
7o LU ZERIIZIE a N 7 AICBE T 57U/ LB ICBKRa T 2R L T,

b. WIZEM->TeDIE, o/ B HAEED— 2T D RFTEE Ch o7z, WIIRTER D5
WG — 0%, (G, i1, 42, ) T, ZTIBITAT B — R T % 2 KD B ANT R
Eichs, ABEOEGEETHDLENIEAL DA, a ~)v7REDEl 3 ADYAT B
b b o/ BERIEE D —E ThoTo, I 1 +2, DY a Uy T AREMDNNDIH
THIBEZZEEHL, a ~UyZAD B —MAlDFRIFLL LB IZBKa T 2L T,

C. 2 KD o~V 7 AOEMEIZHD5EIENDLNER, TEROKRIEEF /2 — 1% (4
i+1, i#4, ) T, ZNODBKITZDOLDZTEL TD, 2 KD a <)y AL, BUNIE
EIZRZDLEDE, BIAITRDDLDENHT,

d. b L[AEk a/ BRITHLD, WHEARTE R ORI 52— 1%, j, j#3, j#10) Thb, 5Kk
[ & jH10 S BAEIETHXILCERY, j & j+3 X B —NMIMXT 5 a ~Uv 72 EDOFRH
ThHb,

EARW oS | BRORRILE B Z — LIUEAEDTE SO 5 E D3t B A R~ —
DX TR,









Bl2: BAKIATEUHY FEESERML

BOKa T Z /XTSI T, a7 T, a v ibmtkz b o -/
EH RSN,

PLFICRT BT 6 DO RFTEEZ 8T TWa R, a— FofFEE L TiE32H 0, A
WZERSETW D, EBE, RFEES AWVIZEKETWS, £l2, a— ROEWDR, JRFTEE
MO 72ENE KL TWDD L5, 2D ORI CHBRS 2 UL, Bika T LRES
NIz oD LEENT- & ZAIZY B REEGEN R H L2 & LnbED Y T RO
ITAWZER RS> TNDHZ ETh D,

JRPEEDOFEE WoTe b & I NFE TEL OIIFEEEDOBIIZ 5 Lz B ROREAE
M. BHDVIHIEMEALICER L CE, L, 29 LEEMNEXZ 50T, SEIER
SR EOM CHBIZALNDIEEE VS TBRITHED o2 H) THDH, 2D LD

R E DR EICH 22 ERE 5222 M TEH0O0R, RFETHAL T
Delaunay iaI{A = — NIZ X 2 /EFHEEMIEOR S TH A 9,

ECDFbhGA ABHCdEgx AHBCedFg ECHaghFD AGBcfDeH 1
1dekA 192A° V. 5A F 182A M 185A A 181A E 186A R 190A A 7A S

ECDFbhGA ABHCdgEx AHBCedFg ECHagbDf AGBhcfDE — 2
Tofgh 125A V 102A V 115A A 118A A 114A F 119A F 123A K 104A 1
TgtmA  239A V 215A 1 228A A 231A M 227A L 232A S 237A M 217A 1

ECDFbhGA ABHCdgEx AHBCedFg ECHaghFD AGBhcfDE 3
1tfr 149 1 15 1139 V142 F 138 L 143 S 147 H 17 L
Tnhp 175 152 165 A 168 164 A 169 A 173 K 154 V

v
1dhr 33 V 9 23 V 26 22 G 27 R 31 W 11V

v
v

= I

6 DX N HE TR SNIZBKa Ty T I
1dek Phosphotransferase P-loop containing nucleotide triphosphate hydrolases

lofg Oxidoresuctase NAD(P)-binding Rossmann-fold domains

1gtm Oxidoresuctase NAD(P)-binding Rossmann-fold domains (SCOP)

1tfr Hydrolase Resolvase-like

1nhp Oxidoresuctase FAD/NAD(P)-binding domainldhr Oxidoreductase NAD(P)-binding

Rossmann-fold domains






FYRSLTRMIBEDFEE
A& (1)

DOivbivid, Delaunay WA ENEEZFIH LT, £ 5% I EONRREEHIZH
NHLBEO RS E R T HEZIRE LT, FIEOHMBEIILL TO®@Y Th D, [Wako &
Yamato, Protein Eng. (1998) 11:981-990]

O  F U ENREEE AT X BEEE C T CRELTRIT L, T LTE
DONARKEE %, C R %2TEM &35 Delaunay WHKRTHE TS, 0L &55E|
F—EICEE D, WaEOKDIL, 7T FEIZH - THEET 275255 550
3. BDHWEIARTTF FEITIH - TIEHEEAL TV D A ZERIAIC IR L T D5k 5%
TSy L8 D,

@  HMUEIRIC, TOEDLNL—IL>Ta— Raft5+5, a—RiE, 7
77Xy hOIFH|T, RPEE ORI E KT 2 L HICEZLNTZHLDTH D,

® a— RHHEEE . 52072 08 v MTHOWTIT 9, S RIOfENT T,
HNOAEFRMED 0% LA T DX R TEING IR B H R By &AW,

1. 22/ EIAEED Delaunay EEIASEI DB
Human transforming growth factor o. (PDB 4tgf; 7% %% 50)
KARTFHE RS



EEADd— FOFHTA

Wk T, £ 5 B, 42OTAIEDDT L BOBIEETE(T), Va(T), Va(To),
V(o) £ 350 22 THRF 105 4L Vi(T) Va(T) <y (To) <Vy(To) £ 725 & 51
FFsbDELT 2%,

WEAT, Lz LA T2 EHONEAREZE 2D, HT LHFET D LITRE 22005,
FHET2HEE, 2oz T, T, T,, T35, TULNUEAEKOHERICSH LT
BT, T, A LARWEREDOE S Z V. (T,), Ve(T,), v,(Ty), Ve(T,) &35,
4 SOMEKERT,, To, T,, TEERZEiL{v,, Vi, V,, Vo, {v, Vs, Vv, Vgl
(v, Vo, vy, Vol (v, v, Vy, Vg EWIOERETER SIS bDET D, ZDL
—MZE o T, 158 FET, —BEMIZHKDESHMNITOND,

* Vg 1B Vg DOL, 52 00THRMNE-DIHATHL Z ERIEE D,

PUFOA— M LI T, o Wik T, o 2 — R C(T,) 2445 %,
(1) FEEFZOREEIEIC v, ~ vy &R D,
(1ma) b L a,b>5 iZxt LT, v,=v, 7> a<b 25, (bbb, MHEE T,
ET, DIEANR—EHLTWNWDLRLIE), v, &V I DIRICIE~RS,
(1-b) HLa=5cx LT VvV, BMFELRWRBIE, (Trbb, WEKT, BSFE LA
W HIE), VLI O ZITED R,
V

(2) BL Vv~V BV, V,, vV

T A~8 D ENERT) . IWFOF| ‘parstuvw’ EaA— KEFT 5,

v, LWATZEE RT p~w 135

v’ w

Vi, V.V,

r’ s’ u

B) I 8FEFTOHEEANPOHETOT AT 7 _y MIBXWZH, TILT 7y
MIKRILTF, NLFEFN, XTF FEHIZH > TS DX T AKX —{bT5, 7/
FEFE L INFEAE L7 WIES I x THRILT 5

(4) K&l I AX—EICW~FRZ 5,
* (3), (4) 1 TFHT-REE LT, LLFOFI %221

(B) FTRNTOMHEKIZ 22— FafHiT, BEMICT,. Tg. T T,0 T T HR5
SPDa—KRety MZLTT,0a—R&T 5,



2. MAKDIESDES{TIT
OO PUEAAR 1234 & F 2B fHTe 4 SO A 2345, 1346, 1247, 1238

Example
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Novel method to detect a motif of local structures in different
protein conformations

Hiroshi Wako! and Takahisa Yamat@ alignment (Sali and Blundell, 1990; Flores al,, 1993; Holm
School of Social Sciences, Waseda University, Shinjuku-ku, Tokyo and Sander, 1993; Chelvanayagatal, 1994; Russell and
169-8050 andFaculty of Sycience, Nagoya Un)i/\’/ersit;, Chikuéa—kli Nagoya Barton, 1994). To go.a step further, m.ethOdS have been
464-8602, Japan developed for systematic structure comparison among not only
homologous but also non-homologous proteins. They are
suitable for databank searches and clustering (Taylor and
In order to detect a motif of local structures in different Orengo, 1989; Alexandroet al, 1992; Holm and Sander,
protein conformations, the Delaunay tessellation is applied 1993, 1996; Alexandrov and Go, 1994; Mizuguchi and Go,
to protein structures represented by G, atoms only. By the ~ 1995; Orengo and Taylor, 1996).

Delaunay tessellation the interior space of the protein is Since most motifs play a functionally or structurally import-
uniquely divided up into Delaunay tetrahedra whose verti-  ant role, the motif searches may be expected not only to give
ces are the ( atom positions. Some edges of the tetrahedra insight into the relationship between proteins and their possible
are virtual bonds connecting adjacent residues’ G atoms  evolutionary origins, but also to deepen our understanding of
along the polypeptide chain and others indicate interactions  the relationships between the amino acid sequence and the 3D
between residues nearest neighbouring in space. The rules structure. Accumulation of many motifs can serve as a database
are proposed to assign a code, i.e., a string of digits, that is helpful for homology modellingb initio prediction of

to each tetrahedron to characterize the local structure structure from sequence, ade novodesign of proteins. Our
constructed by the vertex residues of one relevant tetrahed- purpose in this paper is to propose a novel method to detect
ron and four surrounding it. Many sets comprised of the  a motif of local structures in different protein conformations.
local structures with the same code are obtained from It is usually more comprehensive to assume that protein
293 proteins, each of which has relatively low sequence structures are arranged in hierarchical fashion, i.e., amino
simila'rity with the others. The local structures in each set  acid sequence, secondary structure, supersecondary structure,
are similar enough to each other to represent a motif. domain and tertiary structure (Schurtz and Schirmer, 1979;
Some of them are parts of secondary or supersecondary Richardson, 1981). Accordingly, it is reasonable to define
structures, and others are irregular, but definite structures.  motifs at each level of this hierarchy. At secondary structure
The method proposed here can find motifs of local struc-  |eve| a-helix, B-strand and various kinds of turns are regarded
tures in the Protein Data Bank much more easily and a5 motifs. At supersecondary structure level there are various
rapidly than other conventional methods, because they are  motifs assembling a couple of secondary structure elements
represen_ted by codes: The motlfs_detected in th_ls_ method such as3-a-B, a-turn-a, parallel- and antiparallg-sheet and
can provide more detailed information about specific inter- - y_pejix bundle. At domain level the motif is a more ambiguous
actions between residues in the local structures, because concept. Their classification has not been established yet. In
the edges of the Delaunay tetrahedra are regarded to fact, even in FSSP (Holm and Sander, 1994), SCOP (Murzin
express interactions between residues nearest neighbouring ¢ al, 1995) and CATH (Orenget al, 1993, 1996), well-

in space. . . . . . known domain classification databases, their classifications do
Keywords Delaunay tessellation/residue—residue interactionf, coincide with each other for some proteins at present. The
structural classification/structural codes/structural motifs motifs in which we are interested are at secondary and

supersecondary structure levels, or at a structure level classified
_ in between. As a matter of fact, some of the motifs defined in
Introduction this paper are parts of secondary and supersecondary structures,

In order to understand protein structure, a study of commonly@nd others are structures of similar size not directly related to
occurring local structures in different proteins, which we referthe secondary structures. We refer to these structure as local
to as a motif, is very important. It is well known that the structures. The method presented here can provide more
three-dimensional (3D) structure of proteins has been bettdfetailed information about the motifs at such a level.
conserved during evolution than amino acid sequence. A A view of protein structures as an assembly of secondary
simple relationship between sequence identity and structur&tructures is the most popular. Such a picture is considered
similarity has been found among homologous proteins (Chothigeasonable, but not trivial. In fact, a module proposed by Go
and Lesk, 1986; Sander and Schneider, 1991; Fleteal, (1985) is defined based on the compactness of a contiguous
1993; Chelvanayaganet al, 1994). Even if it is hard to local region of protein irrespective of the secondary structures.
show statistically significant sequence similarity, evolutionaryln the method proposed here we do not presuppose the
relationships between distantly related proteins can be inferreeixistence of the secondary structures either. We think that the
based on 3D structural similarity (Johnseh al, 1990a,b). method to detect motifs without the presupposition of second-
Several structural alignment methods, which take into accourdry structures is significant, even if it may be shown after the
several structural properties besides the amino acid sequen@alyses that secondary structures are essential elements to
have been also proposed to improve accuracy of the sequendescribe the protein structure. This attitude is also useful to

1To whom correspondence should be addressed

© Oxford University Press 981



H.Wako andT.Yamato

analyse the regions with ambiguously defined structures suc
as N- and C-terminals of secondary structures and irregule
(but possibly definite) loop structures.

It is also optional in the analysis of the motifs whether or
not they are defined as a contiguous region along the polypej
tide chain. In this study we do not give such a restriction to
the detection algorithm explicitly. As described below, we
will focus our attention on the network of spatially nearest
neighbouring residues in protein structures. However, informa /
tion about sequential connectivity of the amino acid residue:
is included implicitly through the unique numbering method
of vertex residues on the Delaunay tetrahedron proposed belov..

In this paper we apply the Delaunay tessellation to proteirkig. 1. An example of the Delaunay tessellation of protein and vertex
structures to detect a motif of local structures. Delaunaywumbering. ) A thick line is a G, trace of human transforming growth
tessellation has been used for structural analyses of varioﬁ%?tgfgtv ;A{hfgg%?”iiﬁnofigg g”g:oe S‘Cffcffefﬁi“SZéTﬁf etgttfrgr']gdirsoﬁtgf?
S;ﬁ;%eléegoslyfi[regfucm rgngztscsr?;trroga(f/ilso;;aasl S]e_géegd as:g:)efr:resriifgtj% itnhe Delaunay tesselatidg./ﬁ central tetrahe):jron 1234 and

g ' g tetrahedra, 2345, 1346, 1247 and 1238. To the four
Vaisman et al, 1994). As for protein structures, Yamato vertices of the central tetrahedron, digits, 1, 2, 3 and 4, are assigned in
et al. (1994) employed the Delaunay tessellation to analyse &creasing order of the corresponding vertex residues’ numbers. To the four
thermally fluctuating protein structure in molecular dynamics‘égmfaelsocr’];th;gﬁg'%“%d'ggaférghzcr’éaazzzﬂiz E[‘J‘ztcssmsmhgcw‘]’?;“ﬁﬁg ;’ighhréhe
simulation. It was also applied to the analyses of pressure: i g B ’ - '
induced deformations of proteins derived from normal mod(eazrhe vertex residues 5, 6, 7.and 8 do not aiways exist
analysis (Yamato, 1996; Kobayasht al, 1997). In these o
studies the Delaunay tetrahedra are used to define topographi @gmen_t, there appear the Delaunay simplices composed of
structures and metric of the protein molecule at atomic level. € vertices (i.e., the Latoms) and the line segments con-

Recently, Singhet al. (1996) made statistical analysis of necting them. It is well known that the Delaunay simplices in

residue composition of Delaunay tetrahedra and revealed thaP,SPace are always tetrahedra. The complete set of tetrahedra
non-random preferences for certain quadruplets of amino aci vides up the interior space of the protein into non-overlapping

to be clustered together. This work was developed further byoUMe €lements. It is called Delaunay tessellation. This
the same group (Munson and Singh, 1997) to derive empiric Fssellauon uniquely defines all the Delaunay tetrahedra for a

- . : . iven protein structure.
gzet:qlﬂebnocdey—sp,)t?fji?lglsalSalailgr(wjn:[ngn?pply the obtained potentials td In order to calculate the Delaunay tessellation we use the

The Delaunay tetrahedron is composed of four verticgs (Cprogram Qhull (Barbeet al, 1995) obtained by anonymous

atom positions in this study) and six edges connecting then_Lp (geom.umn.edu/pub/software). In the calculated tessellation

Since the edges connect essentially the nearest neighbouri a given protein structure, however, we found that some

t
C, atoms in space, the characterization of the networks of th8 gc?rr?é Qéoarzoer?riscgl)lo i?;ztal,ﬂ;:rroemi:r?SChSl?éEe;sa;ﬁ t%%”;&?;ig
edges can be used to define types of local structures with respéEt . 9 ylirreg 9 ' 2 : '
tive site crevasses and N- and C- terminals. Since we assume

to residue—residue interactions. For such a characterization V%Cat the edaes of the Delaunay tetrahedra connecting two
propose a method to assign a code, i.e., a string of digits, t ) y 9

each Delaunay tetrahedron, and then show that the Ioc&mino acid residues reflect some interactions between these

structures with the same code are similar enough to each othgtsrg#gjrg irl\?vmgr:k’a Y;’%R?\l; l?éﬁraggogr;t g:‘;y;ﬁgrtz ?I?huanr?g
to represent a motif. 9

given cut-off distance (10 A in this study). An example of the
Delaunay tessellation of a protein molecule is shown in
Materials and methods Figure la.

Delaunay tessellation The Delaunay tessellation is just a geometrical operation
gvithout any explicit consideration of properties specific to
Rrotein structures. It should be emphasized that the chain
connectivity and secondary structures are not taken into compu-
tation of the tessellation, even though they are taken into

Delaunay tessellation of the protein structure generates a?lgfoﬂ;?(te;m?gcgg’ Cboencr?gcstz;haesr?ﬁéd%%s g; %?stﬁeccg];?;tmz;re
aggregate of space-filling irregular tetrahedra, or Delauna¥ y y 9 y

simplices (we refer to them as Delaunay tetrahedra or simplftrahedra."

as tetrahedra in this paper). To explain the Delaunay tessellatidaode assignment to tetrahedron

we first describe a related geometric construct, the VoronoConsider a Delaunay tetrahedrog. The amino acid residue
polyhedron. That is, an entire 3D volume is divided into non-numbers at the four vertices of the tetrahedron are denoted
overlapping regions called Voronoi polyhedra, each of whichvi(Tg), vo(To), Va(Tp) and w(To). Here we require the following

is defined as a set of points closest to one particular particleule for putting the suffixes 1 to 4, i.e.;(g) < vo(Tp) <

(C, atom in this case) of the protein. The boundary points ofvy(Ty) < V4(Tg). Accordingly, we can uniquely number four
the Voronoi polyhedra are thus equally distant from twovertices of any Delaunay tetrahedron with the digits 1 to 4.
particles. Particles whose Voronoi polyhedra share a common We also consider the surrounding tetrahedra which share
boundary are said to be in contact or nearest neighbours @he of the facets (triangles) of,TAt most it is possible for
each other. If we connect particles in contact with a linefour tetrahedra to exist, <] Tg, T; and Tg, although they do
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In this work the Delaunay tessellation is applied to the analysi
of protein structures. By representing amino acid residues i
the protein molecule only by Catoms, the protein structure
is described as a set of points(@oms) in 3D space. The
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not always do so. If they exist, we denote the residue humbers —
at the vertices of these tetrahedra not contained d?Ws'(To)a Table I. The most abundant ST codes and their residue number patterns

Ve(To), V#(To) and w(To), .respectively. The four tet[rahedra- Code Number of  Residue number pattern
Ts, Te, T7 and Tg, are defined as sets of vertex residues, {v tetrahedra
V3, Vg, Vb, {V 1, V3, Vs, Ve}, {V 1, Vo, V4, o} and {vy, Vo, Vs, ViVz V3 Vg4 Vs Vg V7 Vg

vg}, respectively. It should be noticed that the suffixes 5 to 8
are also uniquely assigned to the vertex residues in relation t§8123457 18 094 (total)

suffixes 1 to 4 (see Figure 1b). It should be also noticed that 142938 Y J!+2 A A
it frequently occurs that some of the verticesto vg share 482 i1 42 43 i+4 -l i1
the same residue. 475 i+l P42 ko1 m n
Then we assign a code, a string of digits, §(Tto the 1%32 'Othglat't;is I+3 i+4 | i+4 -1
tetrahedron g'accord!ng_ to the_followmg rules: 67125834 5584 (total) P
(1) Arrange \ to vg in increasing order. 1586 i H1 43 i+4 42 j i+2
(1a) If v, = vy and a< b for a, b= 5 (i.e., some vertex 1272 i 1] j+1 j-1 -1 -1 -1
residues of Tand T, are coincident with each other), 1178 Pl 43 it4 2 ] ko i+2
arrange y, v, in this order. LosgansT oo (total) other patterns
(1b) If v, for a = 5 does not exist (i.e., tetrahedrop does 924 il i+1 -1 k m -1
not exist), v is not included in the arrangement. 894 il 1 -1 k  k  j1
(2 giv'l to vg are arranged a$Wh, Ve, Ve, Ve Vi, Vg, Vi (the _ gg : :H i Hi }(—1 ing ]T- , j|_+12
gits 1 to 8 may be assigned to suffixes a to h in 219 i i1 143 114 i+2 45 116 i+2
various permutation), code ‘abcdefgh’ is assigned to this 117 other patterns
tetrahedron. If the number of the vertices is less than 8125834 4614 (total)
the number of digits in the code is also less than 8 3683 i H1l 43 i+4 i+2 - - 2
according to the above rule (1b). Since the digits 1 to 4 931 other patterns

of the suffixes always appear in this order, the code has
at least four digits.
Let us show some examples. If fWp, V3, V4, Vs, Vg, V7o vy, Ty = Vg, Vi, Vo, Vigh, Ta7 = {V1, Vo, Vo, Vi}, T1g =
Vg} = {32, 34, 35, 36, 45, 59, 23, 22}, then the code is {V21 V3, Vg, VlB}u T19 = {Vla V3, Vg, Vlg}a T20 = {V 1, Vo, Vg, VZO})'
87123456 (Y < V7 < Vv < Vo < V3 < vy < V5 < Vg). For .
(13, 14, 16, 17, 15, 82, 82, 15}, the code is 12583467 roteins analyzed
(Vi < Vv, < Vg = vg < V3 < V, < Vg = V). This is the case The proteins analysed in this paper are given in Appendix 1.
where ¢ = vg and \§ = v,. For {51, 60, 62, 63,, 12,, 11}, the
code is 861234 W< vg < Vi < V, < V3< V). Thisis the Results

case where yand v, are missing. Some other examples CanBy the Delaunay tessellation 208 434 tetrahedra are obtained

be found in Results. ; .

There are 1680 possible codes of 8 digits. There are alschOm 293 proteins. The wo kinds of codes, ST and NNT, are
840, 180, 20 and 1 possible codes of 7, 6, 5 and 4 digitsa55|gned to each tetrahedron according to the rules described
P L : above. Of the 2721 possible ST codes, 405 are not found, 206

respectively. The total number of possible codes is 2721. ianed onl hed d hed
As shown in Results, however, this code g)(iB not enough ar%as;:gne ctm y toﬂ? ne tetrta g rc(;jn atn 311.31 Bo t\{voégtlrgsiS;a.
; ' ' L n the contrary, the most abundan code is ,
I)Oet?eert?gtt:kem'?wttlg giclgcanllt f’r;[;u?él:rraer‘:’é d\;VeTfouTndart:jaEr 1S \yhich is assigned to 18 094 tetrahedra. The next most abundant
: u 8 le 17 8 ST codes are 67125834, 12583467, 125834, 1258346 and

neighbouring 3. The codes are assigned to these tetrahedrg,gga457 \which are assigned to 5584, 4762, 4614, 1782 and
in the same manner as.TIncluding these four codes we 1771 tetra,hedra respectively ' ' '

assign a set of the codes g[Tc(Ts): c(Tg): €(T7): c(Tg) to In Table | the residue number patterns at the eight vertices
the tetrahedron Jf We refer to the former code as a single, , \, {V1, Va, V3, V4 Vs, Ve Vg, Vg, denoted by {y—vg}

. 81 1s V2o V3y V4, V5, VG V7, VB[, 8.
tetrahedron (ST) code, and to the latter as a nearest ne'ghb%treinafter, are shown for the top four most abundant ST
tetrahedra (NNT) code, in this paper. _ codes. The residue number patterns are used as implication of

_Inthe NNT code, at most 20 residues are taken into aCCOUNgp stryctures at the first glance (the structures with the same
since each of the four tetrahedra;, T, T; and T, has three  residue number patterns are similar to each other in general;
nearest neighbouring tetrahedra, © Tiy, T12 10 Tig Tis 10 however, it is necessary to make certain of the structural
Ti7 and Tig to Ty respectively, except for ol The residue  similarity by their superposition). Residue numbelis/set to
numbers at the vertices ofgTo Ty not included in Tto Tz i and then the relative residue numbers are shown fdov
are referred to asg\to vy, respectively. Since some of the v, |f the residue number is regarded to have no relation with
residues ¥ to vyo do not exist, or share the same verticesy,, different characters i, k, ... are used.
similarly to vs to vg, the net number of residues related to the Table | shows that there are various residue number patterns
NNT code is not necessarily equal to 20, but usually less thafor one code. As shown below, the first code 68123457
20. This is the size of the local structures considered ircorresponds essentially to part of thehelix structure. How-
this paper. ever, the second and third codes, 67125834 and 12583467,

(The vertex residues for the tetrahedgd Topare explicitly  correspond to either part of tliehelix or B-sheet. This means
given in the followings: § = {v3, V4, V5, Vo}, T10 = {V, V4,  that different local structures are assigned to the common ST
Vg, Vigh T11 = {Vo, V3, V5, Viqi}, T1o = {V3, Va4, Vg, Vi2}, T13 = code. Consequently, the ST code alone is not enough to
{V1, V4 Ve, Vizt, T1g = {V1, Va, Vg, Vig}, T1s5 = {Vo, Va4 V7, distinguish the local structures.
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Table Il. The most abundant NNT codes and their residue number patterns

Code Number of Residue number pattern
tetrahedra 2 1
Vi Vo V3 V4 Vs Vg V7 Vg 5,8
3
125834:68123457:0:0:68123457
3355 (total)
3271 i i1l i3 i+4 42 - - 42 4
78 i+l j j+2 k- - 1
6 other patterns
68123457:68123457:125834:125834:68123457
905 (total)
902 il 42 i3 i+4 -l i+ il Fig. 2. Vertex residues on-helix. (&) Code 125834;k) code 68123457.
3 i i+l i+2 i+3 i+4 -3 i+4 i-3 Figures 2-8 were drawn by MOLSCRIPT (Kraulis, 1991).
68123457:68123457:1258346:7125834:68123457
574 (total)
574 i i+l i+2 i+3 i+4 -1 i+4 i1 oL ; ; C1
168123457:68123457:125834:1258347:68123457 for the code 68123457 is {i#1, i+2, i+3, i+4, i-1, i+4,
536 (total) i~1}. In dual expressions, the verticeg, W,, Vs = Vg, V3 and
536 i i+l 42 i+3 i+4 -1 i+4 i-1 v, correspond to the residue numbers, i to4i respectively,
68123457:68123457:125834:67125834:68123457 for the former code (symbot is used to indicate that the two
g;g (total) 1 ivo e 4 4 b4 i1 vertex residues, vand \4 in this case, are identical) g\and
3 Sther patt'ems re e =L e v, do not have definite residue numbers relative toFor the
68123457:68123457:125834:125834:68123457 latter code, the verticessV= Vg, Vi, Vo, V3, V4, @nd § = v7
360 (total) _ . . . . . correspond to the residue numbers, i-1 t64j respectively.
35; Ith i+1 ttl+2 i+3 i+4 -1 i+4 -1 The local structures corresponding to both the codes are one
other patterns _ H H H
123457:68123457:0:67125834:0 to two turns ofa-helix, as shown in Figure 2. In other words,
355 (total) the two abundant ST codes, 68123457 and 125834, are
341 i i+l i+2 i+3 i+4 -  i+4 - principal codes for ther-helix.
14 other patterns The most abundant NNT code,

NNT code= 125834: 68123457: 0: 0: 68123457
Vivgh = {i, i +1, i+3, i+4, i+2,,, i+2}

ontains the above two ST codes (see Table Il). It represents part
for the top seven most abundant NNT codes. Although eac f the a-helix structure composed of tetrahedrg T and T,

NNT code corresponds to only one residue number pattern i’iletrahedra Tand T, are missing. The residue numbers con-
general, some codes correspond to more than one patter&ructing'l{) T andzl' are (i, i+1 i.+3 i+4), (i+1, i+2, i+3
Even in such a case, however, the exceptional patterns al€ 4y and (i_f i H-18 i+2)'resp’)ecti\}ely C’@ =’c(T)’ -0
only small variations of the major one. Completely differentmeans that th’er'e aré o r'esidues near'this part o¢(7{helix
patterns are very few. (The residue number patterns for the For comparison we give an example that has a codé with

second to seventh codes shown in Table Il are incidentaII)(he same ¢(J), c(Te) and c(T) as the above NNT code, but
identical. There are various residue number patterns for Oth%th nonzero 'c('g) an c(T) EEC(TO) — 12583467 rather t’han
codes not shown here). Residue numbeystovvy, are Not 155834 ‘hecausesBnd T, exist]. The NNT code, the residue
shown in Table II, because it is too lengthy to show them an umber pattern {y-vg}, the number of tetrahedra with this
because they have more varieties of patterns in some CaseSyNT code found in '?h’e set of 293 proteir¥yyy, and some

In the following we demonstrate with some examples thatexamples are shown in Table 1l1(a). Fifteen out of 40 structures,

motifs of local structures are well detected with the NNT - ; :
which are superposed with respect to the vertex residués v
codes. In the analyses we consulted the database SCOP (Muryg are shown in Figure 3. While residues-vs and \ are on

et al, 1995) and examined the results with the help of theth - _
. e samea-helix, v = v; are remote from them along the
program, PROMOTIF (Hutchinson and Thornton, 1996). .-~ % = v, >6v1). %he residues ¥ to vy, and th%se

a-Helix neighbouring y to v,y along the polypeptide chain are also
The top 20 most abundant ST codes can be classified into twiacluded in Figure 3. Although all the residues are not well
groups except for four codes. In one group the codes includfitted to each other, because the superposition is performed
a sequence 125834; for example, 67125834 (5584), 1258346vith respect only to ¥ to vg, these local structures seem to
(4762), 125834 (4614), 1258346 (1782), 7125834 (1612)have a common feature with each other to represent a motif.
61258347 (1532), 6125834 (1416), 1258347 (1413) etc. (th&his is supported by the fact that favorable amino acid types
numbers of tetrahedra found with these codds; are shown are limited at some vertices. For example, hydrophobic amino
in the parentheses). In another group the codes include @&cid residues are favorable ai ¥ v; (out of 40 structures
sequence 1234: for example, 68123457 (18 094), 68123With this code, 13, 4, 4, 2, 3 and 2 are Ala, Val, Leu, lle, Gly
(1458), 123457 (1377), 6812345 (1227), 8123457 (1045) et@and Pro, respectively) and hydrophilic amino acid residues or
The four exceptional codes are 12683457 (1771), 6812573those with a small side chain are favorable at(i4, 5, 4, 2
(1427), 68123574 (1131) and 16823457 (989), which arand 3 are Glu, Asp, Lys, Arg and Asn, and 5 and 3 are Ala
discussed in th@-sheet subsection below. and Gly, respectively).

The typical residue number pattern fwg} for the codes The residue number patterns of the vertex residyges v,
with 125834 is {i, it+1, i+3, i+4, i+2, |, k, i+2}. The pattern  v4, and v, in the segments located on the right of the
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Table Ill. Examples of motifs: NNT codes, residue number patterns and vertex residues

Protei?  Vertex residué

Vi V2 V3 \Z Vs Ve V7 Vg Vg Vipo Vi1 Vi2  Viz  Via  Vis  Vige Viz  Vig  Vig V2o

(2) 12583467: 68123457: 16823745: 126834: 68123452y = {i, i +1, i+3, i+4, i+2, j, j, i+2}, Nun = 40

3chy 66L 67E 69L 70K 68L _101A 101 A 68L 71T 71T 66L 102G 67E 98A - 9L - 70K 65G 656G
1gox 235 A 236 FE 238 A 239R 237D 275A 275A 237D 240L 240L 235A 276 A 236 E 272V — 238 A - 239R 234T 234T
lads 28T 29F 31V 32K 30A_57A 57A 30A 33V 33V 28T 581_20E 54V - 31V - 32K 27V 27V
5p21 69D 70Q 72M 73R 71Y_103V 103V 71Y 74T 74T 69D 104K 70Q 1001 - 72M - 73R 68R 68R
1wsyA 82F 83E 85L 86A 84M 121V 121V 84M 87L 87L 82F 122G 83E 118C - 85L - 86A 81C 81C
(b) 12576834: 67125834: 16823457: 68123574: 12583467y = {i, i +1, j+1, j+2, i+2, j, i+2, j}, Nunt = 24

2mnr 266 L 267 A 294M 295S 268 M 293P 268 M 293P 269 P 266L 269P 314 H 314 H 267 A 294 M 244 Q 244 Q 2921 295S 292 |
5timA 1241 125A 1641 165A 126 C 163V 126 C 163V 1271 1241 1271 209L 209L 125A 1641 92V 92V 162V 165A 162V
denl 318V 319A 342L 343L 320D 341A 320D 341 A 323T 318V 323T 370 M 370 M 319 A 342 L 295E 295E 339 A 343 L 339 A
1chrA 243 M 244 A 266 F 267S 245D 265V 245D 265V 248 L 243 M 248 L 294Y 294Y 244 A 266 F 220 E 220 E 263V 267 S 263V
1btc 3381 339L 377V 378A 340N 376 R 340N 376 R 341F 3381 341F 414F 414F 339L 377V 293 A 293 A 3751 378 A 375 |
(c) 12357468: 67125834: 1782354: 12576834: 12368475\ = {i, | +1, i+2, j, j-1, k, j-1, k}, Nyt = 6

5p21 5K 6L 7V 56L 551 75G 551 75G 8V _5K 8V 71Y - _6L 7V 54D 54D 77G 56L 76E
2cmd 2K 3V 4A 31S 30L 70A 30L 70A 5V 2K 5V 66A - 3V 4A 29E 29E 72V 31S 71D
1s01 27K 28V 29A 91Y 90L 119M 90L 119M 30V_27K 30V 114A — _ 28V 29A 89S 89S 121V 91Y 120D
3chy 7K 8F 9L 34E 33V 51Y 33V 51Y 10V _7K 10V 45K - _8F 9L 32N 32N 53F 34E 52G
1glt 3K 4L 5G 36H 35L 80L 35L 8L 61 3K 61 77L — 4L 5G 34E 34E 8V 36H 81D
(d) 81236457: 68172345: 68172345: 12583467: 12368475MY = {i, i +1, j, j+2, j+3, j+1, j+3, i=1}, Nynt = 6

2reb 90C 91A 138V 140V 1411_139D 1411 89T 187T 90C 132L 187 T 88K 89T 138V 142V 142V 1151 139D 115L
1glt 4L 5G 80L 82V 831 81D 831 3K 110T 4L 77L 110T 21 3K 80L 84L 84L 36H_81D 36H
8atcA 157V 158 A 222V 2241 2251 223D 225L 156 H 261 M 157V 219 M 261 M 155L 156 H 222V 226Y 226 Y 185Y 223D 185 Y
1sbp 7N 8V 58A 60T 61V 59D 61V 6L 226V 7N 52V 226V 5L 6L 58A 62T 62T 41S 59D 41S
2cmd 3V 4A T0A 72V 73V 71D 73V 2K 112A 3V 67L 112A 1M 2K 70A 74L 74L 31S_71D 31S
(e) 68123457: 68123457: 61258347: 125834: 68123457y = {i, i +1, i+2, i+3, i+4, i-1, i+4, i-1}, Nynt = 41

4fxn 97R 98D 99F 100E 101E 96M 101E 96M 102R 97R 102R 84L 114P 98D 99F -— - 95W 100 E 95W
2cyp 89F 90K 91F 92L O93E 88G 93E 838G 94P 89F 94P 46L 108F 90K O91F - - 87N 92L 87N
4ts1A 99A 100R 1011 102K 103E 98S 103E 98S 104Q 99A 104Q 69V 122N 100R 1011 - - 97W 102K 97 W
2ctc 224K 225S 226 A 227V 228E 223 A 228E 223 A 229A 224K 229A 202L 240Y 225S 226 A — - 222V 227V 222V
3rubS 84L 85A S86E 87V 88E 83V 88E 83V 89E 84L 89E 42L 1011 85A 86E - - 82Q 87V 820Q
() 81623574 67125834: 81276345; 16825734: 81276345\ = {i, j, j +1, j+4, j+3, i+3, j+3, i-1}, Nynr = 9

3grs 35S 346G 347R 350 A 349L 38R 3491 34A 348K 35S 348K 351 H 39A 34A 347R 153L 153L 3431 38R 31G
1pda 234 M 287 G 2881 291 A 290L 237 R 290L 233 A 289S 234 M 289S 292E 238L 233A 2881 261 A 261A 284E 237R 230 A
1mioC 58C 185G 186 H 189 A 1881 62V 1881 57 G 187H 58C 187 H 190N 63M 57G 186H 174C 174C 183S 62V 55Y
1pfkA 19A 264A 265S 268G 267M 22G 267 M 18A 266R 19A 266R 269A 23V _18A 265S 1221 122L 261R 22G 15G
2dri 19L 237P 238D 241G 2401 22G 2401 _18S 239Q 19L 239Q 242A 23A 18S 238D 88L 89D 236L 22G 15F
(g) 681234: 0: 71258346: 0: 123457 4fwg} = {i, i +1, i+2, i+3,, i-1,, i-1}, NNNT =18

5fbpA 188 P 189 A 1901 191G - 187D - _ 187D - 192E 186L 189 A — - - - 191G -

2gb1 47D 48A 49T 50K - 46D - _46D- - - 51T 45Y 48A - - - - 50K -

LlaapA 25V 26T 27E 28G - 24D - _ 24D- - - 20K 23F 26T - - - - 28G -

8catA 171P 172Q 173T 174H - 170N — 170N — - 175L 169 R 172 Q - - - - 174 H -

1csel 58P 59G 60T 61N — 57N — _ 57N - - 62V 56Y 59G - - - - 61N -

(h) 571234: 61857234: 0: 18723564: 044w} = {i, i +1, i+2, i+3, j,. . } Nynt = 10

2cp4 313K 314K 315G 316D 301L — 301L - 3001 313K 3021 - - - 315G 312L 304D - -

2hpdA 348 E 349K 350G 351D 335A — 335A - 334Y 348E 336K - - - 350G 347L 338D - -

1glaF 114K 115V 116 G_117D 61A - 61A - 60V 114K 62 P- - - - 116 G 113V 64D - -

1hdxA 84K 85P 8G 8/D 73V - 73V - 721 84K T4E- - - -  86G 83V 76V - -

1plc 65A 66K 67G 68E 31N - 31N — 30K 65A 32N- - - - 687G 63L 35F - -

(i) 8123574: 67125834: 0: 86125734: 6182345fw} = {i, i +1, i+2, j, j~1,, j~1, k}, Nyn = 7

2sn3 40Y 41C 42Y 47W _46C - _46C 20G 45A 40Y 45A - - 42Y 39G 25C 19L - 21E
lixa 61S 62C 63K 72W _71C - _71C_51C 70E 61S 70E - - 63K 60G 56C 50Q - 54 N
1pnh 18L 19G 20K 29V 28C - _28C 9Q 27E 18L 27E - - 20K 17L 12C 8C - 13 R
2tgi 77C 78C 79V 112S_111C - 111C 45A 110K 77C 110K - - 79V 76P 48C 44C - 46 G
1hce 46K 47C 48L 53S 52W - 52W 26G 51K 46K 51K - - 48L 45A 8P 25Y - 27E
lavdA 82Q 83C 84F 94K 93L - 93L 61Q 92V 82Q 92\ - - 84F 81G 64F 4C - 62 P
1ppn 109G 110V 111R 210V 209P - 209P 73Q 208Y 109G 208Y - - 111 R 107T 72L 69W - 76 A

2Only five examples are given for each motif except for (i).
bProtein names are given by PDB entry codes.
®Underlined residues are discussed in the text.
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Fig. 3. Stereoscopic view of the local structures with NNT code 12583467: 68123457: 16823745: 126834: 68123457. Fifteen structures with this code are
superposed with respect tq to vg. The residues corresponding t@ to V,q [given in Table 11l (a)] and additional residues neighbouring them along the
polypeptide chain are included in the structures drawn here. The four large balls indicate the restdues Yhe small balls indicate the residueste vg.

In this case, howevergwand \, and \§ and v, are the same residues, respectively. The balls indicate the locations of the corresponding residues for the first
protein in the list of Table Ill (a). The arrows do not repres@rgheet, but indicate the direction of the polypeptide chains.

helices in Figure 3 are fv= v, V15, V14) = (j, j+1,j]-3). This sheet are 67125834, 12583467, 12683457, 68125734,
pattern implies that the structures of the segments arecalso 68123574 and 12576838l{;= 5584, 4762, 1771, 1427, 1131
helix. In actual fact, they are part of the-helix. However, and 813, respectively). Some of them have already appeared
some are C-terminal and others are in the middle part of thabove in the top 20 most abundant ST codes. As shown in
a-helix. In addition, their relative spatial positions to the  Table I, the first two codes correspond to part of thhelix,
helices on the left differ (remember that the superposition ofoo. The residue number patterns for these six codes that
the structures was performed with respect only to the vertexorrespond to thB-sheet (other patterns that do not correspond
residues vy to vg). Nonetheless, the fact that favorable aminoto the-sheet for these codes are omitted here) arevy} =

acid types are limited at\= v, as described above, indicates {i, i +1, j, j+1, j-1, i-1, i1, -1}, {i, i+1, j, j+1, i+2, j+2,

an importance of some particular interactions of the residuest2, i+2}, {i, i +1, j, j+1, j+2, -1, j+2, j-1}, {i, i +1, |,

at vs = vy in the segment on the right with the residues in thej+1, i+2, i-1, i+2, i-1}, {i, i +1, i+2, |, j-1, k, j-1, k}, and

a-helix on the left in Figure 3. {i, i +1, j, j+1, i+2, j-1, i+2, j-1}, respectively. Here, the
The second to seventh NNT codes in Table Il commonlyresidues, i and j, are on differeftstrands.
include the ST code 68123457 for tetrahedg Ts and T, An example for paralleB-sheet is given in Figure 4 and

while either c(T) or c(T) is slightly different from each other. Table Il (b). The residues on the two paralf@istrands, (i,
The varieties in c(§) and c(T,) reflect the differences in the i+1, i+2) and (j, -1, j+2), are (M, Vo, V5 = V7) and (\ =
environment of thex-helices. This fact indicates that tlie  vg, v3, v,), respectively. There are four strands in Figure 4.
helices can be classified according to the NNT codes thaResidues yto vg are on the two central strands, while residues
reflect the residues surrounding them. Vi, = Vi3 and ug = vy7 are on the left and right strands,

The codes related to N- and C-terminal structures of theespectively. The folding types of proteins are mainly TIM
a-helix are also found. An example for the C-terminal one is:barrels.a/p3 and all proteins are also included.

NNT code= 12583467: 681234: 57168234: 12683457: For local structures related to the parafiesheet, we found
68123457, the cases where limited amino acid types are favoured by
{vi—vgt ={i,i+1, i+3,i+4,i+2, i+5, i+5, i+2}. some particular vertices. Let us show two examples. [The

structures are not shown here. Only the residues corresponding
to vy to vy are shown in Table 11l (c) and (d)]. In Table IlI

(c) five of six w's are Lys, and the remaining one is Thr. The
rgsidues for y and \ are hydrophobic; out of six, two, two,

(data is not shown hereNynt = 26. Residues i vy, V3 and
vg take part in forminga-helix, and residue ypterminates it.
v, is a special residue. Out of 26, 21 are Gly, three are Asn
and the remaining are Asp and His. These are a typical examp
of Gly-based motifs that cap the C-terminal endoehelices, ~ °N€ and one are Leu, Val, lle and Phe for &nd four, one

so-called C-cap obi-helices (Harper and Rose, 1993; Aurora 2Nd one are Leu, Val and lle fogrespectively. In Table Ill
et al, 1994) ' ' (d) five of six w's are Asp, and the remaining one is Gly.

Residues % and \, are on another segment, similar to Incidentally the folding types of all the proteins containing

Figure 3. The structures of these segments are much mof8€Se motifs arei/p. . _
different from each other than those in Figure 3, while the NeXtwe give an example for anti-paraligisheet:
structures of C-terminal regions, where residugsw, v; and NNT code= 67125834: 6812345: 68125734: 8123574
Vg are located, are well fitted to each other. The residue number 12683457,

patterns of the segments have also more varietigs; \(yy) = {vi—vg} ={i,i+1,j,j+1, -1, -1, i-1, j-1}

(i, D), (i, 1+2), (i i+3), (i, i+4), (i, i+5) etc. (the data is not shown heréYynt = 39. The residues on the
[-Sheet two anti-parallelp-strands, (i-1, i, +1) and (j+1, j, j-1) are
There are many codes to represent parallel and antipa@allel (vs = Ve, V1, Vo) and (4, V3, V5 = Vg), respectively. This motif
sheet. Similar to the-helix, these codes correspond to partsconsists of four strands. Residuesg t@ vg are on the two
of the B-sheets. The most abundant ST codes related t@-the central strands, while residueg;vand \ are on the outside
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Fig. 4. Stereoscopic view of the local structures with NNT code 12576834: 67125834: 16823457 68123574: 12583467. The amino acid residues are shown
in Table Ill (b). Fourteen structures are superposed. See also the caption of Figure 3.

Fig. 5. Stereoscopic view of the local structures with NNT code 68123457: 68123457: 61258347: 125834: 68123457. The amino acid residues are shown in
Table Il (e). Thirteen structures are superposed. See also the caption of Figure 3.

strands. As for folding classes of the proteias; 3, all- and
multi-domain are dominant.

Supersecondary structures

By the term supersecondary structure we mean a local structujg

composed of more than one secondary structure eleranent
helix and/orB-strand in this paper. Three examples are giv

here. (Although thg-sheets are a supersecondary structure i
this sense, they have been shown above according to t

conventional classification).

The B-a-B is the most typical supersecondary structure
(Richardson, 1981). Figure 5 and Table Il (e) show an exampl

related to this motif. 68123457 is a principal codeoshelix
as described above. The two group$edtrands lay under the
a-helix in Figure 5. The vertex residueg,vand V3 are on
the left and right groups of th@-strands, respectively. The
relatively wide distribution of the-strands reflect the fact
that their relative spatial positions to tlee-helices are not
determined strictly in th@-a-3 motif. As a matter of course,
folding classes of most proteins amé.

Two anti-paralleli-helices is found with the following code:

NNT code= 7128354: 71823546: 0: 1682354: 1283457,
{vi~vgt ={i,i+1, ], j+4, j+1,, -3, i+4},
Nwnt = 12. There is one exceptional case offvg} = {i,
i+1,j, j+4, j+1,, i-4, i+4}. The folding types of the whole
proteins are altx.

In Figure 6 and Table Ill (f) an example related to two
parallel a-helices over aB-strand is shown. There is one
exceptional case of f¢-vg} = {i, j,j +1, j+4, j+3,i+4, j+3,
i=1} for ImioC. A one-residue insertion caused this difference.
is observed in the lower part of the righthelix in Figure 6.

é While most of the vertex residues %o v,y are on either of
the twoa-helices, residues;y = v,7 are on the-strand under
Mhe a-helices in Figure 6. It is remarkable that the amino acid

?pe of » is Gly for seven of nine, and those of the remaining
two are Ala and Pro. The amino acid residues with a small
side chain are favorable for,\and . The amino acid type
of v, is Ala for five of nine and those of the remaining four
are Gly, Val and lle. The amino acid type of is Ala and
Gly for four and three of nine, respectively. Those of the
remaining two are Ser and Thr. The folding classes of the
proteins are eithea/p or a+f3.

Miscellaneous motifs

There are many interesting motifs not related to secondary
structures, each of which is a set of local structures with the
same code. Only four examples are shown here.

Table Il (g) shows an example related to a turn (the structure
is not shown here). Residueg 0 v, form a 3-turn of type |
(type IV in few cases). ThB-strands preceding and succeeding
this turn form an antiparalleB-sheet with each other. The
residues Asp and Asn are favorable gt=v vg.

Figure 7 and Table Ill (h) show an example related to a
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Fig. 6. Stereoscopic view of the local structures with NNT code 81623574: 67125834: 81276345: 16825734: 81276345. The amino acid residues are shown
in Table Ill (f). Nine structures are superposed. See also the caption of Figure 3.

Fig. 7. Stereoscopic view of the local structures with NNT code 571234: 61857234: 0: 18723564: 0. The amino acid residues are shown in Table IIl (h). Ten
structures are superposed. See also the caption of Figure 3.

B-bulge, which is an irregular region in[&sheet lacking the rich small proteins. However, lavdA and 1ppn are classified
normal pattern of hydrogen bonding. The type of fabulge  as rather different fold types than the others, although they
shown here is called antiparallel (A) and G1 (G) according tcalso have disulfide bonds.
Chan et al. (1993) (the type was defined by the program In 2sn3, lixa, 1pnh and 2tgi the Cys residuespand v
PROMOTIF [Hutchinson and Thornton (1996) in this study]). form a disulfide bond, while the residues at these two site are
The three key residues, called X, 1 and 2, age=vv;, v3 = not Cys in the other proteins. There are varieties of the
vi15 and v, respectively. The fact that residue 1, i..2v vys, formation of the disulfide bonds of the Cys residues ativ
is Gly is a characteristic point for thg-bulge of type AG. It  the disulfide bonds 16—-41 of 2sn3, 78-15 of 2tgi and 47-5 of
is also remarkable that the amino acid type gfis’ Asp for ~ lhcc the counterpart Cys residues do not belong to this local
seven of ten, and the remaining are Glu and GIn. structure of y to v,g, while those in the disulfide bonds
Ca&* binding sites of the EF hand, i.e., loop structures62-51 of lixa and 83—4 of lavdA are included in this local
connecting the E and B-helices in C&" binding proteins  structure. There are other disulfide bonds: 8-26 of 1pnh and

(Kretsinger, 1980) are found; 44-109 of 2tgi. The_ local structure of 1ppn has no Cys
NNT code= 7182346: 0: 6178234 7128354 1823467 residues, although this protein has three disulfide bonds in the
(Vivg = {i, i +3 i+4 i;LS it6 i.—3 i+2) ’ ' other region. The fitting of the structures in Figure 8 is not

. ] i good when compared with other examples shown in this
(the data is not shown her@Jynr = 6. The residues at vertices paper. Nonetheless, these structures seem to have common
V17 = Vyo, Vg = Vg, V3 and o, USUa”y called X, Y, Z and characteristic features.
-Y, respectively, provide oxygen atoms to chelate thé*Ca
ion. It is known that the Gly residue at is highly conserved Discussion

in different C&* binding proteins. The Asp and Asn residues |n this paper we have proposed a novel method to detect a
at vi, vz and \g = vy, and the hydrophobic residues agw¥=  motif of local structures in protein conformations using the
vy are also well conserved. Delaunay tessellation. There are motifs at various levels, such
Figure 8 and Table Il (i) are an example related to structuregais amino acid sequences, secondary structures, supersecondary

including disulfide bridges. The fold of 2sn3 and 1pnh isstructures, domains and tertiary structures. The motifs detected
classified as knottins (disulfide-bound fold containBgairpin  in this paper are parts of secondary and supersecondary
with two adjacent disulfides), and that of 2tgi as cystine-structures, and other kinds of structures of similar size not
knot cytokines (three disulfide links arranged in a knot-likedirectly related to the secondary structures. In this sense we
topology) according to SCOP. lixa and 1hcc are also disulfidecall them motifs of local structures.
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Fig. 8. Stereoscopic view of the local structures with NNT code 8123574: 67125834: 0: 86125734: 6182345. The amino acid residues are shown in
Table Il (i). Seven structures are superposed. See also the caption of Figure 3.

The Delaunay tessellation divides the protein interior intocodes which correspond to more than one residue number
the Delaunay tetrahedra whose vertices ggeatdm positions patterns. A gap or insertion is usually responsible for this
uniquely. The edges of the tetrahedra can be regarded as difference, but there are few cases that completely different
expression of the network of interactions between residues istructures corresponds to the same NNT code. Although there
3D space. We intended to translate this 3D information abouare some exceptions, the NNT code has enough ability to
the network of the interactions into a one-dimensional sequenagistinguish the local structures in general.
of digits, i.e., code, in this paper. We have achieved this by Since there are a huge number of NNT codes, it is impossible
the unique numbering method of the vertices so that the cod® see all local structures corresponding to every code on a
has information about the spatial arrangement gfdfoms  graphic display at present. Currently we directed our attention
and the sequential connectivity of the chain. to the most abundant codes and to the codes corresponding to

The local structures with the same NNT code can behe structures in which the amino acid types are likely to be
collected easily by computer. The structures with the samémited at some particular vertices.
code resemble each other for most cases. Although the NNT The most abundant codes are, as expected, related to
code can include information about topographical structure ohelix andp-sheet. It should be emphasized, however, that the
the residues, it cannot contain their 3D structure explicitly.secondary structures are not taken into account explicitly in
Therefore, the fact that the local structures with the same codie Delaunay tessellation and the code assignment procedures.
are similar to each other is not trivial. In fact, there are theAs far as the interactions between nearest neighbouring residues
cases where few exceptional structures are included even fam space are taken into account, it is natural that these structures
the NNT codes. Consequently, superposition of the structureare identified as a motif. However, the motifs defined in this
is necessary to assess the degree of resemblance. Nonethelstisdy differ from other motifs proposed up to now, even if
the method of structural comparison based on topographicalur discussion is confined to the secondary structures. First,
properties is important, if we consider the structural flexibility the local structures corresponding to the NNT codes are neither
of protein molecules (Mizuguchi and Go, 1995). one wholea-helix nor one whole3-strand, but parts of the-

The structures with the same code have a large variety ihelix and thep-sheet. In addition some of the residues (i.e.,
some cases (e.g., Figures 3, 5 and 8). Such a variety comeguctures they form) surrounding these parts are taken into
from the variety of relative spatial positions of the constituentaccount in the code. Consequently there are many codes related
segments and/or from the variety of structures of the segments the a-helix and thep-sheet reflecting the differences of
in themselves. Nonetheless, the structures with the same cod&uctures located near the relevant secondary structures. More
appear to have some common features. For example, favoraldetailed classification of the-helix and -sheet based on
amino acid residues are limited at some particular vertices isuch differences may be possible so that we can understand
Figure 3 and Table Il (c) and (d), and the locations of disulfideinteractions between residues to stabilize these structures.
bridges are common in Figure B-a-f3 in Figure 5 anda-a The local structures not related directly to the secondary
on aB-strand in Figure 6 are typical supersecondary structurestructures are also detected as shown in the Miscellaneous
The present method detects a motif of local structures from anotifs subsection of Results. As emphasized above, these
topographical point of view rather than a superposition of thestructures can be detected, because we did not put any
structures. This is the reason why such motifs can be detected lpyesupposition about secondary structures into the method.
this method and one of the characteristic points of the methoddgain we want to emphasize that various kinds of motifs,

Although the final assessment of the degree of structuraduch as those shown in Results, are detected in the same
similarity should be carried out by their superpositions, aprocedures, i.e., the Delaunay tessellation and code assignment
residue number pattern of the eight verticedorvg is useful  to the Delaunay tetrahedron.
for the first assessment. In most cases a given NNT code hasRepresentation of the local structure by the code is conveni-
only one residue number pattern, although there are soment in finding similar local structures by computer. At first the
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Delaunay tessellation is applied to all proteins in the databas&gchulz,G.E. and Schirmer,R.H. (197%rinciples of Protein Structure
and then codes are assigned to the Delaunay tetrahed %Spg'ggﬁr'\ﬁgagh;?ir"gh § Vaisman,.. (19GE)Comp. Biol, 3, 213221
obtained. The whole tetrahedra obtained for all the proteins iqay?or’,v\',.R". andp?)rehgo,c. A (fggg) Mol. Biol. 208? oo T
the database can be sorted easily with respect to the codesisman,l.I., Brown,F.K. and Tropsha,A. (1994) Phys. Chem.89, 5559—
assigned, because the code is expressed as a number. As %564
consequence of the sorting, the tetrahedra, i.e., local structure®oshin.V-P., Naberukhin,Y.1. and Medvedev,N.N. (1988pl. Simulation
with the same code are collected automatically. We can usga?];aztgg;.z(zlg%)]. Mol. Graph, 14, 105-107.
this set of sorted local structures as a new secondary databag@nato.T., Saito,M. and Higo,J. (199&hem. Phys. Le{t219, 155-159.
of protein structures.
This database can be used as follows. Suppose that we hakieceived April 3, 1998; revised May 26, 1998; accepted June 15, 1998
a protein we wish to study. At first we can apply the Delaunay )
tessellation to this protein, and assign a code to every DelaundyPpendix 1.
tetrahedron obtained. Then, for each tetrahedron, i.e., for eadthe following 293 proteins are used for the analysis in this paper. They have
local structure of this protein, we can easily derive the localess than 25% sequence homology with each other:
structures with the same code from the database. Informatiot29l, 1aaf, 1aaj, 1aapA, laba, labk, 1abmA, ladd, lads, laep, lalkA, 1aozA,
about similar structures found in different proteins is helprIlgESAliEmE' fﬁ&;’ ﬁrgt:éslaltggﬁ 11at§)|(|izli\t/>gCA 1?%’:‘(;“'1%)22% igﬁzb‘ib\%v%b'v
to understand and design them. However, it may be mor leai 1lcauB. lcor. 1edb. lcde. 1c 1chrA. 1cid. 1ombA. 1cobA.
helpful if we can know the different codes corresponding to1cos, 1epca. acpeL. 16pt. 10, 16561, 1etah, 06GA, 1dina 1dn, 1d0g,
similar local structures. In other words, clustering of the codeadsbA, 1eaf, leco, lede, lerp, lezm, 1fail, 1fas, 1fbaA, 1fclA, 1fc2C, 1fdd,
may be useful in such a database. 1fha, 1fiaB, 1fod4, 1fxiA, 1gal, 1gatA, 1gdhA, 1gky, lglaF, 1glaG, 1glt,
One of the difficulties of expressing local structures with alﬁ{ngA’ iﬁ’%x’ lf,fri 13%@“5?'\,?3?’; hci?f ’Alhfi):g' llrl](g:]c?E ' 11Te|\:1A'11|2|n?’
code is the problem of visualizing the local structures from that)jaa’ 1jis, {’,tsA’ 1itsC, 1itsD, lljm’daAp’ imch,j 1mioC, 1mrt, 1mup, 1mypC.
code. At present we have no idea about more comprehensiv@ar, 1ndk, 1nipB, 1nrcA, 1nxb, 1ofv, lomb, lomf, lomp, lonc, 1osa, lpda,
expression of the network of edges of the Delaunay tetrahedrapdc, 1pdgB, 1pfkA, 1phh, 1plc, 1pnh, 1poa, 1poc, 1poxA, 1ppfE, 1ppn,

We may get more familiar with the codes in the future as thelPpt 1prcC, 1preM, 1pyp, 11094, 1rla2, 1rcb, irec, 1rhd, 1ribA, 1rinB, 1rnd,
1rprA, 1rveA, 1s01, 1sbp, 1sgt, 1shaA, 1shfA, 1sltA, 1smrA, 1snc, 1spa,

analyses of the codes progress. ryA, 1tabl, 1tbpA, lten, 1tfd, 1tfi, ltgsl, ltie, 1tlk, 1tml, 1tnfA, ltplA,
There are huge number of codes. The analyses of localpm, 1trb, 1troA, 1ttbA, lula, lutg, 1vaaB, 1vil, 1vsgA, lwsyA, 1wsyB,
structures for whole codes have not been accomplished yetzaaC, 2aaiB, 2achB, 2atcB, 2ayh, 2azaA, 2bbkH, 2bds, 2bopA, 2bpal, 2bpa2,
Such analyses are now in progress. 2bpa3, 2cas, 2cbh, 2ccyA, 2cdv, 2cmd, 2cp4, 2cpl, 2crd, 2cro, 2ctc, 2cts,
2cyp, 2dnjA, 2dri, 2ech, 2end, 2er7E, 2gbl, 2hipA, 2hpdA, 2ihl, 2Ih2, 2liv,
2mevl, 2mhr, 2mnr, 2mrb, 2ms2A, 2msbA, 2mtaC, 2pcdA, 2pfl, 2pgd, 2pia,

References 2plvl, 2pmgA, 2por, 2reb, 2rn2, 2sas, 2scpA, 2sga, 2sim, 2sn3, 2snv, 2spo,
) ) 2stv, 2tbvA, 2tgi, 2tmvP, 2tscA, 2ztaA, 3adk, 3b5c, 3chy, 3cla, 3cox, 3dfr,
Alexandrov,N.N. and Go,N. (1994rotein Sci, 3, 866-875. 3egf, 3gapA, 3gbp, 3grs, 3inkC, 3monA, 3pgk, 3rubS, 3sdhA, 3sgbl, 3tgl,
Alexandrov,N.N., Takahashi,K. and Go,N. (1992)Mol. Biol, 225 5-9. 4blmA, 4cpal, 4enl, 4fgf, 4fxn, 4gcr, 4htcl, 4insB, 4rcrH, 4sbvA, 4sgbl, 4tgf,
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