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Abstract We have developed a method of searching for
similar spatial arrangements of atoms around a given
chemical moiety in proteins that bind a common ligand.
The first step in this method is to consider a set of atoms
that closely surround a given chemical moiety. Then, to
compare the spatial arrangements of such surrounding
atomsin different proteins, they are translated and rotated
so that the chemical moieties are superposed on each other.
Spatial arrangements of surrounding atomsinapair of pro-
teins are judged to be similar, when there are many corre-
sponding atoms occupying similar spatial positions. Be-
cause the method focuses on the arrangements of surround-
ing atoms, it can detect structural similarities of binding
sites in proteins that are dissimilar in their amino acid
sequences or in their chain folds. We have applied this
method to identify modes of nucleotide base recognition
by proteins. An all-against-all comparison of the arrange-
ments of atoms surrounding adenine moieties revealed an
unexpected structural similarity between protein kinases,
CAMP-dependent protein kinase (CAPK), and casein ki-
nase-1(CK1), and D-Ala:D-Alaligase (DD-ligase) at their
adenine-binding sites, despite alack of similarity in their
chain folds. The similar local structure consists of afour-
residue segment and three sequentially separated residues.
In particular the four-residue segments of these enzymes
were found to have nearly identical conformationsin their
backbone parts, which are involved in the recognition of
adenine. This common local structure was aso found in
substrate-free three-dimensional structures of other pro-
teins that are similar to DD-ligase in the chain fold and of
other protein kinases. As the proteins with different folds
were found to share a common local structure, these pro-
teins seem to constitute a remarkable example of conver-
gent evolution for the same recognition mechanism.
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1. Introduction

Enzymes specifically recognize their substrates. |dentifi-
cation of aset of molecular interactionsresponsiblefor rec-
ognition of aspecific substrateisanimportant step towards
understanding the molecular mechanism of protein func-
tions. In this paper we will first develop a computerized
method for this identification, and then apply the method
to find modes of recognition of the adenine moiety in nu-
cleotide binding proteins.

The strategy we adopted in this paper for this identi-
fication is to search for similar spatial arrangements of
atoms around agiven chemical moiety among proteinsthat
bind a common ligand. The underlying hypothesis hereis
that very similar spatial arrangements of atoms in dif-
ferent proteins imply a functional importance of such
atoms.

The catalytic triad shared by serine proteases with dif-
ferent folds, such as chymotrypsin and subtilisin, is a re-
markable example to support this hypothesis. In these
enzymes, three amino acid residues, Asp, Hisand Ser, are
arranged similarly in space to perform a specific function.
The same triad, involving the same amino acid residues,
has also been found in lipase (Brady et al. 1990), and a
similar triad containing Glu unstead of Asp hasbeen found
in acetylcholine-esterase (Sussman et al. 1991).
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A similar situation has also been observed for B-lac-
tamase (Strynadka et al. 1992) and aspartic proteinases
(Pearl and Blundell 1984), which areapair of proteinsvery
different in function and fold. In these enzymes, the ar-
rangementsof side-chainsat their active sitesarevery sim-
ilar: the side-chains of Glu-166 and Asp-170 and their
bound water moleculeinthe 3-lactamase, and those of Asp-
215 and Asp-32 and the bound water molecule of aspartic
proteinases (Pearl 1993). Thissimilarity strongly suggests
that the mechanism of a part of the catalytic step, activat-
ing abound water molecule, isessentially the samein both
enzymes.

In order to carry out the required search, we have de-
veloped a computerized method. The method first consid-
ered a set of atoms that closely surround a given chemical
moiety in athree-dimensional structure of aprotein-ligand
complex. In order to choose these surrounding atoms, we
use Delaunay tessellation (Coxeter 1961). Delaunay tes-
sellation, which is a method mathematically dual to Voro-
noi tessellation, is a geometrical method to divide space
occupied by atoms into tetrahedra whose four vertices are
neighboring atoms. As such, a set of Delaunay tetrahedra
involving atoms of the chemical moiety defines space near
the moiety. We select all protein and solvent atoms in
the set as surrounding atoms. Next, the method evaluates
similarity between arrangements of surrounding atomsin
apair of proteins, say, A and B. To compare arrangements
of surrounding atoms, their coordinates are translated and
rotated so that the coordinates of atoms of the chemical
moieties are the same. Then, we define such a pair of sur-
rounding atoms, one from protein A and the other from
protein B, that occupy similar spatial positions as corre-
sponding atoms. We quantify the degree of similarity of a
pair of sets of surrounding atoms in terms of the number
and the degrees of proximity of such corresponding atom
pairs. The method is independent of the chain folds, and
thus can detect similaritiesin proteins without similarities
intheir chain folds. This method, however, is not intended
to be a fully-automated searching method without human
intervention, but rather to provide a convenient tool to ex-
amine the modes of recognition. We have applied the
method to search for similar arrangements of atomsaround
an adenine moiety of bound mononucleotide.

ATP, the most abundant mononucleotidein living cells,
works as the universal currency of free energy in biologi-
cal systems. Other mononucleotides work in different bi-
ological contexts; some proteinsinvolved in gene transla-
tion use GTP, thoseinvolved in sugar metabolismuse UTP,
and those involved in lipid metabolism use CTP. These en-
zymes distinguish the slight differences between the base
moieties.

There are a large number of structures of protein-
AT P/AT P-anal ogue complexes solved by X-ray crystallog-
raphy or NMR. Several classesof fold in ATP-binding pro-
teins have been recognized (Schulz 1992) such as: theclas-
sical mononucleotide-bindingfold (Schulz et al. 1986), the
actinfold (Flaherty et al. 1991; Hurley et a. 1993), thefold
of the protein kinase family (Bossemeyer et al. 1993;
Hankset al. 1988), the glutathione synthetasefold (alsore-

ferredto asthe ATP-grasp fold) (Artymiuk et al. 1996; Fan
et al. 1995; Hibi et al. 1996; Murzin 1996), the class I|
tRNA synthetase fold (Moras 1992), and the nucleoside
diphosphate kinasefold (Swindellsand Alexandrov 1994).
The mononucleotide-binding sites in proteins of the last
four folds are located on the surface of an anti-parallel
[B-sheet, whereas in the first two folds, they are located at
the edge of a 3-sheet.

We have previously reported the unexpected structural
similarity at the adenine binding sitesin proteins with dif-
ferent folds (Kobayashi and Go 1996a), i.e., protein ki-
nases, CAMP-dependent protein kinase (CAPK) (Bosse-
meyer et al. 1993) and casein kinase-1 (CK1) (Xu et al.
1995), and D-Ala:D-Ala ligase (DD-ligase) (Fan et al.
1994). This finding illuminates a common binding struc-
tural motif shared in proteins with different folds.

CAPK (Bossemeyer et al. 1993), one of the serine/thre-
onine kinases, is amember of alarge family of evolution-
arily related protein kinases, in which some key residues
areconservedintheir catalytic domain (Hankset al. 1988).
The structure of the catalytic subunit of CAPK consists of
two domains: oneis alarger, predominantly a-helical do-
main, formed by most of the C-terminal portion (except
for the C-terminal long loop) and the N-terminal a-helix;
and theother isasmaller domain—whichismadeuplargely
by an anti-parallel 3-sheet — formed by most of the N-ter-
minal portion (except for the first a-helix) and the C-ter-
minal long loop (Fig. 1a). In addition to cAPK, structures
of both CK1 (Xu et al. 1995), which is also a serine/thre-
onine kinase, and the tyrosine kinase domain of the insu-
linreceptor (IRK) (Hubbard et al. 1994) have al so been de-
termined. These three protein kinases show a high degree
of structural similarity.

DD-ligase (Fan et al. 1994) is very similar to glutathi-
one synthetase (GSHase) (Yamaguchi et al. 1993) in chain
fold. The structure consists of three domains: the N-termi-
nal domain having an a/gtopology and the central and the
C-terminal domains both containing predominantly an
anti-parallel B-sheet (Fig. 1b). In addition to GSHase and
DD-ligase, the biotin carboxylase subunit of acetyl-CoA
synthetase (BNC) (Waldrop et al. 1994) has been recog-
nized as a protein with the GSHase fold (Artymiuk et al.
1996). The ATP-grasp fold (Murzin 1996) is a part of the
GSHase fold consisting of two domains; the central and
the C-terminal domains, that grasp the nucleotide mole-
cule between them. This fold has been recognized in re-
cently determined structures of two ADP-binding ligases:
succinyl-CoA synthetase (SCS) (Wolodko et al. 1994) and
pyruvate phosphate dikinase (PPDK) (Herzberg et al.
1996). All of these enzymes with the GSHase fold cata-
lyze a common reaction, i.e., coupling the conversion of
ATPto ADP with the formation of acarbon-nitrogen bond
between a carboxyl group and an amino group. SCS and
PPDK catalyze the reaction by way of an intermediate in-
volving a phosphorylated histidine residue of the enzyme
itself.

In the Methods section, details of the algorithm for
searching similar arrangements of surrounding atoms will
be described. In the Results and Discussion sections, we
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large domain

small domain

b N-terminal domain

Fig. 1 Ribbon diagrams of a cAPK and of b DD-ligase. The back-
bone part of thefour-residue segment in each of the proteinsisshown
by aball-and-stick model in orange. acAPK consistsof two domains:
small domain shown in green and large domain in cyan. Theglycine-
rich loop isshown in blueand the catalytic loop in yellow. The bound
ATPanalogueisshown by aball-and-stick model. Side-chainsinres-
idues participating inthe adenine-binding are showninred. 3-strands
arelabeled: B1 (residues 43-52), B2 (residues 55-62), B3 (residues
67-75), B4 (residues 106-111), B5 (residues 115-120), B6 (residues
172-174), and B7 (residues 180-182). b DD-ligase consists of three
domains: N-terminal domain shown in purple, central domain in
green, and C-terminal domain in cyan. The small loop is shown in
blue and the partially helical large loop shown in yellow. The bound
ADPisshown by aball-and-stick model. Side-chainsin residues par-
ticipating in adenine-binding are shown in red. Some -strands are
labeled: B5 (residues 113-117), B6 (residues 141-145), B7 (resi-
dues 154-158), B8 (residues 176-181), B12 (residues 253-260) and
B13 (residues 265-272). This figure was drawn using the program
MOLSCRIPT (Kraulis 1991)

will report the results of an all-against-all comparison of
adenine mononucleotide-protein complexes. In particular,
common local structures around the adenine moiety in
CcAPK and DD-ligase were examined in detail. This exam-
ination isfurther extended to other proteins with the ATP-
grasp fold and also to other protein kinases.

2. Method
2.1 List of surrounding atoms

Both Delaunay and Voronoi tessellationshave been applied
to study various geometrical properties of protein struc-
tures (Finney 1975; Kobayashi and Go 1995b; Richards
1974, 1977). We use Delaunay tessellation to define space
near a given chemical moiety. All protein and solvent
atoms in a set of Delaunay tetrahedra involving atoms of

@ : surrounding atom

Fig. 2 Schematic representation of Delaunay tessellation around an
adenine moiety. Dotted lines connect the neighboring atoms in De-
launay tessellation. Those atomsthat are neighborsin Delaunay tes-
sellation to atoms of the adenine are enlisted as surrounding atoms

the chemical moiety are listed as surrounding atoms (see
Fig. 2). In this method we do not use any parameters such
as a cut-off distance to determine surrounding atoms. All
heavy atomsin the complex, including bound water mole-
cules, are considered in the selection of the surrounding
atoms. We use the algorithm of Delaunay tessellation de-
veloped by Tanemura et al. (1983).

2.2 Definition of the similarity score

The second step is evaluation of the similarity between ar-
rangements of surrounding atomsaround acommon ligand
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in a pair of proteins. To compare the surrounding atoms
their coordinates are translated and rotated so that the co-
ordinates of the atoms of the chemical moieties are the
same. After this treatment, spatial similarity of surround-
ing atoms can be simply evaluated from their coordinates.
Then, wedefine such apair of surrounding atoms, onefrom
protein A and the other from protein B, that occupy simi-
lar spatial positions as corresponding atoms. We quantify
the degree of similarity of a pair of sets of surrounding
atoms as a similarity score in terms of the number and the
degrees of proximity of such corresponding atom pairs.

In the definition of corresponding atom pairs, we con-
sider only those pairs of atoms with the same atom type,
i.e., carbon, oxygen, nitrogen, or sulfur atom. The distance
of apair of surrounding atoms, denoted by D (&;, by)), isused
to measure the degree of proximity between atom g; of pro-
tein A and atom b; of protein B. We consider only such by
that givethesmallest D (a;, by) for agivena;, and only such
g; that givethe smallest D (&, by) for agiven b;. Further we
consider only pairs of atoms, g and by, D(g;, b;) smaller
than a cut-off value D, here taken to be 1.5 A. Later
we will discuss the reason for the choice of this cut-off
value. Pairs of atoms selected in this way are defined as
corresponding atoms.

We employ asimilarity score given by a product of two
factors; one is the number N of the corresponding atom
pairs, and the other is a sum of |Dg.qi—D (&, by)| over
corresponding atom pairs. Each corresponding atom pair
contributes to both factors. The score we employed is
“quadratic” in this sense. We will discuss later the reason
for this choice of the similarity score.

2.3 Choice of the similarity score

The similarity score defined above has been chosen so as
to reliably reproduce well-established cases of substrate
recognition by proteins. As such well-established cases,
we have chosen four GTP-binding proteins (Traut 1994),
cH-ras p21 (PDB code 5p21), elongation factor Tu (PDB
code left), the a subunit of transducin (PDB code 1tada)
and ADP-ribosylation factor-1 (PDB code lhura), all of
which recognize the guanine moiety by the consensus se-
guence motif NKxD (Dever et al. 1987) and whose three-
dimensional structuresare knownin complex with guanine
mononucleotide. For the four protein-complex structures,
we select atoms surrounding the guanine moiety by the
method of 2.1. In the list of surrounding atoms, we iden-
tify non-hydrogen atoms belonging to residues N, K, D in
the above mentioned sequence motif. These atoms were
found to occupy very similar positions with respect to the
guanine moiety in the four complex structures. The maxi-
mum value of D(a;, b;) wasfound to be 1.42 A. Therefore,
we have chosen Dy to be 1.5 A so that all the corre-
sponding atom pairs identified here are corresponding
atom pairsin the sense of 2.2.

Inthe next step, we have applied our method for all pro-
teins whose three-dimensional structuresin complex with
guanine mononucleotide are known. In this calculation we

tried similar but slightly different score functionsfrom the
one described in 2.2. For example, similarity scores con-
sisting of only N, or only of the sum of | De,,.oi—D (&, b)) |
were also examined. For these various choices of the sim-
ilarity score functions, protein pairs giving high values of
the score were listed. The score function described in 2.2
wasfound to bethe best in the sensethat protein pairsfrom
the four protein complexes studied above were always top
inthelist.

3. Results

We applied the method to identify modes of adenine rec-
ognition by mononucleotide-binding proteins. The base
moiety is an aromatic compound and thus has no confor-
mational flexibility. This character of the base moiety is
well suited for the method developed here, because com-
mon base moieties can be superposed exactly. We report
here results of searching for similar spatial arrangements
of atoms around an adenine moiety.

3.1 Initial and representative datasets

Thedataset of adenine mononucl eotide-protein complexes
are taken from the three-dimensional structures deposited
inthe Brookhaven Protein DataBank (PDB, January 1996,
Release #75) (Bernstein et a. 1977). The bound adenine
monunucleotides are identified by examining all ligands
in those PDB entries that are determined by X-ray crystal -
lography and by accepting those ligands that include some
phosphates, one sugar, and one adenine base. Therefore,
not only ATP but also all the other adenine mononucleo-
tides are sel ected for comparison of arrangements of atoms
around the adenine moiety. Those entriesthat contain only
Ca coordinates of protein atoms are removed. This gives
121 bound adenine mononucleotides in 71 entries. Thus,
an initial dataset consists of 121 adenine-binding sites.

Wefirst carried out an all-against-all comparison of the
121 sets of arrangements of surrounding atoms. The result
of this comparison showed that the method properly rec-
ognized distinctly similar pairs such as the same binding
sitesin different subunits of a homo-polymer, or the same
binding sites of the same protein in different PDB entries.
Based on thisresult, we defined the initial dataset by man-
ually removing such essentially identical binding sites, and
then we obtai ned arepresentative dataset containing 38 dif -
ferent adenine-binding sites.

3.2 A common local structure shared by proteins
with different folds

Next, we re-examined pairs of proteins having signifi-
cantly higher scores in the representative dataset. Such
pairs are, in general, found to be only in the binding sites
of similar proteins, such as adenylate kinase and uridylate



Table1l Results of asearch for similar arrangements of surround-
ing atoms to those of cCAPK (1cdka). The number of surrounding
atoms in 1cdkais 27. SA denotes surrounding atoms, and CA de-
notes corresponding atoms

PDB Name No. Score No.
code SAs CAs
1gtr  Glutaminyl-tRNA synthetase (gInRS) 38 1753 16
2din  D-AlaD-Alaligase (DD-ligase) 34 1396 14
lesn Casein kinase-1 (CK1) 30 1278 15
1ses  Seryl-tRNA synthetase 36 831 14
1llgr  Glutamine synthetase 43 791 14

kinase both of which bind ATP at similar positions of the
classical mononucleotide-binding fold. Neverthel ess, from
close examinations of high scoring pairs, we found an
unexpected similarity between proteins with different
folds, i.e., cCAMP-dependent protein kinase (CAPK) and
D-AlaD-Alaligase (DD-ligase).

Table 1 shows the result of a search for CAPK (PDB
code 1cdka) against 38 representative datasets. The three
highest scoring proteins are glutaminyl-tRNA synthetase
(gInRS, PDB code 1gtr, amember of class| tRNA synthe-
tase) (Rould et al. 1991), DD-ligase (PDB code 2din, apro-
tein with the GSHase fold) and CK1 (PDB code 1csn, a
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protein kinase). The similarity between cAPK and CK1is,
in asense, trivial because both of them are in the protein
kinase family, but neither gInRS nor DD-ligase has been
known to have similarities to the protein kinase family.
Therefore, weshould ask thefollowing question. How sim-
ilar arethelocal structures of the adenine recognition sites
in these proteins to that of CAPK?

To answer the above question, we examined the simi-
larity of local structures of residues containing the corre-
sponding atoms. The similarities of these local structures
were visually inspected. Figure 3 shows the local struc-
tures of (a) DD-ligase and (b) gInRS superposed to that of
CAPK. Thesefigures clearly show that DD-ligaseis exten-
sively similar to cAPK eveninthe arrangements of theres-
idues containing the corresponding atoms, while giInRSis
similar to cAPK only in the arrangements of the corre-
sponding atoms. Among seven corresponding residues be-
tween DD-ligase and cAPK (Fig. 3a), the backbone struc-
tures of corresponding four-residue segments (residue
numbers from 180 to 183 in DD-ligase, and from 120 to
123incAPK, respectively) arespatially very similar. These
results indicate that the similarity beteen proteins with the
protein kinasefold and with the GSHasefold issignificant,
wheras the similarity between proteinswith the protein ki-
nasefold and withtheclass| tRNA synthetasefoldissuper-
ficial.

¢APK
DD-ligase

¢APK
DD-ligase

cAPK
2InRS

cAPK
serRS

Fig. 3 Superpositions of local structures of adenine-binding sites
of, a cCAPK (red) and DD-ligase (blue); b cAPK (red) and gInRS
(blue); and c cAPK (red) and serRS (blue). b The surrounding atoms
are also indicated by aball model, and the corresponding atom pairs
are connected by green lines. This figure was drawn using the pro-
gram MOLSCRIPT (Kraulis 1991)
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Aswe have discussed in the Introduction, proteins with
the GSHase fold are different from the protein kinase fam-
ily intheir chainfold, but themononucleotide-binding sites
of both proteins have been shown to be located on the sur-
face of an anti-parallel 3-sheet. There are two other fold
groups, the class Il tRNA synthetase fold and the nucle-
oside diphosphate kinase fold, that also bind the mononu-
cleotide on an anti-parallel 3-sheet. It is reasonable to ex-
pect that proteins with the above two folds have similar lo-
cal structurestothose of DD-ligaseand cAPK. Seryl-tRNA
synthetase (PDB code 1ses) (Belrhali et al. 1994) isaclass
Il tRNA synthetase and is the fourth highest scoring pro-
tein in Table 1. We also examined the local structure of
thoseresi dues contai ning the corresponding atoms, but this
protein does not show any significant structural similarity
to cAPK (Fig. 3c). We also examined the local structure of
a nucleoside diphosphate kinase (PDB code 1nlk) (Wil-
liams et al. 1993), whose similarity score with cAPK is
23.1 (the 21st score in 38 data), and found no significant
similarity to cAPK. These examinationsindicate that only
the protein kinase family (cAPK and CK1) and DD-ligase
have common local structures at the adenine recognition
site among the proteins whose binding sites are located on
the surface of an anti-parallel 3-sheet. Note that there are
no proteins with the GSHase fold or from the protein ki-
nase family in the representative dataset except for the
above three proteins. (Recently the structure of GSHase-
ADP complex has been solved and deposited in the PDB
(Haraet al. 1996).)

3.3 Characteristic features of the common local structure

As we indicated above, the local structures common
between cAPK and DD-ligase consist of seven residues:
in cAPK, residue of thefour-residue segment are Met-120,
Glu-121, Tyr-122 and Val-123, and the other threeresidues
are Val-57, Leu-173 and Thr-183, and in DD-ligase, resi-
dues of the four-residue segment are Glu-180, Lys-181,
Trp-182 and L eu-183, and the other threeresidues are M et-
154, Met-259 and L eu-269. The order of these correspond-
ing residues are found to be the same. The positions of
theseresiduesin thetertiary structures are shown schemat-
ically in Figs. 4aand b. Theresidue first in sequenceisin
the domain having predominantly an anti-parallel 3-sheet,
i.e., the smaller domain in cAPK and the central domain
in DD-ligase, respectively. The four-residue segment, next
in sequence, islocated from the end of the last 3-strand of
the first domain to the beginning of the successive loop
connecting the two domains. The other two residuesarein
the next domain, i.e., the larger domain in cAPK and the
C-terminal domain in DD-ligase, respectively. Although
the arrangements of the seven residues are very similar,
they arelocated on different secondary structural elements
(Fig. 4a, b).

Further examination of the four-residue segment indi-
cated the importance of the backbone part of the segment
for adenine recognition. There is a significant structural
similarity of the backbonepartinthefour-residue segments

four-residue
segment

83

catalytic
loop

Gly-rich loop

larger domain smaller domain

a
|IDD-ligase
four-residue
segment
large loop
B1l B10 B B7

small loop

N-terminal
domain

C-terminal domain central domain

b

Fig. 4 Topological diagrams of a cCAPK and b DD-ligase. Arrows
represent -strandsand boxesrepresent a-helices. 3-strandsarenum-
bered, according to their order in the sequences. Seven amino acids
involving the adenine-binding sites are also shown. a All 3-strands
and some a-helicesin thelarge domain, and thefinger print sequenc-
es are shown, and b only -strandsin the central and C-terminal do-
mains are shown

of cAPK and DD-ligase with a root-mean-sgquare devia-
tion, r.m.s.d., of 0.372 A. Another key point isthat the ade-
nine moiety is bound by two hydrogen bonds to the back-
bone part of the four-residue segment. One is between N6
of the adenine ring and the backbone carbony! of the sec-
ond residue, and the other is between N1 and the backbone
amide of thefourth residue; e.g., the backbone carbonyl of
Lys-181 binds to N6 and the backbone amide of Leu-183
bindsto N1in DD-ligase (Fig. 5). The nitrogen atoms, N1
and N6, are characteristic of an adenine base. Therefore,
the backbone part of the four-residue segment plays an es-



Fig. 5 Specific interactions between the adenine base and the four-
residue segment in DD-ligase are shown. The adenine base is bound
by two hydrogen bonds: one is between the N6 and the backbone
carbonyl of Lys-181 (the second residue), and the other is between
the N1 and the backbone amide of Leu-183 (the fourth residue). The
conserved backbone structure of the segment is shown in yellow.
This figure was drawn using the program MOLSCRIPT (Kraulis
1991)

sential role in distinguishing between adenine and other
base moieties. (Because these two atoms participate in the
Watson-Crick base pairsin the double-stranded DNA, this
mode of adenine recognition should be clearly different
from modes of double-stranded DNA-binding proteins.) In
contrast, the side-chain parts are not involved in any spe-
cific interactions with the adenine moiety. These results
suggest that only the backbone conformation is required
for the adenine recognition and the role of side-chainsis
to stabilize and maintai n the backbone conformation of this
segment. A rather large amino acid sequence variation in
this segment is tolerated, probably for this reason.

3.4 Similarities with other proteins with the
ATP-grasp fold and with other protein kinases

Asmentioned in the Introduction, GSHase, BNC, SCSand
PPDK, as well as DD-ligase, are proteins with the ATP-
grasp fold. In addition to the similarity of their chain folds,
these proteins share another common feature that two loop
regions are involved in phosphate binding. In DD-ligase,
two loops consisting of residues 149-153 and of residues
208-224, the small and the large loops, respectively, cover
the phosphate group of ATP (Fan et al. 1994) (Fig. 1b). The
small loop isin the central domain and connects the sixth
and seventh anti-parallel 3-strands, and thelargeloopisin
the C-terminal domain and connectsthe tenth and eleventh
anti-parallel B-strands(Fig. 4b). In GSHase, twoloopscon-
sisting of residues 164-167 and of residues 226-241 are
thought to form the catalytic site (Tanaka et al. 1992; Ta-
naka et al. 1993). Fan et a. (1995) have suggested that
these two loops in GSHase correspond to the two loopsin

141

Table2 Amino acids constituting the two phosphate binding loop
regionsof proteinswith the GSHasefold: DD-ligase, GSHase, BNC,
SCS and PPDK, and of protein kinases: cCAPK, CK1 and IRK

Small loop Large loop
DD-ligase 149GssvG 208TEYDYEAKYLSDETQY
GSHase IGMGG 226 PQGGETRGNLAAGR
BNC 185GGRG Z0CSMQRRHQK YV
sCS 52GGRG " TEGGVEIEKVAEETPHLI
PPDK 100pGMM 2ISNAQGEDVVAGVRTP
Gly-rich loop Catalytic loop
cAPK OGTGSFG 164y RDLK PEN
CK1 GEGSFG 129y RDIKPEN
IRK 10083GQGSFG 1130HRDLAARN

DD-ligase. This correspondence hasbeen confirmed inthe
structure determined recently (Hibi et al. 1996). In BNC,
the ATP-binding siteis also believed to occupy an approx-
imately equivalent position to those of DD-ligase and of
GSHase (Waldrop et al. 1994). In contrast, SCS, which
phosphorylatesits own histidine residue, has been thought
tobind ATP at adifferent position, becausethesite of phos-
phorylation is far from the two loops. However, Matsuda
et al. (1996) have suggested that SCSalso binds ATP at the
position corresponding to thosein DD-ligase and GSHase,
because the structure of the domains containing the corre-
sponding two loops as well as the amino acid residues of
the small loop in SCS are similar to those of the two pro-
teins. Therefore, the two loops are likely to be involved in
binding the phosphate group of ATP in the above for en-
zymes. Amino acid sequences of the two loops are listed
in Table 2 for the five proteins with the ATP-grasp fold.
(We assigned the large loops of BNC, SCS and PPDK by
examining the topological correspondences.) Summariz-
ing the above, the five proteins with the ATP-grasp fold,
DD-ligase, GSHase, BNC, SCS and PPDK, are character-
ized by the similaritiesin the chain fold and the phosphate
binding abilities of the two loops. Moreover, the structu-
ral similarity of the four-residue segment around the ade-
nine moiety in DD-ligase and cAPK suggests the possibil -
ity that the four-residue segment might be athird common
feature in proteins with the ATP-grasp fold.

Even through the structures of GSHase, BNC, SCS and
PPDK depositedinthe PDB (PDB code: 2glt, 1bnca, 1scub
and 1dik, respectively) do not contain bound mononucle-
otide, the four-residue segment corresponding topol ogi-
cally to the segment of DD-ligase can be identified (amino
acid sequences listed in Table 3). We found that each of
the four-residue segments has very similar backbone con-
formation with avery low r.m.s.d. of 0.315 A in GSHase,
0.459 AinBNC, 0.309 A in SCS, or 0.395 A in PPDK, for
superposition of backbone atoms to those of DD-ligase.
Not only the four-residue segment but also the other three
residues in the close neighborhead of the adenine moiety
were also found (for the case of SCSshownin Fig. 6). The
significant structural similarity in the backbone part
strongly suggeststhat ATP isbound at the same site asthat
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DD-ligase DD-ligase
3CS SCS

99E 99E

Fig. 6 Superposition of adenine-binding sites of DD-ligase (red)
and SCS (blue). This figure was drawn using the program MOL -
SCRIPT (Kraulis 1991)

Table 3 Amino acids constituting the adenine binding sites of DD-
ligase, CAPK and CK1, and the corresponding residues in GSHase,
BNC, SCS, PPDK and IRK. The secondary structure assignments
for DD-ligase and cAPK are also shown

~B7 B8 - loop ~B12-, ~B13-
DD-ligase % 1K WL %M 299
GSHase 170 198QNY 275 28
BNC 169M 201EKYL 278L 287|
SCS 59G 99EAAT 202V 212L
PPDK 105T 240QTM \V; 325T 334V
~B2- B5- loop ~B6- B7 - loop
CAPK A% ZOMEYV 3L 87
CK1 26| 85| DLL 138L 153V
IRK 1010V 1076M ELM 1139M 11496

of DD-ligase in the other four enzymes. Whether with or
without bound mononucleotide, the adenine-binding site
isfoundtobevery similar amongall proteinswiththe ATP-
grasp fold. The recently deposited GSHase-ADP complex
structure (PDB code 1gsa) (Hara et al. 1996) again con-
firmed the rigidity of this segment. The local structures
consisting of the seven residues in mononucleotide free-
and ADP bound-GSHases were found to be almost identi-
cal with an r.m.s.d. of 0.076 A for the superposition of
backbone atoms of the four-residue segment. Thisfinding
indicatesthat the common local structuresin proteinswith
the ATP-grasp fold form a rather rigid lock structure for
the key of the adenine moiety.

We also examined the other protein kinase, IRK, that
contains no bound mononucleotide in the PDB (PDB code
lirk). Thelocal structure of IRK was also found to be con-
served. The four-residue segment of IRK hasanr.m.s.d. of
0.361 A for superposition of the backbone atoms to those
of cAPK.

In summary, we have found the common local struc-
tures around the adenine moiety in proteins with different
chainfolds, the ATP-grasp fold and the protein kinasefold.
The same local structure is found even when there is no
bound mononucleotide. The backbone part of the four-res-
idue segment is found to play an important role in the rec-
ognition of the adenine moiety.

4. Discussion

Asin the case of proteins with the ATP-grasp fold, protein
kinases also contain two loops that are involved in bind-
ing of the phosphate group of the mononucleotide. Oneis
called aglycine-rich loop containing aconsensus sequence
motif, GXGxxG, and the other iscalled acatalytic loop. As
the protein kinases are closely related evolutionarily,
amino acids in these loops are well conserved (Table 2).
L ocations of these loops areindicated in Fig. 4a. From the
visual inspection of the three-dimensional structures (Fig.
1a, b), the Gly-rich loop and the catalytic loop in CAPK
correspond roughly to the small loop and the large loop of
DD-ligase, respectively (the Gly-rich loop and the small
loop shown in blue; the catalytic loop and the large loop
shown inyellow). Nevertheless, significant structural sim-
ilarities were not found between the corresponding loops,
and the Gly-rich loop and the corresponding small loop are
in opposite directions, i.e., the Gly-rich loop comes from
the end of the [3-sheet while the small loop goesto the end
of the (-sheet, respectively (Figs. 4a, b) (Matsuda et al.
1996). Moreover, the interactions between the two loops
existing in DD-ligase were not found in cAPK. These dif-
ferences in the phosphate-binding sites present a striking
contrast to the adenine-binding sites that are found to be
very similar. Theproteinswith the ATP-grasp fold and with
the protein kinase fold bind ATP at the similar adenine-
binding sites and at the somewhat dissimilar phosphate-
binding sites. On the other hand, in the ATP- or GTP-bind-
ing proteinswith the clinical mononucleotide-binding fold
(Schulz 1992), the phosphate-binding sites containing the
consensus G/AxxxxGKT/S sequence motif are very simi-
lar while the adenine- or guanine-binding sites are quite
different. Even the sites for adenine base binding are dif-
ferent in adenylate kinase and recA protein (Story and
Steitz 1992). Binding of the base and of the phosphate
group are thus found to be independent of each other in
these mononucl eotide-binding proteins.

In spiteof the high degreeof structural similarity, amino
acid segquences of the local structures are not conserved in
proteinswith the ATP-grasp fold or with the protein kinase
fold (Table 3). As we have indicated, only the backbone
conformation of the four-residue segment is required to
recognize the adenine base, and thusthe rather large amino
acid sequence variation appears to be tolerated. This se-
guence variation makes it difficult to identify the conser-
vation of the adenine-recognition segment even in evolu-
tionarily related protein kinases. We have found the seg-
ment that is structurally conserved in the protein kinase



family of both serine/threonine kinases (CAPK and CK1)
and atyrosine kinase (IRK) by the structure search for the
adenine-binding site.

5. Conclusion

We have devel oped a method of searching for similar spa-
tial arrangementsof atomsaround agiven chemical moiety.
We applied this method to identify modes of adenine base
recognition by mononucleotide-binding proteins. An all-
against-all comparison of the arrangements of surround-
ing atoms around adenine moieties reveal ed an unexpected
similarity between proteinswith different folds, DD-ligase
and cAPK, at their adenine-binding sites. The local struc-
ture common in DD-ligase and cAPK is found to be con-
served in all the proteins in the PDB with the ATP-grasp
or the protein kinase fold, even when the structureisin the
substrate (mononucleotide) free state. This finding illus-
trates the third common feature in proteins with the ATP-
grasp fold, and suggests strongly that ATP does actually
bind in the same corresponding sitesin these proteins. Tak-
ing the difference of their chain folds into consideration,
we conclude that these proteins with the ATP-grasp fold
and with the protein kinase fold are likely to be agood ex-
ample of convergent evolution. Nature seems to have in-
dependently discovered the same recognition mechanism.

Among the common local structures around the adenine
moiety, the four-residue segment shows a high degree of
structural similarity in its backbone part. The backbone
part of this segment plays an essential role in recognition
of theadeninemoiety, i.e., the backbone part bindsthe ade-
nine moiety by two hydrogen bonds with the two atoms
specific to the adenine base. We describe this four-residue
segment as having astructural motif whose presence could
not be detected by a sequence motif search among protein
kinases.

Although this paper has focused on the study of ade-
nine recognition, our method can also be applied to study
the mechanism of recognition of other molecules. Such ap-
plications may reveal structural strategies adopted by pro-
teins to perform various functions.
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