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Abstract 

Three ATP-dependent enzymes with different folds, CAMP-dependent protein kinase, D-Ala:o-Ala ligase and the 
a-subunit of the a2P2 ribonucleotide reductase, have a similar organization of their ATP-binding sites. The most 
meaningful similarity was found over 23 structurally equivalent residues in each protein and includes three strands each 
from their @sheets, in addition to a connecting loop. The equivalent secondary structure elements in each of these 
enzymes donate four amino acids forming key hydrogen bonds responsible for the common orientation of the "AMP" 
moieties of their ATP-ligands. One lysine residue conserved throughout the three families binds the alpha-phosphate in 
each protein. The common fragments of structure also position some, but not all, of the equivalent residues involved in 
hydrophobic contacts with the adenine ring. These examples of convergent evolution reinforce the view that different 
proteins can fold in different ways to produce similar structures locally, and nature can take advantage of these features 
when structure and function demand it, as shown here for the common mode of ATP-binding by three unrelated proteins. 
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Adenosine 5"triphosphate (ATP) is necessary for the function of a 
wide variety of enzymes. Currently, the Brookhaven Protein Data 
Bank (PDB) (Bernstein et al., 1977) contains atomic coordinates 
for over 140 X-ray and NMR structures of ATP-dependent proteins 
solved as complexes mainly with bound ATP-analogues, bound 
AMP, bound ADP, and in some cases with bound ATP. 

Several distinct classes of folds of ATP-dependent enzymes have 
been identified (Schulz, 1992). Acharacteristic feature of these folds 
is the presence of a P-sheet, parallel or antiparallel, in the vicinity 
of the ATP-binding site. One class of folds, the classic mononu- 
cleotide-binding fold (Schulz & Schirmer, 1974; Rossmann et al., 
1975; Schulz et al., 1986), has an ATP-binding site placed at the edge 
of a parallel P-sheet. Two other classes of folds, the protein kinase 
family fold (Hanks  et al., 1988; Hanks & Quinn, 1991; Hubbard 
et al., 1994; Xu et al., 1995), and the glutathione synthetase fold 
(Yamaguchi et al., 1993; Waldrop et al., 1994; Wolodko et al., 1994; 
Fan et al., 1995; Artymiuk et al., 1996; Herzberg et al., 1996; Hibi 
et al., 1996; Matsuda et al., 1996; Thoden et  al.,  1997; Esser et al., 
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Abbreviarionst ATP, adenosine 5"triphosphate; Do-ligase, D-Ala:D-Ala 
ligase (EC 6.3.2.4): cAPK, CAMP-dependent kinase (EC  2.7.1.37); RNR 
RI, R1 subunit of ribonucleotide reductase (EC 1.17.4.1); PDB, Brookha- 
ven Protein Data Bank: RMSD, root-mean-square deviation. 

1998), also called the "ATP-grasp'' fold (Murzin, 1996), have ATP- 
binding sites positioned on the surface of an antiparallel &sheet 
(Kobayashi & Go, 1997b). These last two fold classes are partic- 
ularly interesting. Although the folds are different, two of their typ- 
ical members, CAMP-dependent protein kinase (cAPK) from the one 
family (Bossemeyer et al., 1993) and D-Ala:D-Ala ligase (m-ligase) 
from  the  other  family (Fan et al., 1994,  1997),  have  over  100 
structurally-equivalent residues from ten segments that form two 
identical supersecondary structures between which the cofactor ATP 
is bound in a similar way (Denessiouk  et al., 1998). 

Results and discussion 

We have used structure-based alignment techniques and  a newly de- 
veloped computer program GENFIT (Lehtonen JV, Denessiouk KA, 

Johnson MS, unpubl. results) to compare the structure of cAPK (PDB 
code: lCDK, A  chain)  against  146 ATP-dependent protein com- 
plexes in the Brookhaven Protein Data Bank on the basis of the op- 
timal superposition of the ligands bound to the ATP-binding sites. 
cAPK itself and nine additional kinase-related complexes with sim- 
ilar folds (IATP, ICSN,  IFIN, lGOL,  lHCK, 1IR3, IJST, IPHK, 
and 1AD5) have been identified among the 146 complexes. Among 
the proteins having folds distinct from the kinase family fold, cAPK 
was  found to share  partial  structural  similarities with Do-ligase 
(1  TOW) and four other homologous proteins (1 IOV, 1 AUX, 1 GSA, 
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Fig. 1. Structure-based alignment of 23 structurally equivalent residues in 
three segments that were found to be common to all three enzymes, and 
seven additional equivalent amino acids superimposed in cAPK and RNR 
R1. The  star-stop positions of the secondary structures are noted at the 
right of the segments according to the X-ray crystallographic data  (Bosse- 
meyer et al., 1993; Eriksson et  al., 1997; Fan et al., 1997). Positions of 
equivalent residues forming hydrogen bonds and hydrophobic interactions 
with the cofactors are marked by “*” and ‘‘n ,” respectively. Positions of 
equivalent residues Met154 (in Do-ligase) and Val57 (in  cAPK), partici- 
pating in hydrophobic interactions with the cofactors, and Thr55 (in RNR 
RI), which binds to the 4’, 5’. and a-phosphate  group oxygens, are indi- 
cated with an “&.” Positions of equivalent residues Glu180 (in Do-ligase) 
and Glu15 (in RNR RI) ,  forming equivalent hydrogen bonds with the N6 
purine nitrogens are labeled with a “#.” 

and 2DLN) from the glutathione synthetase family fold. The extent 
of similarity  between  cAPK and DD-ligase has already been re- 
ported (Kobayashi & Go, 1997a, 1997b; Denessiouk et al., 1998). 
Surprisingly, the comparison also revealed an unexpected structural 
similarity between the cofactor binding site in cAPK and the allo- 
steric  effector binding site  in the a-subunit of ribonucleotide re- 
ductase  (RNR R1) (3RlR, A  chain). RNR R1 is responsible  for 
converting ribonucleotides to deoxyribonucleotides for use in DNA 
synthesis during cell proliferation and ATP functions as a general 
positive allosteric regulator (Eriksson et al., 1997). 

The first 100 residues of the N-terminal domain of the RNR R1 
a-subunit form a four-helix bundle and a three-stranded mixed 
P-sheet between which the allosteric active site cleft is located 
(Eriksson et al., 1997). The most meaningful similarity common to 
cAPK, DD-ligase and RNR RI was found over 23 structurally 
equivalent residues in each of these three proteins (Fig. 1). In RNR 
R1, these residues correspond to most of the N-terminal three- 
stranded P-sheet, while in cAPK and DD-ligase, these residues 
reside within their antiparallel P-sheets. In addition to these strands, 
the loops located at the ends of P-strands S 5  in cAPK, S8 in 
DD-hgaSe and S2 in RNR R1 are held in common. Interestingly, 
seven additional amino acids from a-helices HD in cAPK and H1 
in RNR RI are superimposed too (Fig. 2A). No structure equiv- 
alent to HD and HI is present in DD-ligase, instead, P-strand S8 is 

followed by strand S9, which veers off in a different direction than 
the HD and H1 helices. The similarities resulting from the super- 
position of these  enzymes and their bound ATP-ligands, in terms of 
the root-mean-square deviation (RMSD)  over equivalent sets of 
superposed atoms, are given in Table 1. The  RMSD values were 
obtained with the “Fit Atoms” command of the computer program 
SYBYL (Tripos Associates, Inc., St. Louis, Missouri). 

Since the relative positions of the secondary structure elements 
about the ATP-binding sites in cAPK, DD-ligase and RNR R1 are 
similar, and since the “AMP” moieties of the ligands in the three 
enzyme complexes closely superimpose too, it is perhaps not too 
surprising that the key interactions between the proteins and the 
ATP-ligands are similar as well. In fact, the adenine bases are 
bound to the enzymes through equivalent hydrogen bonds between 
the NI nitrogen of the purine and equivalent backbone amide NH 
groups of Val123 in cAPK,  Leu183 in Do-ligase and Asnl8 in 
RNR R1, and between the N6 nitrogen of the purine and the 
backbone carbonyls of Glu121 (cAPK), Lysl81 (Do-ligase), and 
Argl6 (RNR R1) (Figs.  2A,C). In addition, the nitrogenous bases 
are fixed by interactions with Glu180 and Glul5 in DD-ligase and 
RNR RI, respectively, where the N6 nitrogen of the purine forms 
hydrogen bonds with oxygen OE2 of glutamate in each case 
(Fig.  2C).  The oxygen 0 2  of the pentose ring is tightly bound via 
hydrogen bonds to the side chains of Glu127 (cAPK) and Glu187 
(DD-ligase), and the main-chain carbonyl oxygen of  Lys21  in RNR 
R1 (Figs.  2B,C).  The  a-phosphate group forms equivalent hydro- 
gen bonds with the side chains of Lys72 (cAPK), Lys144 (DD- 

ligase), and Lys9 (RNR RI). These lysine residues are conserved 
throughout each of these three families (Hanks  et al., 1988; Fan 
et al., 1994; Stapleton et al., 1996; Eriksson et al., 1997; Galperin 
& Koonin, 1997; Dideberg & Bertrand, 1998; Esser et al., 1998). 

The adenine moieties of the ATP-ligands are also stabilized by 
a number of equivalent hydrophobic interactions (Figs. 2B,C). 
Nonpolar interactions occur between the adenine moiety and both 
Ala70 and Tyr122 in cAPK, Ile142 and Trpl82 in  DD-ligase, and 
Val7 and Ile17 in  RNR R1, and with Val57 (cAPK) and Met154 
(x-ligase) that are matched in the alignment to the polar residue 
Thr55 in  RNR RI. The side-chain oxygen of Thr55 in RNR R1 
serves to anchor the 04’ oxygen of the ribose, the 05’ oxygen 
between the ribose and the a-phosphate group, and the 0 2 a  oxy- 
gen  of the a-phosphate group of bound AMPPNP. Furthermore, 
the hydrophobic amino acids Leu49 in cAPK, Phe209 in DD-ligase 
and Ile58 in RNR R1 are similarly placed about the adenine moi- 
eties of the ATP-ligands in the three proteins. Note that Leu49 and 
Ile58 are adjacent to P-strands S2 and S3, respectively, in the 

Table 1. The superposition of cAPK, Do-ligase,  and RNR RI and the resulting similarity in the 
disposition of their cofactors 

Enzyme“ Adenine” Ribose“ Pd a “AMP” B 

CAPK-DD-ligase 1.8 1.4 2.1 2.0 1.8 
Do-ligase-RNR R1 2.2 0.6 1.2 1.2 
cAPK-RNR R1 

0.9 
1.8 1.6 2.9  2.4  2.2 

cAPK-RNR RI 2.0 1.5 2.6 2.2 2.1 

aRMSD values between superimposed sets of 23 C a  atoms, adenine moieties (10 atoms), ribose moieties 
(7 atoms), a-phosphate moieties (C5, OS, Pa,  and OA, four atoms) and “AMP” moieties of cofactors (21 atoms), 
respectively. 

bThe superimposed sets consist of 30 C a  atoms. 
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Fig. 2. The pairwise  superposition of (A) four segments of  cAPK (blue) and RNR R1 (light brown) in the alignment  of  Figure  1,  and the equivalent  polar 
and  hydrophobic  environments  around the cofactors  bound in (B) cAPK  (blue)  and RNR R1 (light brown)  and (C) DD-ligase (dark red) and RNR R1 (light 
brown). In (A) four common  segments from cAPK  and from RNR R1 form a  three-stranded p-sheet (lying below  the  cofactors)  and  an a-helix (lying above 
the cofactors) that are connected by a  loop.  Bound  cofactors are shown  as stick models. The Ca-atoms of  Gly126  and  Lys21, indicated by balls,  show  the 
limit of  the  common structural similarity  when DD-ligase is also considered. The location  of four amino acids from cAPK  reported by Kobayashi  and Go 
(1997a.  1997b) to be held in common  with DD-ligase are drawn as triangles;  the  position  of  Val123 is indicated for reference. In (B) and (C) the atoms  of 
amino acids forming equivalent  hydrogen  bonds  (dashed lines) with the cofactors  and  pairs  of Ca-atoms of  equivalent amino acids forming  a  hydrophobic 
environment  about the adenine moieties  of  the  cofactors are drawn as circles. The figure was  drawn  with  the  program  MOLSCRIPT  (Kraulis,  1991). 
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structural alignment (Fig. l), overlap in space in the superposed 
structures, and are positioned close to the side chain of the equiv- 
alent Phe209 of  DD-ligase. The  side chains of Phe327 in cAPK and 
Ile22 in RNR Rl  also coincide  and contribute to the common 
hydrophobic environments about the bound ligand in the two pro- 
teins (Fig. 2B); no counterpart is present in the structure of DD- 
ligase. In RNR R1, Va17, Ile22, and Ile58 have been identified as 
playing key roles in stabilizing the adenosine base of the bound 
allosteric effector (Eriksson et al., 1997). 

The similarity common to all three proteins is less extensive 
than that between cAPK and DD-ligase (Denessiouk  et al., 1998). 
This is mostly due to the fact that both the p- and y-phosphates of 
the ATP-allosteric regulator in RNR R1 adopt a different confor- 
mation from that seen for the corresponding phosphates in either 
cAPK or DD-ligase (Figs. 2B,C). In the alignment of cAPK and 
DD-ligase (Denessiouk et al., 1998), residues from five common 
segments are responsible for interactions of the proteins with the 
p- and  y-phosphates of the ATP-cofactors. In RNR R1, these seg- 
ments are not present in the structure. Instead, the common seg- 
ments that are observed in these three proteins are responsible for 
the common interactions of the “AMP” moiety of  ATP with the 
enzymes. In particular, this includes the equivalent key loop con- 
taining a similar four-residue segment about the adenine moieties, 
originally found in cAPK  and DD-ligase  by Kobayashi and Go 
(l997a), and three strands that participate in most of the inter- 
actions with the “AMP” moiety. 

In our previous article (Denessiouk et  al., 1998), we suggested 
that if the equivalent  structural  features  found  in  cAPK and DD- 
ligase were conserved for a particular structural or functional rea- 
son, then we might observe these same common features repeatedly 
in other ATP-binding proteins. In reality, among the current reper- 
toire of ATP-binding proteins in the Brookhaven Protein Data Bank, 
only one other family of proteins, represented by RNR R I ,  was found 
to share these common similarities involved in extensive interactions 
with the cofactor. Interestingly, one of the key conserved residues 
in each of these three families, a lysine residue, is responsible for 
making important interactions with the a-phosphate  group of the 
common cofactor to these three families of enzymes. These exam- 
ples of convergent evolution reinforce the view that different pro- 
teins can fold in different ways to produce similar structures locally, 
and nature can take advantage of these features when structure and 
function demand it, as shown here for the common mode of  ATP- 
binding by three unrelated proteins. 
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