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Comparisons of serine/threonine protein kinase (PK) and type IIf phos-
phatidylinositol phosphate kinase (PIPK) structures with each other and
also with other proteins reveal structural and functional similarity
between the two kinases and proteins of the glutathione synthase fold
(ATP-grasp). This suggests that these enzymes are evolutionarily related.
The structure of PIPK, which clearly resembles both PK and ATP-grasp,
provides a link between the two proteins and establishes that the C-term-
inal domains of PK, PIPK and ATP-grasp share the same fold. The func-

tional implications of the proposed homology are discussed.
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The structure of type IIf phosphatidylinositol
phosphate (PIP) kinase (PIPK) revealed a similarity
to protein serine/threonine and tyrosine kinases
(PKs), that is not easily recognizable from their
sequences (Rao et al., 1998). Both PKs, for example,
cAMP-dependent protein kinase (CAPK, lcdkf;
Knighton et al., 1991a,b; Bossemeyer et al., 1993)
and PIPKs (1bol; Rao et al., 1998) are two-domain
o+ proteins with an ATP-binding site embedded
within the interdomain cleft. The structural simi-
larity between the two kinase classes resides
mainly in the cleft region and includes the arrange-
ment of the ATP-binding residues (Rao ef al., 1998).

The similarity, however, is not localized to a few
patches of structural elements, since the topology
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protein kinase; cAPK, cAMP-dependent protein kinase;
AK, aminoglycoside kinase; PIPK, type II
phosphatidylinositol phosphate kinase; DD-ligase, D-ala-
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phosphatidylinositol phosphate; RMSD, root-mean-
square deviation; PDB, Protein Data Bank; PHY,
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of the N-terminal domain core, which consists of a
five-stranded B-sheet and an a-helix, is identical for
both PKs and PIPK (Figure 1(a) and (b)). The DALI
algorithm (Holm & Sander, 1997) aligns C* atoms
of 120-150 residues of PIPK with different PKs
with root-mean-square deviations (RMSD) of 3.6-
4.8 A and Z-scores of 3.3-5.4. The major differences
between the two kinase structures are confined to
the C-terminal domain, which is mainly o-helical
in PKs (Figure 1(a)) but is largely B-structural in
PIPK (Figure 1(b)).

Nevertheless, in addition to the common ATP-
binding site, the C-terminal domains of kinases
from both classes share two unusual structural fea-
tures: a left-handed oo unit (DEij on Figure 1(a)
and (b)) and crossing loops (a loop between E and
i and a loop between j and F on Figure 1(a) and
(b)). The left-handed character of DEij leads to the
strand f being hydrogen-bonded to the strand i. In
other structures, additional B-strands usually have
been found to extend the B-sheet in a left-handed
oaff unit (Kajava, 1992) (Eij, shown in red in
Figure 1) beside the B-strand j rather than beside
B-strand i, as observed for PKs and PIPK. Due to
the unusual crossover connection, o-helix F is posi-
tioned between a-helices D and E. These structural
and functional similarities suggest that protein and
PIP kinases are homologous (Rao et al., 1998)
rather than the results of structural convergence.

As for the differences between the two kinase
superfamilies, the f-strands are longer in the
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C-terminal domain of PIPK than in PKs, and they
comprise most of the structure (Figure 1(b), top),
including additional B-strands g, h and i/, that are
absent in PKs. Indeed, the B-sheet in the C-terminal
domain of PKs is barely recognizable (Figure 1(a),
top) resulting in annotation of the C-terminal
domain of PKs “all alpha” in SCOP (Hubbard et al.,
1997) and “mainly alpha” in CATH (Orengo et al.,
1997). The PIPK structure emphasizes the import-
ance of the B-sheet in the C-terminal domain of the
kinase fold. Comparison of PK and PIPK structures
reveals the core elements of the C-terminal domain
of the kinase fold, namely the three-stranded anti-
parallel B-sheet (f, i and j), whose hydrophobic
core is completed with the helices E and F. An
ATP molecule binds along the B-sheet, forming
most of its interactions with the central strand i.

All PKs possess highly similar structures. Even
the most divergent member of the PK fold, namely
aminoglycoside kinase (AK) (Hon et al., 1997)
shares extensive structural and functional simi-
larity with the PKs. An RMSD value of 1.8 A for a
comparison of core regions of AK and cAPK is
comparable to the values among different PKs
(Hon et al., 1997). Recently, AK has also been
shown to have protein kinase activity (Daigle et al.,
1999). Homology between AK and PK can also be
established from their sequences using the recently
developed profile search tool PSI-BLAST (Altschul
et al., 1997). Using the AK sequence (SwissProt ID:
KKA3_ENTFA) as a query for PSI-BLAST with
default parameters, the first sequence of a PK
(namely RKN2_MYXXA) is identified by the
second iteration with a score of 45 bits and an
E-value of 8 x 10™*. In contrast, PIPK was not
detectable in these searches.

PKs are rather isolated from all other folds.
Addition of a divergent member, such as PIPK, to
the PK fold might facilitate detection of evolution-
ary links with other proteins. Since the C-terminal
domain of the kinase fold demonstrates some unu-
sual features as discussed above, the proteins that
share these features are likely to be homologs
(Murzin, 1998). When the number of secondary
structural elements in a protein is small, it is more
likely that examples of given topology arose inde-
pendently in evolution. However, different spatial
arrangements are not equally probable due, in
part, to the chiral properties of amino acids. In gen-
eral, significance of the match rises inversely to the
number of different protein families that share the
particular supersecondary structural element.

A set of superfamilies was selected from SCOP
(Hubbard et al., 1997) according to the following
criteria: the presence of (i) a left-handed off unit
(Kajava, 1992) (with elements designated Eij) and
(i) a P-strand (designated f) located outside the
sequence boundaries set by Eij, and hydrogen-
bonded to the B-strand i in an antiparallel fashion
(as in Figure 1(a) and (b)). Surprisingly, this par-
ticular packing of the four secondary structural
elements occurs in only nine protein superfamilies
out of about 600 superfamilies. Of these, two are
related to the remaining seven by circular permu-
tation. Among the chosen representatives of the
nine superfamilies, only the C-terminal domain of
the glutathione synthase fold (Hara et al., 1996)
(1gsa) contains helix F and binds ATP along the -
sheet formed by the strands f, i, and j. The gluta-
thione synthase fold, called ATP-grasp in SCOP
(Hubbard et al., 1997), comprises several enzyme
families, including D-ala-D-ala ligase (Fan et al.,

Figure 1. Comparison of kinase and glutathione synthase folds. “Open book” ribbon diagrams of PK, PIPK, SAI-
CAR synthase, and D-ala-D-ala ligase structures are drawn using the program MOLSCRIPT (Kraulis, 1991). The N-
terminal domain (bottom row) and the C-terminal domain (top row) are separated from each other for the purposes
of clarity. The domain interface (ATP-binding cleft) is facing up (open book). The N and C termini of the displayed
segment of a protein chain are labeled in roman upper case black letters as well as the numbers of the last and the
first residue in the N-terminal and the C-terminal domain, respectively. Secondary structural elements are labeled by
color-coded italicized letters: lower case is for B-strands and upper case is for a-helices with letter colors correspond-
ing to the colors of the structural element. The afp unit, essential for ATP-binding is shown in red. “Cofactor” is
shown in a dark blue wire presentation and is indicated on each domain to mark the binding site. Metal cations are
shown as orange balls. Catalytic, ATP and metal-binding residues are shown in a ball-and-stick representation.
(a) cAMP-dependent protein kinase (Bossemeyer et al., 1993) in complex with adenylyl imidodiphosphate and Mn**
(lcdk, residues B46-B298). The additional helices are shown in green. (b) Type IIf phosphatidylinositol phosphate
kinase (Rao et al., 1998) (1bol, residues B126-B416). (c) SAICAR synthase (Levdikov et al., 1998) (1a48, residues 11-
272). (d) p-ala-D-ala ligase (Fan et al., 1994) in complex with ADP and Mg>" (2dIn, residues 95-292). The N-terminal
domain of ATP-grasp fold (the “central” domain in the protein) is colored differently to emphasize the fold differ-
ence. The additional structural elements in the C-terminal domain (compared to PKs) are shown in purple in (b),
(c) and (d). Dots stand for the disordered regions. (e) Structure-based sequence alignment of lcdk, 1bol, 1a48, and
2dIn. The alignment was constructed using DALI (Holm & Sander, 1997) and corrected manually to incorporate
additional elements and adjust several regions. Color and letter-coding of structural elements in the sequence is as
described for (a), (b), (c) and (d). The chain ID (where available) and the residue number of the first amino acid in
each line and the last amino acid in the alignment are indicated. Numbers in parentheses interrupting the sequence
indicate the number of residues in insertions not displayed in the alignment. Residues disordered in the structure are
shown in lower case letters. Residues that form the conserved hydrophobic core are shown in bold letters. Residues
that participate in catalysis, ATP and metal cation binding (displayed in ball-and-stick models in (a), (b), (c) and (d))
and catalysis are shown in white on black. cAPK residue numbers mentioned in Table 1 appear above the alignment.
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1994) (pp-ligase, 2dIn; Figure 1(d)). pb-Ligase was
chosen as an ATP-grasp fold representative, since
its ATP-binding site has been compared to cAPK
(Denessiouk et al., 1998; Kobayashi & Go, 1997)).
Other proteins (Figure 2) which contain the four
core elements with an arrangement similar to the
kinase C-terminal domain (B-strands f, i, j and o-
helix E on Figure 1) are D-amino acid aminotrans-
ferase N-terminal domain (Sugio et al., 1995)
(Figure 2(a)), cystatins (Bode et al, 1988)
(Figure 2(b)), two DNA-binding proteins, namely
replication terminator protein (Tus) C-terminal
domain (Kamada et al., 1996) (Figure 2(c)) and cro
L repressor (Albright & Matthews, 1998)
(Figure 2(d)), MHC antigen-recognition domain
(Vaghn & Bjorkman, 1998) (Figure 2(e)) and N-
terminal fragment of Vaccinia DNA topoisomerase
I (Sharma et al., 1994) (Figure 2(f)). With circular
permutation, the same elements are present in
some actin-depolymerizing proteins, for example,
villin (Markus et al., 1997) (Figure 2(g)) and in the
C-terminal domain of Fe-Mn superoxide dismutase
(Ludwig et al., 1991) (Figure 2(h)). None of these
protein domains binds ATP and none utilizes the ij
hairpin for binding any other cofactor in similar
manner to protein/lipid kinases and ATP-grasp.
Thus, of approximately 600 superfamilies only
nine passed the structure test and of these only one
superfamily passed the function test as represent-
ing a possible homolog of PKs. The structure-func-
tion comparison of PK and glutathione synthase
folds was undertaken subsequently in order to
investigate the homology prediction. Structural
similarities in the ATP-binding regions were stu-
died previously for cAPK and DD-ligase
(Denessiouk et al., 1998; Kobayashi & Go, 1997).
Indeed, the active site that includes several ATP
and Mg**/Mn**-binding residues displays strong
resemblance between ATP-grasp and both PK and
PIPK superfamilies (Figure 1). Superposition of the
active site regions from the C-terminal domains of
cAPK, PIPK and DD-ligase is shown in Figure 3.
The structures were superimposed to minimize
RMSD values between backbone atoms of selected
segments (Figure 3). Unexpectedly, superposition
revealed that the active site region of cAPK is sig-
nificantly more similar to DD-ligase than it is to
PIPK (Figure 3). Superposition of 84 backbone
atoms resulted in an RMSD value of 1.07 A
between cAPK and DD-ligase compared with
RMSD values of 2.95 A and 297 A for PIPK -
cAPK and PIPK - DD-ligase comparisons, respect-
ively. The same trend is observed for the distances
between functionally equivalent side-chain atoms
(Table 1A). The result is surprising, since although
there is little doubt that cAPK and PIPK are homo-
logs, their structures display larger RMSD values.
In contrast, cAPK and DD-ligase, whose homology
relationship is less evident, possess nearly identical
backbone structure and highly similar side-chain
orientations. Consequently, although DD-ligase
is more similar to PIPK globally due to its large
B-sheet, DD-ligase is more similar to cAPK locally

Figure 2. MOLSCRIPT (Kraulis, 1991) ribbon
diagrams of protein structures containing the core struc-
tural motif of the C-terminal domain of kinase - ATP-
grasp fold. The N and C termini of the displayed frag-
ments are labeled in roman upper case black letters. The
color-coding scheme corresponds to that described in
the legend to Figure 1. B-Strand f is colored yellow,
o-helix E and B-hairpin ij are red, a-helices D and F are
blue and B-strands i’, g and h are shown in purple. The
loop connection between B-strands i and f in circularly
permuted structures is colored black. Dots indicate a
long insertion that is not displayed. (a) D-Amino acid
aminotransferase (Sugio et al., 1988) (ldaa, residues
A26-A120). (b) Cystatin (Bode et al., 1988) (lcew, resi-
dues 19-187). (c) Replication terminator protein Tus
(Kamada et al., 1996) (lecr, residues A175-A233 and
A289-A309). (d) cro A repressor (Albright & Matthews,
1998) (6cro, residues A2-A57). (e) MHC antigen-recog-
nition domain (Vaughn & Bjorkman, 1998) (3fru,
residues A1-A120). (f) Vaccinia DNA topoisomerase I
(Sharma et al., 1994) (lvce, residues 2-63). (g) Villin
(Markus et al., 1997) (2vik, residues 1-90). (h) Fe-Mn
superoxide dismutase (Ludwig et al., 1991) (3mds, resi-
dues A97-A191).
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Figure 3. Active site superposition of cAPK (red), PIPK (blue) and DD-ligase (green). Segments of protein chain are
shown in thicker lines with the side-chains of functionally important residues displayed. Nucleotides are shown in
thinner lines. Inhibitors (peptide for cAPK and phosphinophosphate for pD-ligase) are shown in ball-and-stick presen-
tation. Cations are displayed as balls. Residues are labeled for the cAPK structure. Structurally equivalent residues in
other proteins can be deduced from the alignment (Figure 1(e)) or Table 1. ANP stands for AMP-PNP, Mg>* are
present in the DD-ligase structure instead of Mn*" in cAPK. The backbone atoms for the following structurally equiv-
alent segments were superimposed to minimize RMSD: cAPK (lcdk), chain B, 121-123, 124-127, 171-176, 177-184;
PIPK (1bol), chain B, 202-204, 213-216, 280-285, 362-369; DD-ligase (2dIn), 181-183, 184-187, 257-262, 263-270.

in the active site region. This provides additional
evidence for homology between both kinase super-
families and ATP-grasp proteins.

Although ligands were not considered for the
RMSD minimization procedure, the positions of
the nucleotide (adenylyl imidodiphosphate (ANP)
in cAPK, ADP in DD-ligase) and two metal cations
bound to the protein are both essentially identical
between cAPK and DD-ligase (Denessiouk et al.,
1998) (Figure 3 and Table 1A). Conformations of
ANP and ADP are strikingly similar, including the
orientation of the adenyl ring (anti to the ribose
with a y angle of approximately —135°), and the
3'-endo puckering of ribose and phosphate con-
figuration (Figure 3). Additional argument for
homology between these kinase superfamilies and
ATP-grasp proteins arises from considerable simi-
larities between their non-nucleotide substrate-
binding sites. The enzyme inhibitors (peptide in
cAPK and phosphinophosphate in DD-ligase)
occupy largely similar structural positions
(Figure 3). Moreover, superposition-independent
structure-function characteristics, i.e. the distances
between equivalent “cofactor” (nucleotide and cat-
ion) atoms and interacting protein atoms for cAPK
and DD-ligase are correlated (correlation coefficient
0.994) (Table 1B).

Despite the presence of the common substrate/
cofactor-binding site, the similarity between PK
and ATP-grasp folds is not readily apparent and
was not recognized previously (Denessiouk et al.,
1998). ATP-grasp contains an extended B-sheet and
thus is more similar to PIPK than it is to PK.
Indeed, comparison of the PIPK and ATP-grasp C-
terminal domains reveals the presence of the same
major secondary structural elements (f, g, h, E, i, j,
F on Figure 1(b) and (d)) with similar arrangement
and topological connections. Thus, according to the
definition given in SCOP (Hubbard et al., 1997), the
C-terminal domains of these proteins belong to the
same fold. Additionally, consecutive segments of
55 residues comprising four secondary structural
elements of PIPK and DD-ligase, namely f, E, i and
j, but excluding two regions with gaps, can be
superimposed with an RMSD value in C* atom
positions of 4.7 A. The minor differences between
the C-terminal domains of DD-ligase and PIPK
include a hairpin flip (gh on Figure 1(b) and (d))
and the absence of a short helix D. The helix D,
however, is present in some other ATP-grasp pro-
teins, for example in succinyl-CoA synthetase
(Wolodko ef al., 1994) (1scu). Therefore, the struc-
ture of PIPK, which shows a clear resemblance to
both PK and ATP-grasp, is a link between the two
folds.
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Table 1. Interatomic distances in cAPK, PIPK and DD-ligase structures

A. Distances® between equivalent atoms in the superimposed active sites for CAPK (1cdk), PIPK (1bol) and DD-ligase (2dln)

cAPK-DD-ligase cAPK-PIPK DD-ligase-PIPK
ANP 1.23 N/A N/A
AMP-PNP-ADP
Mn1l 1.65 N/A N/A
Mn-Mg
Mn2 1.0 N/A N/A
Mn-Mg
N171 1.16 3.32 3.78
N171 O - D257 O%? N171 O - 5280 O D257 O - 5280 O
D166 4.68 4.43 4.34
D166 O% - R255 N"? D166 0% - D278 O%! R255 N"? - D278 O
D184 1.41 4.93 3.54
D184 O - E270 O% D184 0% - D369 O E270 O%2 - D369 0%
0.31 3.04 3.28
D184 O - E270 O%! D184 O% - D369 O%! E270 O¢! - D369 O%!
E127 2.63 1.98 1.94

E127 O%* - E187 O*!

E127 O% - D216 O*

E187 O°! - D216 O

B. Distances between functionally equivalent atoms (protein - cofactor) for the structures of cAPK (1cdk, in complex with ANP and two Mn?")

and pD-ligase (2dln, in complex with ADP, PHY and two Mg>*)

cAPK DD-ligase

2.11 1.98

N171 O% - Mn1 D257 0% - Mgl
3.57 3.28

D166 O% - ANP O? R255 N"? - PHY O*°
1.97 1.93

D184 O% - Mn2 E270 O - Mg2
2.08 2.08

D184 O°! - Mn2 E270 O*! - Mg2
2.56 2.51

E127 O% - ANP 02 E270 O® - ADP O2

2 Distances are given in Angstroms, N/A indicates that the comparison is not available due to the absence of nucleotide substrate
or cation in the PIPK X-ray structure (Rao et al., 1998). The distance for AMP-PNP to ADP is an RMSD between all equivalent

atoms.

Fold similarity does not necessarily indicate
homology, since similar folds can originate inde-
pendently. It is of a special interest, however, to
show that the fold similarity between two proteins
might be a result of their divergence from the com-
mon ancestor, because important functional impli-
cations follow homology. It is argued (Murzin,
1998) that not only similarities in the packing of
regular secondary structural elements, but confor-
mational similarities in loops and turns may be
indicative of homology. For example, the loops
formed by residues 120-125 in cAPK and by resi-
dues 180-185 in DD-ligase, as well as the turns
formed by residues 176-177 in cAPK and by resi-
dues 262-263 in DD-ligase, satisfy the latter require-
ment (Figures 1 and 3).

In summary, the C-terminal domains of PKs,
PIPKs and ATP-grasp proteins exhibit an overall
structural similarity that manifests itself in an unu-
sual arrangement of regular secondary structural
elements combined with the presence of a con-
served loop and turn. Additionally, these proteins
possess strikingly similar active site structures,
including similarities in ligand-binding residues,
the conformations of the bound nucleotide, and a
substrate-binding site. Taken together, these facts
argue that PKs and ATP-grasp proteins are homo-
logs.

The biological implications of this proposal
include functional predictions for reaction mechan-
ism and active site residues for PIPK based on
what is known of PKs and ATP-grasp proteins.
Analysis of the active sites of cAPK and DD-ligase
reveals that two Mn*" are coordinated by N166
and D184 in cAPK, and two Mg?* interact with the
structurally equivalent D257 and E270 in DD-ligase
(Figure 1(a), (d) and (e)). The aliphatic residue
(L173 in cAPK and M259 in DD-ligase) is conserved
in the adenine-binding pocket of these enzymes.
The structure of PIPK complexed with ATP or ATP
analog remains to be solved. However, conserva-
tion of the catalytic machinery between the PIPKs
and PKs, and close superposition of the active site
residues of cAPK with their equivalents in PIPK
suggests similar functions for these residues (Rao
et al., 1998). D369 and 5280 might participate in
metal binding in PIPK, and L282 should form
hydrophobic contacts with the purine ring
(Figure 1(b) and (e)). Additionally, D278 in PIPK
closely superimposes with D166 in cAPK and
might have the same function of a weak base in
catalysis (Rao et al., 1998).

PKs, PIPK and ATP-grasp proteins are function-
ally similar, since they catalyze a phosphotransfer
reaction. The main difference is that kinases per-
form a single-step catalysis, i.e. phosphotransfer
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needed for signal transduction. The reactions cata-
lyzed by ATP-grasp enzymes are usually more
complex and contribute predominantly to macro-
molecular synthesis. ATP-hydrolysis is used to
activate a substrate. For example, DD-ligase trans-
fers phosphate from ATP to D-alanine on the first
step of catalysis. On the second step the resulting
acylphosphate is attacked by a second D-alanine to
produce a DD dipeptide following phosphate elim-
ination (Fan et al., 1994). A similar mechanism was
proposed for Escherichia coli glutathione synthase
(Hara et al., 1996).

Biochemical and structural data support the
same “‘in-line” mechanism of the y phosphoryl
group transfer from ATP to the substrate for PKs
and DD-ligase (Ho et al, 1988; Fan et al., 1994).
Nevertheless, the remarkable difference between
both kinases and DD-ligase is revealed by the sub-
stitution of D166 (in cAPK) for R255 (in DD-ligase)
(Figure 3). D166 is the closest residue to the y phos-
phorus, and was suggested to act as a base for pro-
ton abstraction from a substrate nucleophile in PKs
(Bossemeyer et al., 1993). Recently, Zhou & Adams
(1997) questioned this hypothesis. From the kinetic
data they proposed that cAPK D166 does not have
the basicity to catalyze proton abstraction, and
functions instead as a hydrogen bond acceptor.
R255 is unlikely to play either role in DD-ligase.
However, the carboxylic group of D-alanine which
attacks the y phosphorus is already negatively
charged and does not require to be either an acti-
vating base or a H-bond acceptor. Alternatively,
positively charged DD-ligase R155 may participate
in proper positioning of the D-alanine carboxylate
group on the first step of the reaction, and might
stabilize the high-energy intermediate for the
second step (Fan et al., 1994) (Figure 3). This is an
example of how enzymes can change their sub-
strate and reaction specificities merely by amino
acid replacements (Asp/Arg) in the key sites.

Comparison of the non-nucleotide substrates of
both kinases and ATP-grasp proteins provides an
explanation of their structural differences. The
extended peptide and protein being the substrates
of PKs require an open structure with an extended
substrate-binding groove formed by helices D, F,
and G (Figure 1). PKs do not have an extended -
sheet structure in the C-terminal domain, which
allows additional space for substrate binding. PIPK
phosphorylates membrane-embedded phosphoino-
sitides without a requirement for their extraction
(Roa et al., 1998; Carpenter & Cantley, 1998).
Instead of the groove formed by helices in PK,
PIPK possesses a flattened B-sheet near its active
site. This flat B-sheet is suggested to be comp-
lementary to the surface of the lipid bilayer, which
in this case is equivalent to a gigantic substrate.
The hairpin gh (Figure 1) shields the active site
from the solvent. Most ATP-grasp proteins catalyze

+ The N-terminal domain of the ATP-grasph fold is
the second (“middle”’) domain in DD-ligase.

two-step reactions and thus require several non-
nucleotide substrates. They usually therefore have
additional domains that participate in substrate
binding (Fan et al., 1994; Wolodko et al., 1994; Hara
et al., 1996). Regions of the substrate molecules
interacting with the ATP-grasp C-terminal domain
are usually small. For example, to facilitate in bind-
ing to the small D-alanine molecule, DD-ligase uti-
lizes a helix inserted in the gh hairpin (Fan et al.,
1994) (Figure 1(d)). The F-helix, which is positioned
much closer to the active site in DD-ligase than in
PKs and PIPK, is used for interactions with the
second D-alanine molecule. Thus structural
rearrangements within the same fold provide a
flexibility that would not be achieved by single
amino acid substitutions. These rearrangements are
so considerable for the case of PKs and ATP-grasp
proteins that the structural similarity between
them has been very difficult to detect.

Despite the fold similarity in the C-terminal
domains of both kinases and ATP-grasp proteins,
the N-terminal domains differ in their topologies
(Figure 1(a), (b) and (d)), and belong to two dis-
tinct but widespread foldst. Recently, the structure
of phosphoribosylaminoimidazolesuccinocarboxa-
mide (SAICAR) synthase has been solved
(Levdikov et al, 1998) (Figure 1(c)). SAICAR
synthase catalyzes the seventh step of purine
nucleotide synthesis, namely, condensation of
phosphoribosylaminoimidazole with aspartic acid
in the presence of ATP and Mg>*. Since this reac-
tion is similar to those catalyzed by ATP-grasp
proteins, it is not surprising that the C-terminal
domain of SAICAR synthase has the same fold as
the C-terminal domain of DD-ligase (Figure 1(c),
RMSD 2.25 A from a superposition of 99 C* atoms;
Levdikov et al., 1998). In contrast, the N-terminal
domain of SAICAR synthase is not similar in top-
ology to the middle domain of DD-ligase, and
instead is similar to the N-terminal domain of PKs
(Levdikov et al., 1998, RMSD 2.0 A in superposi-
tion of 38 C* atoms). Therefore SAICAR synthase
is topologically similar to PIPK for both its
domains (Figure 1(b) and (c)). The N-terminal
domain of SAICAR synthase contains a 20-residue
insertion into the N-terminal kinase domain fold
between B-strands d and e (Figure 1(c), bottom).
This insertion results in a reduction of B-strand d
in SAICAR synthase when compared with PIPK.
The C-terminal domain of SAICAR synthase, in
comparison to PIPK, possesses longer B-strands, an
additional a-helix between strands f and g, and a
flipped hairpin gh. Although the coordinates of
SAICAR synthase complexed with ATP are not
publicly available, Levdikov ef al. (1998) demon-
strated that the mode of ATP binding in SAICAR
synthase is essentially identical with that found in
cAPK and DD-ligase, and the structure-based
sequence alignment reveals conservation of poten-
tial Mg*"-binding and catalytic residues
(Figure 1(e)). Thus SAICAR synthase provides
another link between PKs and ATP-grasp, and
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represents an example of an ATP-grasp protein
with the N-terminal domain of the kinase fold.

The comparison of PKs and PIPK with other
protein structures reveals the structural and func-
tional similarity between the C-terminal domains
of kinase and glutathione synthase folds, and
suggests that these proteins might be evolution-
arily related. The example of SAICAR synthase,
which appears to be a hybrid of an N-terminal
kinase fold domain and a C-terminal glutathione
synthase fold domain, provides additional support
for the prediction of homology for PKs and ATP-
grasp. The present analysis has been possible only
after the determination of the PIPK structure, since
this has emphasized the importance of the p-sheet
in the kinase fold C-terminal domain. Additionally,
the supersecondary structural motif common to the
C-terminal domains of PKs, PIPK and ATP-grasp
proteins is detected in other protein structures. In
contrast to the proposed evolutionary relationship
between PKs, PIPK and ATP-grasp proteins argued
here, most of these are likely to represent analogs,
reflecting the limited number of acceptable spatial
arrangements of secondary structural elements.
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