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The ATP-grasp enzymes consist of a superfamily of 21 proteins that contain an atypical ATP-binding site,
called the ATP-grasp fold. The ATP-grasp fold is comprised of two o + B domains that “grasp” a molecule
of ATP between them and members of the family typically have an overall structural design containing
three common conserved focal domains. The founding members of the family consist of biotin carboxyl-
ase, p-ala-p-ala ligase and glutathione synthetase, all of which catalyze the ATP-assisted reaction of a car-
boxylic acid with a nucleophile via the formation of an acylphosphate intermediate. While most members
of the superfamily follow this mechanistic pathway, studies have demonstrated that two enzymes cata-
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Mechani . . .
1 nﬁicbiigissm lyze only the phosphoryl transfer step and thus are kinases instead of ligases. Members of the ATP-grasp
Structure superfamily are found in several metabolic pathways including de novo purine biosynthesis, gluconeo-

genesis, and fatty acid synthesis. Given the critical nature of these enzymes, researchers have actively
sought the development of potent inhibitors of several members of the superfamily as antibacterial
and anti-obseity agents. In this review, we will discuss the structure, function, mechanism, and inhibition
of the ATP-grasp enzymes.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

ATP, in addition to its role in the synthesis of nucleic acids, is fre-
quently used by enzymes either as a substrate in phosphoryl transfer
(i.e. kinases) reactions or as a driver of energetically unfavorable
reactions (i.e. ligases). The broad class of ATP-utilizing enzymes is
commonly encountered in numerous biological processes within
the cell [1-4]. The distinction between the various superfamilies of
these enzymes can be made based upon their proposed reaction
mechanism, the enzyme’s core structure, and the ATP-binding motif
[4]. This review article focuses on a specific superfamily of enzymes
possessing an atypical nucleotide-binding fold called the palmate, or
more commonly, the “ATP-grasp” fold [5,6]. This distinct superfam-
ily of enzymes is involved in an eclectic array of central biological
systems such as de novo purine biosynthesis, fatty acid synthesis,
gluconeogenesis, and cell metabolism [1,3,4,7]. Over the past
15 years, the ATP-grasp superfamily of enzymes has expanded well
beyond the first three structurally and mechanistically character-
ized proteins: biotin carboxylase (BC), p-Alanine-p-Alanine ligase
(DDLigase), and glutathione synthetase (GSHase) [5,8-13]. The last
comprehensive article on the ATP-grasp superfamily was written
in 1997 and Galperin and co-workers reported 15 enzymes belong-
ing to this superfamily [5]. Recent research has shown that there are
six new enzymes to be included in the superfamily (Table 1) and

* Corresponding author. Fax: +1 313 577 2033.
E-mail address: sfirestine@wayne.edu (S.M. Firestine).
1 Both authors contributed equally to this manuscript.

0045-2068/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bioorg.2011.08.004

sequence analysis suggests the possibility of additional members.
In this review we will discuss the general function of these enzymes,
the mechanistic studies available on several members of the
superfamily, their common structural features, and several classes
of the ATP-grasp enzyme inhibitors.

2. Structure

The ATP-grasp superfamily of enzymes is delineated by the un-
ique structure of their ATP-binding site (ATP-grasp fold) which was
first elucidated for GSHase, BC, succinyl-CoA synthetase (SCS), and
DDLigase [4,8-10,12,13]. The fold is comprised of two o+ p do-
mains that “grasp” a molecule of ATP between them. Proteins of
the ATP-grasp family have an overall structural design containing
three common conserved focal domains [14,15]. These domains
are commonly termed the A-C domains although alternate termi-
nology has been amply cited in the literature. The A-C domains are
additionally referred to as the N-terminal domain (which corre-
sponds to the A-domain), the central domain (which corresponds
to the B-domain), and the C-terminal domain (which corresponds
to the C-domain) (Fig. 1) [14,15]. For this paper, we will refer to
the three domains as A-C.

The C-domain can be further divided into C1 and C2 sub-domains,
as seen with members of the de novo purine biosynthetic pathway
(glycinamide ribonucleotide synthetase (PurD), N°-carboxyamino-
imidazole ribonucleotide synthetase (PurK), formylglycinamide
ribonucleotide synthetase (PurT), and flavin 5-aminoimidazole-4-
carboxamide ribonucleotide synthetase (PurP)). The division of the
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Table 1
ATP-grasp superfamily enzymes.
Enzyme Biological function Taxonomy Nucleophilic substrate Carboxylate
substrate
Acetyl-CoA carboxylase (biotin carboxylase Fatty acid biosynthesis Bacteria, archaea, Biotin-enzyme HCO;
domain) (ACC) eukaryota
D-Alanine-D-Alanine ligase (DDLigase) Peptidoglycan biosynthesis Bacteria D-Alanine D-Alanine
Glutathione synthetase (GSHase) Glutathione biosynthesis Bacteria, eukaryota Glycine v-Glutamyl-
cysteine
Pyruvate carboxylase (PC) Gluconeogenesis Bacteria, eukaryota Biotin-enzyme HCO;
Glycinamide ribonucleotide synthetase (PurD) Purine biosynthesis Bacteria, eukaryota Phosphoribosylamine Glycine
Formylglycinamide ribonucleotide synthetase Purine biosynthesis Bacteria Glycinamide ribonucleotide HCOO~
(PurT)
N°-Carboxyaminoimidazole ribonucleotide Purine biosynthesis Bacteria, yeast, and fungi Aminoimidazole ribonucleotide = HCOj3
synthetase (PurK)
Flavin 5-aminoimidazole-4-carboxamide Purine biosynthesis Archaea Aminoimidazole-4-carboxamide HCOO~
ribonucleotide synthetase (PurP) ribonucleotide
Ribosomal protein S6 modification protein (RimK) Ribosome biogenesis Bacteria Glutamate Ribosomal
protein S6
Propionyl-CoA carboxylase (PCC) Amino acid catabolism Bacteria, eukaryota Biotin-enzyme HCO;
Urea amidolyase Urea hydrolysis Bacteria, eukaryota Biotin-enzyme HCO;
Carbamoyl phosphate synthetase (CPS) Arginine biosynthesis, Bacteria, archaea, NH;5 HCO;3,
pyrimidine biosynthesis eukaryota NH,CO;
Pyruvate phosphate dikinase (PPDK) Gluconeogenesis, Bacteria, eukaryota Pyruvate N/A?
photosynthesis
Carnosine synthase Dipeptide synthesis Bacteria, archaea, L-Histidine B-Alanine
eukaryote, viruses
Inositol 1,3,4-triphosphate 5/6-kinase (IP56 K) Polyphosphate synthesis Eukaryota Inositol 1,3,4-trisphosphate N/A?
Synapsin Ia (SynC) Neuronal function Eukaryota Unknown Unknown
Tubulin-tyrosine ligase (TTL) Microtubules assembly Bacteria, eukaryota Tyrosine a-Tubulin
Succinyl-CoA synthetase B-chain (SCS) Citric acid cycle Bacteria, archaea, Coenzyme A Succinate
eukaryota
Malate-CoA ligase B-chain Growth on C-1 compounds Bacteria, Viruses Coenzyme A Malate.
succinate
ATP-citrate lyase Lipid biosynthesis Eukaryota Coenzyme A Citrate
Lysine biosynthesis enzyme (LysX) Lysine biosynthesis pathway Bacteria o-Aminoadipate Unknown

2 Kinases are involved in phosphoryl transfer rather than conversion of a carboxylate substrate into a reactive intermediate.

C2-domain

A-domain

Fig. 1. General representation of the ATP-grasp fold based on the 3-D structure of
the E. coli PurD enzyme (PDB ID: IGSO) [15].

C-domain varies in complexity among the different enzymes
[16,17]. Domains A and C assemble together and form a large central
core that houses the essential substrate binding sites. Between the B
domain and the large A/C domain, is the active site which contains a
small cleft, where all ATP-grasp proteins bind ATP [18,19]. The poly-
phosphate moiety of the bound ATP typically interacts with one to
three Mg?* ions with the exception of synapsin Ia (SynC) which binds
one Ca%" ion [6,15,20]. The Mg?" ions are surrounded by a triad of
amino acids (as depicted in the Fig. 2), typically containing two
acidic amino acids and an additional Asn (N) or Asp (D) residue [19].

The B-domain provides a flexible lid over the active site and it
extends away from the main body.[6,11,17,18] The primary func-
tion of the B-domain is to provide the ATP binding site via the con-
served phosphate-binding P-loop. Generally, the B-domain is
flexible in the absence of ATP and it undergoes a transition to an
ordered configuration upon nucleotide binding.[11,17,18] An
exception to this is seen with the lysine biosynthesis enzyme, LysX,
where the B-domain remains unaltered upon nucleotide bind-
ing.[39] Members of the ATP-grasp superfamily have high levels
of structural similarity within their ATP-grasp domain, notably in
their A and B domains (Fig. 3). These domains contain a variety
of structural motifs such as B-sheets, a-helices, 31o-helices, loops,
and turns [11,15,17,19].

Despite structural similarities, the ATP-grasp superfamily dis-
plays an overall low sequence identity (e.g., ~10-20% in the
aligned regions between BC, DDLigase, GSHase and SynC).
[2,6,21] It has been reported that there are multiple unique resi-
dues in the ATP-binding region (90% identical in the aligned re-
gions of BC, GSHase, DDLigase, and PurD) present in almost all of
the enzymes in this superfamily (Fig. 4).[15] Specifically, thirteen
fingerprint residues have been identified as characteristic of the
ATP-grasp fold.[19] The high degree of topological similarity be-
tween the A and B domains and the characteristic fingerprint res-
idues are shared amongst all ATP grasp family members and serve
to define the ATP-grasp motif [11,15,17,19].

3. Function

The ATP-grasp enzymes are situated within many diverse bio-
logical systems. The family of biotin carboxylases and the de novo
purine biosynthetic pathway embody approximately 40% of all
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Fig. 2. Schematic representation of the ATP binding interactions in E. coli PurK (PDB ID: 3ETH).
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Fig. 3. Topological comparison of DDLigase and BC [15].
PurD E.coli 101 EGSKAF 30 KGAPIVIKADGLAAGKGVIVA 25 IVIEEFLD-GEEASF 74 AGLMIDKGG 1 PKVIEFNCRFGDPET 133
DDL_E.coli 137 CMDKDV 34 LGLPLFVKPANQGSSVGVSKV 12 AIVEQGIK-GREIEC 65 GMARVDVFL 5 VVTNEINTLPGETNI 39
PurT E.coli 109 TMNREG 31 IGYPCIVKPVMSSSGKGQTFI 23 VIVEGVVKFDFEITL 55 GLFGVELFV 4 VIFSEVSPRPHDTGM 103
ACCC E.coli 112 MGDKVS 33 IGYPVIIKASGGGGGRGMRVV 25 VYMEKYLENPRHVEI 58 GAGTFEFLF 4 FYFIEMNTRIQVEHP 152
SUCC_E.coli 5 YQAKQL 27 GAGPWVVKCQVHAGGRGKAGG 36 ILVEAATDIAKELYL 60 GKLVQQFTK 13 LALIEINPLVITKGG 181

Fig. 4. Alignment and key fingerprint residues in the ATP-binding site. Residues in bold represent highly conserved or similar amino acids involved in the binding of ATP [5].

known ATP-grasp enzymes. De novo purine biosynthesis catalyzes
the conversion of phosphoribosyl pyrophosphate to inosine mono-
phosphate (IMP), the common intermediate for the synthesis of
either GMP or AMP. These nucleotides are the building blocks for
DNA and RNA synthesis and have various additional functions in
the cell [22]. Within the pathway, four enzymes belong to the
ATP-grasp superfamily: PurD, PurT, PurK, and PurP. Although
members of the de novo purine biosynthesis catalyze different
reactions, their structural and mechanistic similarity within the
pathway suggests that there is an evolutionary relationship be-
tween these enzymes [3,14,15,23,24].

The biotin carboxylase family is a specific group of nine en-
zymes that produces carboxybiotin for use in various prokaryotic
and eukaryotic pathways. Four biotin carboxylase enzymes belong
to the ATP-grasp superfamily of enzymes: pyruvate carboxylase
(PC), urea amidolase, propionyl-CoA carboxylase (PCC), and acet-
yl-CoA carboxylase (ACC) [2,7,25-27]. These enzymes all have di-

verse biological functions despite their analogous origin and
classification. Urea amidolase catalyzes the ATP-dependent car-
boxylation of urea to yield allophanate. Urea amidolase is fre-
quently fused to allophanate hydrolase to generate a bifunctional
enzyme that is capable of converting urea to ammonia and carbon
dioxide [26,28-30]. PCC is a mitochondrial enzyme that catalyses
the carboxylation of propionyl-CoA to form methylmalonyl-CoA
(MMC) and is vital in the catabolism of cholesterol, fatty acids with
an odd number of carbon chains, and several amino acids [2,25,31].
ACC is an essential enzyme in fatty acid synthesis that produces
malonyl-CoA [2]. PC converts pyruvate into oxalacetate, a key
intermediate in the Krebs cycle. PC is an important enzyme due
to its pivotal role in regulating gluconeogenesis, lipogenesis, bio-
synthesis of neurotransmitters, and glucose-induced insulin secre-
tion [2,7,32].

Tubulin tyrosine ligase (TTL) is the only ATP-grasp enzyme
involved in tubulin modifications. Tubulin, the precursor to
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Fig. 5. Depiction of the general reaction catalyzed by the ligase members of the ATP-grasp superfamily of enzymes. The asterisks represent labeled oxygen atoms of the
carboxylic acid and demonstrate the fate of these atoms during the course of the reaction. Notably, one oxygen atom is incorporated into phosphate suggesting the presence

of an acylphosphate intermediate.

microtubules, is extensively modified by a variety of post-transla-
tional modifications. One class of modification is the reversible
addition of tyrosine onto the C-terminus of the protein. Tyrosine
removal is catalyzed by tyrosine carboxypeptidase while addition
of the amino acid is accomplished by the enzyme TTL. TTL activates
the C-terminal glutamic acid for attack by tyrosine [33,34].

Another biologically important enzyme that belongs to the ATP-
grasp superfamily is the modification enzyme of ribosomal protein
S6 (RimK). This enzyme is involved in ribosome biogenesis [35].
RimK catalyzes addition of glutamic acid residues to the carboxyl
terminus of ribosomal protein S6 [36,37]. It has been postulated
that two additional ligases, RiImKLA and RimKLB, should be ac-
cepted into the ATP-grasp superfamily of enzymes [38]. These
newly reported enzymes synthesize N-acetylaspartylglutamate
(NAAG), the most abundant dipeptide in vertebrate central nervous
system and an agonist for glutamate receptors [39]. RimKLA and
RimKLB utilize ATP, N-acetylaspartate (carboxyate donor), and L-
glutamate (amine donor) to form NAAG. RimKLB has an additional
catalytic function in the formation of B-citrylglutamate (a struc-
tural analog of NAAG) from citrate. RimKLA and RimKLB share
30% and 25% sequence identity with Escherichia coli RimK and
E. coli glutathione synthetase respectfully [38].

The most recently reported member of the ATP-grasp superfam-
ily is LysX. This enzyme is involved in the synthesis of lysine through
amodified a-aminoadipate pathway comparable to that of fungi and
yeast. The mechanism of LysX has not been fully elucidated,
although it has been suggested that LysX utilizes ATP for catalytic
modification of o-aminoadipate to N*-acetyl-oi-aminoadipate [40].

Currently, there are two members of the ATP-grasp superfamily
that catalyze phosphoryl transfer, namely pyruvate phosphate
dikinase (PPDK) and inositol 1,3,4-trisphosphate 5/6-kinase
(IP56 K). PPDK is a multi-domain enzyme involved in gluconeogen-
esis and photosynthesis in bacteria and eukarya [5,41]. IP56 K is in-
volved in the polyphosphate synthesis and plays an important role
in the IPg production pathway [19,42].

4. Mechanism

The mechanism of the ATP-grasp superfamily of enzymes, with
the exception of the kinases, can be broken down into two partial
reactions (Fig. 5) [32,34,43,44]. In the first reaction, the substrate
carboxylic acid reacts with ATP to yield a reactive acylphosphate
intermediate [4,5,11,15,21,24,45,46]. This step serves to convert
the carboxylic acid into an electrophile. Evidence for the formation
of this intermediate has been determined from positional isotope
exchange studies which have shown that a labeled oxygen atom
from the carboxylic acid is transferred to the inorganic phosphate
product (Fig. 5) [47-53]. The existence of the acylphosphate inter-
mediate is also supported by diazomethane trapping studies on
carbamoyl phosphate synthetase which trapped the reactive inter-
mediate, carboxyphosphate [54]. Formation of an acylphosphate
intermediate has been implicated by the discovery of highly potent
mechanistic inhibitors of DDLigase which mimic the reaction of a

nucleophile with this phosphorylated intermediate (see the Sec-
tion 6 for additional details) [55,56]. Lastly, evidence for the forma-
tion of an acylphosphate intermediate is also suggested by studies
showing substrate carboxylic acid stimulated ATPase activity for
the ATP-grasp enzymes [48,57-59].

The second half reaction is the reaction of the acylphosphate
intermediate. The fate of this intermediate depends upon the car-
boxylic acid substrate used in the first step. For most carboxylic
acids, it has been postulated that there is a direct nucleophilic at-
tack on the carbonyl carbon of the acylphosphate intermediate to
yield a tetrahedral intermediate [23]. This tetrahedral intermediate
is mimicked by the phosphinophosphate inhibitors of DDLigase
[55,56]. Decomposition of the tetrahedral intermediate results in
the final product and inorganic phosphate. For reactions that uti-
lize bicarbonate as the carboxylic acid, the fate of carboxyphos-
phate is still uncertain. Carboxyphosphate has been reported to
potentially serve as the electrophile which is directly attacked by
the nucleophilic substrate; a reaction analogous to that for other
carboxylic acid substrates [23]. Alternatively, it has been suggested
that carboxyphosphate decarboxylates to yield the reactive car-
boxylating agent CO, and inorganic phosphate [32,43,44]. While
structure-based molecular models have supported this mecha-
nism, direct experimental evidence has, so far, failed to detect
the production of CO, by these enzymes [1,23,60].

The second half reaction is thought to require an active site base
for removal of the proton from either the thiol- or amine-containing
substrate [23]. For several ATP-grasp enzymes, a specific active site
base has been postulated based upon structural as well as mutagen-
esis studies. However, the identity of the active site base utilized for
biotin carboxylation is still an unresolved issue. Numerous site-di-
rected mutagenesis studies examining a variety of active site bases
have so far failed to definitively identify the base [1]. In the absence
ofanidentified base, it has been postulated that inorganic phosphate
generated from decomposition of carboxyphosphate may act as the
base to remove the uredio proton from biotin to generate the more
nucleophilic enol form of biotin [1,44].

Currently, there are two kinase members of the ATP-grasp
superfamily that catalyze phosphoryl transfer. These enzymes pos-
sess the ATP-grasp fold, but are mechanistically distinct from the
“classical” ATP-grasp enzymes typified by biotin carboxylase. PPDK
is thought to function by transfer of pyrophosphate to a histidine
residue followed by attack of the enzyme-bound pyrophosphate
by inorganic phosphate (Fig. 6) [53]. This yields pyrophosphate
containing the y-phosphate group and a phosphorylated enzyme,
where the phosphate group originated from the B-phosphate
group. In the final step, pyruvate is phosphorylated to yield phos-
phoenolpyruvate [61-63].

The catalytic mechanism for the second ATP-grasp kinase, inosi-
tol 1,3,4-trisphosphate 5/6-kinase (IP56 K), has been postulated
based upon analysis of the crystal structure. It has been suggested
that the enzyme catalyzes an attack of the hydroxyl group at either
the 5 or 6 position of inositol 1,3,4 trisphosphate on the y-phosphate
of ATP [19].
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5. Inhibitors of ATP-grasp enzymes
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Given the medicinal importance of the pathways that utilize 0-P. >0

ATP-grasp enzymes, it is not surprising that researchers have 0
sought to identify inhibitors of these enzymes for the treatment 2 3

of a variety of diseases [64]. In addition to the medicinal benefits
of these inhibitors, researchers have also used enzyme inhibitors
as probes to study the enzyme mechanisms [41,56]. There are sev-
eral distinct classes of inhibitors of ATP-grasp enzymes. The first
class includes the mechanism-based or transition-state analogs
that function by mimicking the transition state of the enzyme.
The second class encompasses inhibitors which target the ATP-
binding pocket of the grasp enzymes while the third class contains
reversible agents that either compete with one or both substrates
or bind to a non-active site pocket. A discussion of each inhibitor
class is presented below.

5.2. Mechanism-based and transition-state analogs

Compounds that are stable transition-state analogs are gener-
ally highly potent inhibitors and also serve as effective probes of
the mechanism of the reaction. These transition-state inhibitors
are also useful in the study of other grasp enzymes that share anal-
ogous chemistry, exhibit structural similarities, or are evolution-
arily linked with the original enzyme. The utility of this approach
is demonstrated by work performed on DDLigase and GSHase
[9,41,55,56].

DDLigase is an attractive target for the development of novel
antibiotics due to the essential role it plays in bacterial cell wall
biosynthesis [9,65]. The proposed mechanism of DDLigase is be-
lieved to function in a manner analogous to that previously dis-
cussed above (Fig. 5). One molecule of p-alanine attacks ATP to
generate an acylphosphate intermediate which is then attacked
by a second molecule of p-alanine to yield a tetrahedral intermedi-
ate, compound 1 (Fig. 7). Collapse of this intermediate with expul-
sion of phosphate produces the dipeptide. Researchers from Merck
and Harvard rationalized that a phosphinate analog of the tetrahe-

Fig. 8. Phosphinate inhibitor of DDLigase.
002

+H3NTs;\/\r( \r\ \/\coz

Fig. 9. Glutathione synthetase inhibitors. The asterisk indicates a chiral center that
was varied to examine the role of stereochemistry on inhibition.

Fig. 10. Structure of formycin A triphosphate.

dral intermediate (1) would be a potent inhibitor of the enzyme
[9,66,67].

These investigators found that in presence of ATP, compound 2
(Fig. 8) bound to the active site, in a slow tight manner, and acted
to inhibit the enzyme [9,65]. The slow, tight-binding nature of the
kinetics indicated that compound 2 was converted to a more potent
compound, subsequent to binding in the active site. NMR and crys-
tallographic studies verified that compound 2 was phosphorylated
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Fig. 12. Non-competitive inhibitors of ATP-grasp enzymes.

by ATP to generate a phosphinophosphate (Fig. 8, compound 3)
[9,66,67]. Compound 2 is thus a mechanism-based inhibitor which
dissociates from the enzyme on the time scale of days [9,66,67].

A similar mechanism-based inhibitor approach has also been
reported for GSHase. Compound 4 (Fig. 9) is a slow, tight-binding
inhibitor of the synthetase with overall inhibition constant in the
20-50 nM range (depending upon stereochemistry). As seen for
the DDLigase inhibitors, ATP was essential for the development
of potent inhibition by phosphorylating the inhibitor to yield the
potent transition state mimic. The phosphorylation of compound
4 was confirmed by X-ray crystallography [41].

5.3. ATP-competitive Inhibitors

Compounds which bind to the ATP-binding site of the ATP-
grasp enzymes have been explored as potential inhibitors and
many of these compounds have also been identified as inhibitors
of other ATP utilizing enzymes. For example, nucleotide analogs,
such as formycin A triphosphate (compound 5, Fig. 10) or non-
hydrolyzable analogs of ATP, have been shown to be modest inhib-
itors of BC [64,68]. These molecules did not show an appreciable
degree of selectivity between the ATP-grasp enzymes versus other
ATP-utilizing enzymes. Thus, the use of these agents as potential
drug targets is limited.

The design and synthesis of enzyme inhibitors that function as
ATP-competitive molecules with high selectivity profiles was ini-
tially thought unfeasible in the realm of drug discovery. The primary
obstacle associated with ATP-competitive inhibition was the devel-
opment of compounds with sufficient potency to compete with large
amounts of ATP in cells. Despite the issues with utilizing existing
ATP-binding agents to target ATP-grasp enzymes, researchers uti-
lized kinase inhibitors as a starting point to discover inhibitors of
BC. Researchers from Pfizer investigated the use of protein kinase
inhibitors by screening a large proprietary library of compounds
forinhibition of bacterial growth [64,69]. Several pyridopyrimidines
6-8 (Fig. 11) were identified from the screening and additional stud-
ies revealed that these agents were potent inhibitors of BC [64,69].
Mechanistic studies of compounds 6-8 revealed that these agents
targeted the ATP-binding site of BC with ICsq values ranging from
5-150nM [64,69,70]. Crystallographic analysis verified this
result and revealed the binding orientation of these agents in the

ATP-grasp fold [69]. Finally, the investigators showed that these
agents were remarkably selective for BC versus a family of protein
kinases. This result indicated that the ATP-grasp binding site has dis-
tinct features that allowed it to be specifically targeted relative to
other ATP-binding sites [64,69,70]. In silico and fragment based
screening methods were implemented to identify additional inhib-
itors of BC. This study lead to the discovery of compound 9
(Fig. 11), with a reported ICso of 7 nM and a high selectivity profile
for BC relative to protein kinases [70].

5.4. Reversible non-competitive inhibitors

The third class of inhibitors includes compounds that are revers-
ible inhibitors that bind to sites other than the ATP-binding site. A
number of these inhibitors have been found to be non-competitive
with the substrates. Compound 10 (Fig. 12) was identified as a non-
competitive inhibitor of PurK, an enzyme found in the microbial de
novo purine biosynthesis pathway, but not in higher eukaryotes
[71]. Research conducted by Pfizer identified compound 11 as a
non-competitive allosteric inhibitor of DDLigase [65]. Researchers
at Columbia showed that the natural product, soraphen A (compound
12) is a non-competitive inhibitor of BC and that the inhibitor binds
25 A away from the active site [72]. Lastly, researchers have investi-
gated inhibitors of PPDK as potential herbicides due to the role that
this enzyme plays in the growth of C4 plants. Motti and co-workers
found that the compound, unguinol (compound 13) was a moderate
non-competitive inhibitor (with respect to ATP) of PPDK. The mecha-
nism by which these compounds induce their respective enzymes to
form a non-productive complex is not know but likely involved per-
turbations to critical residues in the active site [73].

6. Conclusions

It has been estimated that between 9-10% of all enzymes bind
ATP. Not surprisingly, there are numerous structural folds that
have been identified which serve to bind this nucleotide. In this re-
view, we have focused on a specific superfamily of enzymes pos-
sessing an atypical nucleotide-binding fold called the “ATP-
grasp” fold. This unique ATP-binding structure was first elucidated
for GSHase, BC, and DDLigase but subsequent studies have added
an additional 18 enyzmes to this superfamily. The mechanism of
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these enzymes, with the exception of the kinases, is believed to in-
volve the reaction of the substrate carboxylic acid reacts with ATP
to yield a reactive acylphosphate intermediate. The acylphosphate
intermediate, in turn, is then reacted with the nucleophilic sub-
strate to generate the final product. For the enzymes which utilize
bicarbonate as the carboxylic acid substrate, the fate of the acyl-
phosphate intermediate, carboxyphosphate, still remains uncer-
tain. The enzymes of the superfamily can be found throughout
metabolism and thus have medicinal importance. Researchers
have developed potent transition-state analogs and perhaps most
interestingly, have discovered that the ATP-binding site of the
grasp enzymes is distinct from other ATP-binding enzymes. This
provides the possibility that the ATP-binding site of the ATP-grasp
enzymes may be a rational target for drug design. Finally, the dis-
covery of non-competitive inhibitors for many of these enzymes
suggests that there may be undiscovered allosteric mechanisms
that serve to regulate the function of the enzyme. There is no doubt
that the ATP-grasp proteins represent an important and interesting
class of enzymes which will continue to challenge researchers for
years to come.
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