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ATP-binding Motifs
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Adenosine 5'-triphosphate (ATP) binds to a great number
of proteins to elicit a wide variety of effects, including
energy production and molecular signalling. Proteins
have evolved different strategies to specifically recognize
ATP, utilizing different ways of binding the phosphoryl
moieties as well as the adenine base. The most common,
conserved sequence and structural motif for binding ATP
is the Walker-A motif, or P-loop, found in many different
protein structural families. Greater variation in the
sequence of the P-loop is being recognized, as more ATP-
binding proteins are being structurally and functionally
characterized. In contrast to the P-loop, recognition of the
adenine base often makes use of conserved structural
motifs of main-chain atoms via hydrogen-bonding inter-
actions, or side-chains in stacking interactions, without a
definitive amino acid sequence pattern.

Introduction

Many proteins of prokaryotic and eukaryotic origin bind
the mononucleotides adenosine 5'-phosphate (ATP) or
guanosine 5'-phosphate (GTP). P-loop NTPases (nucleo-
side triphosphatases), as an example, represent ~ 10—-18%
of proteins in sequenced genomes (Koonin et al., 2000).
These proteins are associated with numerous functions,
including various kinases that fulfil fundamental metabolic
functions via a variety of signalling, regulatory and trans-
port molecules through transfer of the y-phosphoryl moi-
ety from ATP. Other enzymes, nucleotide hydrolases, often
utilize ATP or GTP hydrolysis as a source of chemical
energy for transport of ions, small molecules and proteins
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or to elicit conformational changes in proteins. Specific
residues of proteins recognize distinct regions of the ATP
molecule (adenine base, ribose sugar and triphosphate),
and have evolved over time, such that in many cases a
fingerprint motif can be discerned, either at the level of a
conserved sequence or a conserved structural arrangement.
The sequence and structural features of proteins respon-
sible for specific recognition of ATP continues to be an
active area of research, as more proteins are identified from
large-scale genome sequencing projects. Parallelly, the
enormous increase in protein structural information con-
tained within the Protein Data Bank (http://www.rcsb.org/
pdb/home/home.do; Berman et al., 2000) now allows a
more systematic, molecular-level view of ATP-protein
interactions, as well as their classification. The breadth of
sequence space devoted to proteins that bind ATP is
impressive, with over 300 sequence families of ATP-bind-
ing proteins annotated within the Protein Families (Pfam)
database (http://pfam.sanger.ac.uk/; Finn et al., 2008). See
also: Adenosine Triphosphate; Bacterial Membrane
Transport: Superfamilies of Transport Proteins; Ion
Motive ATPases: V- and P-type ATPases; Nucleotides:
Structure and Properties; Protein Structure

P-loop or Walker-A Motif

Sequences and structural features of the P-
loop

The best-known and earliest motif related to ATP-binding
is the Walker-A sequence motif, GX,GK[S/T], originally
found as a common nucleotide-recognition sequence in
diverse proteins (Walker er al., 1982; Table 1). Sub-
sequently, the Walker-A sequence and variants thereof
have been identified and classified in a great number of
ATP-binding proteins (reviewed in Koonin, 1993; Traut,
1994; Leipe et al., 2002, 2003, 2004). Subsequent structural
analyses, beginning with that of adenylate kinase (Schulz et
al., 1974), and subsequently of numerous other proteins
revealed that this sequence forms a Gly-rich loop often
within a core o/B/a fold (Milner-White ez al., 1991). Several
classes of proteins that bind and act on ATP or GTP have
such Gly-rich loops (Bossemeyer, 1994) or the P-loop
(Saraste et al., 1990). The loop region, found between a [3-
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strand and an o helix, contains a pair of sequence- and
structure-conserved Gly residues important for main-chain
hydrogen-bonding interactions with the phosphoryl moi-
eties of the nucleotide, a partially conserved basic residue
near the N-terminus of the o helix that has been implicated
in phosphoryl transfer, as well as a conserved Ser or Thr
residue that directly or indirectly coordinates a catalytic
Mg " ion. The conserved Gly residues are key structural
elements in this sequence, imparting the flexibility needed
for adopting the loop structure, and have torsion angles
that would, for the most part, be incompatible with resi-
dues that have side-chains (Schulz, 1992). The conserved
basic residue, either a Lys or Arg, has been postulated to
have a catalytic role via neutralization of the negative
charge on the B-y bridge oxygen atom during phosphoryl
transfer. This Lys can also contribute in determining the
relative orientation of the B- and y-phosphoryl groups,
such that they can adopt a higher-energy eclipsed con-
formation, as in phosphoenolpyruvate carboxykinase
(PCK) (Delbaere et al.,2004), as opposed to a lower-energy
staggered conformation. An example of a P-loop motif,
from yeast adenylate kinase, is depicted in Figure 1.

A second sequence, the Walker-B motif, contains a
conserved Asp or Glu residue at the C-terminal end of a -
strand, often preceded by a stretch of four hydrophobic
residues, with this acidic residue coordinating a Mg2 * ion
(or to lesser extent Mn>" or Ca®") essential for catalysis,
either directly or indirectly via a water molecule. In some
cases, such as the nucleotide-binding domains (NBD) of
ABC (ATP-binding cassette) transporters, the acidic resi-
due acts as a base, abstracting a proton from water to effect
ATP hydrolysis (Rai et al., 2006; Carrier and Gros, 2008).
The P-loop kinases and NTPases can be differentiated by
the presence of an additional core B-strand in the later, as
well as a conserved glutamate residue, which functions by
activating a water to attack and hydrolyse the terminal (y)
phosphate (Leipe et al., 2003). Leipe et al. (2003) differen-
tiate two differing groups of P-loop NTPases, based on the
relative positions of the Walker-A and Walker-B motifs. In
the ‘KG-group’, the Walker-A and Walker-B motifs are
located on adjacent B-strands. A second group, including
several other P-loop ATPases, is found to have an add-
itional B-strand within the B-sheet that separates the two
motifs from one another. In some cases, notably in shiki-
mate and gluconate kinases, the Walker-B motif is absent
and is instead replaced by a DXD motif. Not all P-loop-
containing proteins possess a consensus Walker-B motif,
one of the most noteworthy examples being the PCK/
HprK kinases, in which this region is completely absent
(Leipe et al., 2003). In PCK, the coordination sphere of the
Mg”" jon is completed by three water molecules that in
turn form H-bonds to Asp268 and Asp269 (Tari et al.,
1996).

Themes and variations on the Walker-A and
Walker-B Motifs

With the large number of ATP-binding sequences and
structures now available, it is not surprising that deviations
and variations on the P-loop/Walker-A motif have been
discovered. The Ser/Thr residue can be found replaced by
Asp or Gly in some kinases, such as those that act on
nucleosides (Leipe et al., 2003). Further, examples are
coming to light where sequences that are not part of the
canonical Walker-A or Walker-B motifs alone are
important for high-affinity ATP-binding. An example of
this is the role of a sequence-conserved Asp residue, located
within the sensor 1 motif, which is important for high-
affinity ATP-binding by Escherichia coli DnaA, a member
of the AAA + superfamily (Kawakami et al., 2006). An
example containing a deviant motif'is the family of proteins
typified by MinD, a protein involved in bacterial cell div-
ision, which also includes the nickel-binding ATPase
COOCI (Jeoung et al., 2009). This family of proteins con-
tains a deviant Walker-A sequence, GKGGhGK][S/T],
where h is a hydrophobic residue (Koonin, 1993). Both Lys
residues are found to be necessary for function, with both
necessary for ATPase activity. Moreover, the first con-
served Lys residue plays a key role in stabilizing the dimeric
form of the enzyme in the presence of bound ATP, via
interactions between subunits. The nucleotide-binding
domain of fungal ABC transporters from Candida albicans
and related organisms contain a deviant Walker-A
sequence, GX4GK/CT/S, with the Cys residue important
in ATPase activity but not in ATP-binding (Jha et al.,
2003). In some proteins, such as a subset of AAA+
ATPases, the conserved Thr/Ser of the Walker-A motif is
replaced by Asn, yielding GX,GKN. Substitution of the
conserved Thrin another AAA + ATPase, ClpB, with Asn,
resulted in an enzyme in which nucleotide-binding and
activity were effectively uncoupled, demonstrating the
functional importance of the conserved Thr in most
AAA + ATPases (Nagy et al., 2009).

G-loop of protein kinases

Protein kinases exhibit a conserved core structure of an N-
and C-terminal domain, separated by a cleft. Nucleotide-
binding involves primarily the N-terminal domain,
involving interactions with residues from B-strands within
this segment. A loop (Gly-rich loop or G-loop) between the
B1-B2 strands within this domain adopts the consensus
sequence GXGXXG and folds down and clamps over the
a- and B-phosphoryl moieties of ATP, precisely orienting
the y-phosphate for phosphoryl transfer to the acceptor
protein (Bossemeyer, 1994). The structural context of the
G-loop is distinctly different from that of the P-loop, where
the loop occurs between a B-strand and an o helix. The
functional importance of the conserved Gly residues has
been substantiated by structural studies of protein kinases
bound to ATP (Zheng et al., 1993), as well as site-directed
mutagenesis, showing diminished ATP-binding and

2 ENCYCLOPEDIA OF LIFE SCIENCES © 2010, John Wiley & Sons, Ltd. www.els.net

s0004

p0004

s0005

p0005



AU:4

s0006

p0006

s0007

p0007

| Version 2.0 20022010 |

ATP-binding Motifs

catalysis, to varying extents, depending on the particular
protein kinase (Hirai ez al., 2000 and references therein).
The inherent flexibility of the loop, due to the Gly-rich
sequence, represents an important aspect of its functional
importance (Bartova et al., 2004). In a recent study, an
extended consensus sequence has been identified, [K/
R_4LGXGoXF[G/A]J[E/D]. 4V, (Barouch-Bentov et al.,
2009) that encompasses the original G-loop sequence. The
conserved Lys/Arg forms a salt bridge with the corres-
ponding Glu/Asp, limiting the flexibility of the G-loop and
thereby influencing ATP-binding and catalysis. Mutations
that disrupt this salt bridge are found to impair in vivo
function. This sequence motif is found in phylogenetically
diverse kinases, including the tyrosine kinases belonging to
the Src (sarcoma) family and Abl (Abelson murine leu-
kaemia viral oncogene), as well as the Ser/Thr protein
kinases CK2A1 and SLK (Barouch-Bentov et al., 2009).
See also: AMP-Activated Protein Kinase (AMPK)

Classification of P-loop containing proteins

P-loop nucleoside hydrolases are very ancient proteins, and
probably evolved early due to the use of ATP hydrolysis as
an essential way of generating energy for biomolecular
reactions. Since the early studies on the identification of the
sequence and structural description of this motif, many
studies have collectively defined the various protein
families containing the sequence and structural signatures
of the P-loop. Some (but not all) kinases contain a P-loop,
and are one of the larger and important groups of P-loop-
containing proteins, and have been classified at the level of
structure and sequence. P-loop-containing proteins can be
divided into ~ 40 distinct families within the P-loop
NTPase fold (Leipe et al., 2003). It has been suggested that
a common ancestral enzyme led to the P-loop kinases and
GTPase classes, respectively. A similar analysis has been
performed on the sequences and structures of P-loop
GTPases (Leipe et al., 2002). A new class of P-loop
NTPases, the signal transduction ATPases with numerous
domains (STAND), has also been identified (Leipe et al.,
2004).

Recognition of the Adenine base

Itis not just the phosphoryl moieities of the nucleotide that
bind to sequence or structure-conserved elements within
proteins. It became evident some time ago that the recog-
nition of the adenine portion of ATP bound to proteins
involved various combinations of residues, without
revealing a specific motif that could be recognized at the
level of protein sequence. Although the importance of
hydrophobic ‘sandwich’ interactions for adenine-binding
were recognized, the idea that there could be a conserved
pattern of hydrogen-bond donor and acceptor interactions
was not initially appreciated, due no doubt, in part, to the
limited quantity of structural information available when
the first systematic analysis was performed (Moodie et al.,

1996). The first clues that this would be a structural motif
rather than one based on sequence came from the common
adenine-binding site identified within D-Ala: D-Ala ligases
and cAMP (cyclic adenosine monophosphate)-dependent
protein kinases (Kobayashi and Go, 1997). This recog-
nition site involved four residues that formed main-chain
donor (amide NH or carbonyl O atoms) and acceptor H-
bond interactions, with the N1 and N6 atoms of the
adenine base. The concept of a structural motif for aden-
ine-binding was further reinforced in a study involving
additional ATP-bound structures, including proteins from
12 different folds, revealing a common mode of adenine-
binding in 8 of these folds (Denessiouk and Johnson, 2000).
All 12-folds revealed two common H-bond interactions
and three conserved aliphatic interactions with the adenine
base. Subsequently, this analysis was expanded, showing
that the mode of protein-adenine recognition found for
ATP was in fact common to adenine found as a part of
other cofactors, including coenzyme A (CoA) and NAD/
NADP (nicotinamide adenine dinucleotide phosphate)
(Denessiouk ef al., 2001). It appears that the requirements
for adenine recognition by proteins should be thought of
using the concept of atomic specificity as opposed to resi-
due specificity (Kuttner et al., 2003), which helps to
understand why no single, specific sequence motif respon-
sible for adenine-binding has been identified. See also:
Enzymes: Coenzyme A dependent; NAD © and NADP ™ as
Prosthetic Groups for Enzymes

In many P-loop-containing proteins, a conserved Arg
residue can often be identified that interacts with the
adenine base (Leipe et al., 2003). This Arg is part of a
sequence motif, usually RX, 3R, with the first Arg
interacting with the nucleotide base. The second Arg resi-
due is frequently found to interact with the y-phosphoryl
group of ATP and is predicted to compensate the negative
charge in the transition state. Both residues can be substi-
tuted by Lys in some sequences and in the case of the first
Arg, other residues (Tyr/His) capable of stacking against
the apolar face of the base can be found instead. These
residues are located in helix 4.1, a structural element of the
LID module of P-loop NTPases. See also: Amino Acid
Side-chain Hydrophobicity

The molecular basis for the recognition of the adenine
portion of adenylate molecules, including ATP, has
recently been systematically analysed based on 68 crystal
structures of at least 2.5 A resolution available in the Pro-
tein Data Bank (Mao et al., 2004). This analysis has
revealed that protein—adenine interactions are dominated
by hydrogen bonds, stacking (n—m interactions) between
aromatic residues (Phe, Tyr and Trp) with the adenine base,
and interactions between the positively charged side-chains
of Lys or Arg with the adenine aromatic ring (cation—mx
interactions; Mao et al., 2003). On average, each adenine—
protein interaction involves 2.7 hydrogen bonds, 1 n—n
stacking interaction and 0.8 cation—= interactions (Mao et
al., 2004). In the case of hydrogen-bonding interactions,
these most often involve main-chain atoms, rather than
side-chains, resulting in adenine-binding structural motifs
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that are not easily recognizable at the sequence level alone.
Two patterns of these main-chain hydrogen-bonding net-
works have been identified, involving either three residues
(iand i—2) or one residue. In either case, it is the N1 and N6
atoms of adenine that are involved in forming the hydrogen
bonds. The conserved nature of these two structural motifs
for adenine recognition, despite their presence in a variety
of different protein folds, suggests a common biological
solution to the problem of binding this base. The majority
of adenine rings in nucleotides are in the anticonformation
but in some instances, the adenine ring bound to kinases
adopts the syn conformation (Tari et al., 1996).

woos Q-motif

poo10 The Q-motif was discovered during experiments that

characterized functionally important regions upstream of
the Walker-A sequence region in DEAD-box RNA (ribo-
nucleic acid) helicases (Tanner et al., 2003; Cordin et al.,
2004). This motifis found ~ 17 residues N-terminal to the
Walker-A motif and contains a conserved region of 9
amino acids, ending with a highly conservedGlx. An aro-
matic residue, usually Phe and less often Trp, is found a
further 17 residues N-terminal to the Q-motif. Both in vivo
and in vitro experiments have demonstrated the functional
importance of residues within the Q-motif, in particular for
ATP-binding and hydrolysis. The conserved Glxwithin the
motif is observed to form H-bonds to the adenine base of
the nucleotide based on crystallographic data, whereas the
conserved aromatic residue is predicted to stack with the

adenine base. Since its original discovery, the Q-motif has

also been identified to function in viral terminase proteins
that package DNA (deoxyribonucleic acid) (Mitchell ez al.,
2002; Tsay et al., 2009).

50009 A-|00p

poo11 Recently, a region containing a conserved aromatic residue

found in the nucleotide-binding domain of ABC trans-
porters, designated the A-loop, has been identified. This
conserved residue is located ~ 25 residues upstream of the
Walker-A motif and appears to function through stacking
interactions with the ATP adenine base (Ambudkar ef al.,
2006). This residue is usually a Tyr, but can be substituted
by a Trp, or less often, by Phe. Substitution of Tyr by Phe or
Trp retained function in human P-glycoprotein, whereas
mutations that replaced the aromatic residue by Ala
resulted in loss of function (Kim et al., 2006). Crystal
structures of the NBD domains of ABC transporters with
bound nucleotide further demonstrate a stacking inter-
action between the aromatic residue of the A-loop with the
adenine base. There appear to be parallels between the A-
loop and Q-motifs, in that they share conserved aromatic
residue 25-30 amino acids N-terminal to a Walker-A
motif.

ATP-grasp Fold

In addition to the P-loop motif, a second class of ATP-
binding proteins has been identified having a different fold,
designated the palmate or ATP-grasp fold (Galperin and
Koonin, 1997; Figure 2). Enzymes having the ATP-grasp
fold include D-Ala:D-Ala ligase, biotin carboxylase and
glutathione synthetase. The ATP-grasp structure motif
consists of a pair of B-strands connected by a loop, together
creating a cleft in which the ATP binds. Most ATP-grasp
sequences contain a pair of conserved Lys or Arg residues
involved in binding the o- and B-phosphoryl groups of
ATP, as well as conserved Asp or Glu residues associated
with Mg? " -binding.
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10001 Table 1 Representative sequence motifs of ATP-binding proteins

Designation “Consensus “Variant(s) Function Reference
P-loop-associated motifs
Walker-A GX,GK[S/T Binding and orientation of Walker et al. (1982)
phosphoryl groups, phos- and Koonin (1993)
phoryl transfer
GX,GK[G/D] Found in nucleoside mono- Leipe et al. (2003)
phosphate kinases
KGGXGKIS/T]T ATP hydrolysis, dimerization Koonin (1993) and
Jeoung et al. (2009)
RGXPGXGKJS/
1]
GXGXXG G-loop or Gly-rich loop — Bossemeyer (1994)
binds o and § phosphates of
ATP in protein kinases
[K/ Modified G-loop containing Barouch-Bentov et
R_4,LGXGyXF[G/  basic and acidic residues to al. (2009)
A][E/D] 4V form salt-bridge stabilizing
loop
GX,GK/CT/S Found in fungal nucleotide- Jha et al. (2003)
binding domains of ABC and Rai et al.
transporters (2008)
GX4,GKN Subfamily of AAA+ ATPases  Nagy et al. (2009)
Walker-B *hhhhD hhhhE Interaction with metal ion Walker et al. (1982)
hhhDXTN (Mg>™) directly or via water
molecule; H-bond to S/T of
Walker-A motif
DxD motif DXD Alternative to Walker-B; Aravind and Koo-
interaction with metal ion, H- nin (1999)
bond to S/T of Walker-A motif
(selected kinases and nucleoti-
dases only)
Not-specified R(X,-3)R K(X,-3)K LID module of P-loop kinases;  Leipe et al. (2003)
interaction with adenine base,
interaction with y-phosporyl
group of transition state
Other motifs
A-loop X-Y/W/E/-X Essential for ATP-binding in Ambudkar ez al.
ABC transporters; located (2006) and Kim et
~ 25 residues upstream of the  al. (2006)
Walker-A motif
Q-motif F/W/Y-X6-G-X7- Found in DEAD box RNA Mitchell et al.

Q

helicases, and DNA termi-
nases, regulates ATP-binding
and hydrolysis

(2002); Tanner et
al. (2003) and Tsay
et al. (2009)

“Underlined residues have specific functional significance as discussed within the text. ‘X’ is any residue.
PHere ‘h’ designates a hydrophobic residue.
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f0001  Figure 1 Crystal structure of yeast adenylate kinase (pale green) bound to
the bi-substrate inhibitor bis(adenosine)-5'-pentaphosphate, (Ap5A) and
Mg?* at 1.96 A resolution (PDB 1AKY). The B-strand-loop-a-helix motif
containing the P-loop is coloured light blue, with the catalytic Lys16
coloured blue, and the three Gly residues of the P-loop coloured yellow.
Hydrogen-bonding interactions with the Ap5A inhibitor (red = oxygen,
blue = nitrogen, grey = carbon and green = phosphorous) are indicated as
grey dashed lines. This figure was prepared using PyMol 1.0r2 (http://
www.pymol.org).
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f0002 Figure 2 Crystal structure of biotin carboxylase (pale green) from
Staphylococcus aureus (PDB 2VPQ), highlighting interactions between ATP
with proteins belonging to the ATP-grasp fold. The ATP-grasp fold consists
of a o/B/a unit, including a pair of antiparallel B-strands connected by a
loop. This loop (light blue) contains a conserved Gly (Gly161) that forms a
hydrogen bond with the B-phosphoryl moiety. Additionally, sequence-
conserved hydrogen-bonding interactions involve a polar residue (Glu199)
with the N6 atom of the adenine base, as well as a pair of Lys residues
(Lys115, Lys157) with the a- and p-phosphoryl moietieis of ATP. This figure
was prepared using PyMol 1.0r2 (http://www.pymol.org/).
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