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Summary
The rate acceleration of ATP hydrolysis by F1Fo-ATP
residues involved are β-Thr156, β-Glu185 and β-Asp242.
Third, there is stabilization of a pentacoordinate
synthase is of the order of 1011-fold. We present a cyclic
phosphorus catalytic transition state by residues β-Lys155,
enzyme mechanism for the reaction, relate it to known F1
β-Arg182 and α-Arg376. Fourth, residue β-Glu181 binds
X-ray structure and speculate on the linkage between
the substrate water and stabilizes the catalytic transition
enzyme reaction intermediates and subunit rotation. Next,
state. Fifth, there is strong positive catalytic cooperativity,
we describe five factors known to be important in the
with binding of MgATP at all three sites yielding the
Escherichia coli enzyme for the rate acceleration. First, the
maximum rate (Vmax); the molecular basis of this factor
provision of substrate binding energy by residues lining the
remains to be elucidated.
catalytic site is substantial; β-Lys155 and β-Arg182 are
specific examples, both of which differentially support
substrate MgATP versus product MgADP binding. Second,
Key words: ATP synthesis, F1Fo-ATP synthase, rate acceleration,
octahedral coordination of the Mg2+ in MgATP is crucial
enzymatic mechanism, molecular mechanism.
for both catalysis and catalytic site asymmetry. The

Introduction
F1Fo-ATP synthase carries out two reactions, ATP synthesis
and ATP hydrolysis. The first occurs in mitochondria,
chloroplasts and bacteria, and is driven by proton gradient
energy. The second occurs in bacteria when metabolic
conditions dictate, generating a proton gradient to support
nutrient uptake and locomotion. In the past, virtually all
workers have assumed that the two reactions are reversible
using the same reaction intermediates although, as we discuss,
there are good arguments for writing separate, non-reversible
schemes. The hydrolysis reaction has been studied in far
greater depth and detail because of the availability of large
amounts of soluble F1 and because of its comparative ease of
manipulation and experimental study. For ATP hydrolysis, we
are now in a position to describe the mechanism of enzymatic
rate acceleration in detail, and that is the purpose of this article.
Work from our laboratory has utilized the Escherichia coli
enzyme so that, strictly speaking, the statements made here
refer to that system. However, given the extensive similarity
between the F1 portions of ATP synthases across species
boundaries, we expect the conclusions to be of general
applicability.
Catalytic sites of F1
X-ray structure analyses (Abrahams et al., 1994, 1996; Van
Raaij et al., 1996; Shirakihara et al., 1997; Orriss et al., 1998;
Bianchet et al., 1998) show the three catalytic sites of F1 at

interfaces between the α and β subunits, with the large majority
of protein-to-nucleotide ligands provided by the β subunit. The
three sites appear structurally asymmetric when binding
Mg–nucleotide, consistent with direct MgATP and
MgTNPATP equilibrium binding studies (Weber et al., 1993,
1994b; Weber and Senior, 1996). The binding affinities for
substrate MgATP are of the order of 1 nmol l−1, 1 µmol l−1 and
100 µmol l−1, respectively, at sites 1, 2 and 3, these values
being the same in F1 and in F1Fo (Weber et al., 1993; Löbau
et al., 1998). Given the cellular concentrations of MgATP (e.g.
3 mmol l−1 in E. coli; Kashket, 1982; Mathews, 1972), it is
evident that under physiological conditions all three catalytic
sites will be filled and there will be no permanently unfilled or
‘open’ site (Löbau et al., 1997a).
In addition to three catalytic sites, F1 contains three
noncatalytic sites that bind MgATP but do not hydrolyze it.
This provided a rich ground for confusion and controversy in
past studies, since it was often uncertain to which sites added
nucleotide was binding. However, the discovery of an
engineered tryptophan probe which specifically monitors the
occupancy of the noncatalytic sites (Weber et al., 1994a, 1995;
Weber and Senior, 1995, 1997a) solved this problem, and it is
now clear that the noncatalytic sites play no direct or regulatory
role in hydrolysis. Indeed, the reaction proceeds at a normal
rate whether the noncatalytic sites are filled or empty,
confirming earlier work (Wise and Senior, 1985).
Filling of catalytic site 1 alone with MgATP yields an
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extremely low net hydrolysis rate of approximately 0.001 s−1
(Penefsky and Cross, 1991), which is termed ‘unisite
catalysis’. Filling of two sites simultaneously (‘bisite
catalysis’) yields substantial rate acceleration, up to a few per
cent of the maximum rate, Vmax. However, to achieve
physiological rates capable of sustaining cell viability
(approximately 100 s−1), all three sites must fill with MgATP
(‘trisite or multisite catalysis’) (Weber et al., 1993, 1999;
Löbau et al., 1998). From the foregoing, it is apparent that, in
addition to such usual factors as substrate binding energy and
transition-state stabilization, which operate in single-site and
non-cooperative enzymes, positive catalytic cooperativity
between catalytic sites represents a major level of rate
acceleration in F1. This aspect of catalysis is not yet understood
in molecular terms and represents a task for the future.
Under conditions of rapid, steady-state, multisite hydrolysis,
two of the catalytic sites contain bound MgADP and the third
contains bound MgATP (Weber et al., 1996). When F1 is
trapped in a catalytic transition state by use of the transition
state analog MgADP•fluoroaluminate, all three catalytic sites
are seen to be filled by nucleotide (Nadanaciva et al., 1999a).
One site contains MgADP•fluoroaluminate bound with
extremely high affinity, which represents a true transition-state
complex. A second site contains MgADP•fluoroaluminate
bound more weakly, possibly with partial transition-state-like
structure, and the third site contains MgADP. At the time of
writing, it seems likely that only site 1 actually carries out the
hydrolysis reaction at any given time; however, this has not yet
been proved.
Proposed mechanism of steady-state MgATP hydrolysis
Fig. 1 shows the mechanism that we currently favor to
describe MgATP hydrolysis by F1. Beginning at state D, the
product MgADP has just dissociated, leaving one catalytic site
empty (O). The other two sites are of high (H) and medium
(M) affinity (sites 1 and 2 respectively). This corresponds to
the state of the enzyme in the X-ray structure of Abrahams et
al. (1994), with site O equivalent to the open ‘βE’ subunit. On
binding of MgATP, site O closes fully or partially to give a
site of low affinity (L) in state A. MgATP binding triggers a
conformational event (call it number 1), which promotes rapid
hydrolysis of MgATP at site H. We propose that the hydrolysis
reaction per se causes another major conformational event
(number 2), which brings about a change in binding affinity at
each of the three sites (shown by arrows in state B). Finally
inorganic phosphate (Pi) and MgADP dissociate (state C and
back to state D).
The striking demonstration of ATP-driven rotation of the γsubunit within the α3β3 hexagon (Noji et al., 1997) provides a
compelling argument for the idea that the three catalytic sites
switch their identities and therefore affinities with each 120 °
arc of γ-rotation, and this concept of a ‘binding change’ has
been incorporated into virtually all models of ATP hydrolysis.
We speculate that, in the mechanism described in Fig. 1, the
first conformational event, which occurs upon binding of
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Fig. 1. Proposed mechanism for MgATP hydrolysis by F1Fo-ATP
synthase under steady-state, multisite conditions. In one complete
cycle of MgATP hydrolysis, the enzyme passes through states A–D.
The three catalytic sites are labelled H (site 1 of highest affinity), M
(site 2 of intermediate affinity) and L (site 3 of lowest affinity).
These are all occupied states, and the β subunit is closed. In state D,
an open conformation of the catalytic site (O) occurs transiently, as
product release from site L leaves this site temporarily empty. The
mechanism is discussed in detail in the text. Note that the
diagrammatic representation of the enzyme molecule is turned 120 °
anticlockwise at the C to D step.

MgATP, is caused by the βE (site O, open β subunit) closing
fully or partially (state D to state A). This closing moves the γ
subunit, perhaps by up to 60 °, to bring it in apposition with α
subunits. Rapid hydrolysis of MgATP ensues at site 1 (H)
(state A to state B), and the reaction moves first the α/β
interface at site H and, as a consequence, also the γ subunit.
The mechanical trigger for this second conformational event
occurs at the α/β interface as the progression of the hydrolytic
reaction first through a pentacovalent phosphorus transition
state and then through a separation of MgADP from Pi drags
residues across this interface. The γ subunit moves around to
complete a 120 ° arc, thus causing the binding affinity change
by making new contacts to the β subunits adjacent to the ones
it originally contacted in state A. The β subunit that was
originally site M has now become site L and is free to assume
the open state, which spontaneously allows dissociation of
product MgADP. Proton movement is linked to conformational
event number 2, i.e. the same movement of γ that brings about
the binding affinity change.

Rate acceleration of ATP hydrolysis by F1Fo-ATP synthase
As to the question of whether ATP synthesis and hydrolysis
are reversible using the same reaction intermediates, i.e. by
simply utilizing bidirectional arrows in Fig. 1, we now believe
there are good arguments for exploring separate, nonreversible schemes. First, it may be noted that whereas isolated
F1 and F1Fo do not bind Pi to any extent at cellular (5 mmol l−1)
concentration in the absence of a proton gradient (Weber et al.,
1993; Löbau et al., 1998), the Km for Pi during ATP synthesis
is approximately 1 mmol l−1 (Wise and Senior, 1985; Fischer
et al., 1994; Al-Shawi et al., 1997). The presence of the proton
gradient during ATP synthesis increases the affinity for Pi by
orders of magnitude, in effect causing a phosphate binding
pocket to form in the catalytic site where one did not previously
exist. The proton gradient also modulates binding site affinity
for MgATP to allow product release during ATP synthesis
(Weber and Senior, 1997b; Al-Shawi et al., 1997). Second,
ATP-induced rotation of the γ subunit is probably driven, at
least in part, by the reaction step of hydrolysis, whereas in the
synthesis direction, the rotation of the γ subunit is Fo-induced
and drives affinity changes in the catalytic sites, with the
reaction step thought to be spontaneous.
Derivation of Gibbs free energy diagrams and binding
energies
In earlier work, our laboratory derived Gibbs free energy
diagrams to describe the catalytic pathway of unisite MgATP
hydrolysis in wild-type and several mutant enzymes (Al-Shawi
et al., 1990; Senior and Al-Shawi, 1992). Difference energy
diagrams for mutant versus wild type revealed steps that were
differentially affected by mutations. Binding energies at each
distinct catalytic step were deduced, from which it was
apparent that there were two steps in the pathway at which
major energetic transitions occurred, namely Pi binding/release
and MgATP binding/release. The mutant enzymes used were
ones then available and known to impair catalysis, but specific
roles could not be assigned in the absence of structural
information. However, it could be concluded that the catalytic
site behaved in general as a catalytic surface in which multiple
interactions between protein and MgATP were important and
contributed incrementally to catalysis by providing binding
energy in a sequestered and hydrophobic environment.
Extension of this work to multisite hydrolysis through the use
of Arrhenius plots and comparison of multisite versus unisite
characteristics of mutant enzymes indicated that multisite
catalysis, although clearly accelerated by additional factors,
retained essential unisite interactions (Al-Shawi et al., 1990).
Studies utilizing unisite catalysis must be viewed as empirical,
since the experimental conditions are far from physiological.
Because they avoid the complexities introduced by cooperative
site–site interactions, however, they have served to simplify the
system and have proved valuable for this reason.
After the X-ray structures became available, and with the
discovery of specific engineered tryptophan probes to monitor
catalytic site occupancy by Mg-nucleotides under steady-state,
multisite hydrolysis conditions (Weber et al., 1993, 1996,
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1998b), it has become possible to assign specific catalytic roles
to catalytic site residues, as will be described in the next three
sections.
Mg2+ ligands confer catalytic site asymmetry and are
essential for catalysis
Octahedral coordination of the Mg2+ in the MgATP
substrate molecule is achieved by direct first-sphere liganding
from O atoms of the β and γ phosphates and from the hydroxyl
side-chain of residue β-Thr156 (the residue at the end of the
Walker A consensus sequence), by second-sphere liganding
through a water molecule hydrogen-bonded to the carboxyl of
residue β-Asp242 (the residue at the end of the Walker B
consensus sequence) and by second-sphere liganding to two
water molecules hydrogen-bonded to the two oxygens of the
carboxyl of residue β-Glu185 (Weber et al., 1998a). Fig. 2
shows the proposed arrangement of these ligands around the
Mg2+. Octahedral coordination is optimal at the site occupied
by MgADP in the X-ray structure of Abrahams et al. (1994)
(βDP), but somewhat distorted at the other occupied site (βTP),
and on this basis we think these sites probably correspond to
site 1 and site 2, respectively.
MgATP is the substrate, and there is no hydrolysis of free
ATP. Removal of any one of the Mg2+ ligands by side-chain
mutagenesis impairs hydrolysis very strongly (by 2–3 orders
of magnitude). Free ATP binds to the three catalytic sites
with equal and relatively weak affinity (approximately
100 µmol l−1), in marked contrast to the asymmetry seen with
MgATP described above (Weber et al., 1994b, 1998a). An Xray structure of F1 obtained at saturating ATP concentration in
the absence of added Mg2+ shows the three catalytic sites filled
with nucleotide, but in a largely symmetrical arrangement
(Bianchet et al., 1998), in agreement with the binding data. A
catalytic transition state is not achieved with ADP and
fluoroaluminate in the absence of Mg2+ (Nadanaciva et al.,
1999a). Thus, it is clear that the engagement of the Mg2+
ligands and the degree to which optimal octahedral
coordination is achieved are critical factors in catalytic site
substrate binding asymmetry and in catalysis. The γ subunit is
distant from the catalytic sites and is unable to provide any
direct ligands to the bound nucleotide; its contribution to
catalytic site asymmetry must be indirect. By presenting three
different faces, one to each of the β subunits, the γ subunit
should be able to impose different conformational forms on
each β subunit, leading to differential engagement of the Mg2+
ligands at the three catalytic sites.
Three positively charged residues stabilize the catalytic
transition state
MgADP•fluoroaluminate binding was used as a probe of the
catalytic transition state, and it was found that three positively
charged residues located in the catalytic site, namely β-Lys155
(the ‘Walker A Lys’), β-Arg182 and α-Arg376, are each
required for transition-state stabilization (Nadanaciva et al.,
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Fig. 2. Ligands to the Mg2+ of bound
MgATP substrate in the F1 catalytic
site. The proposed octahedral
coordination of Mg2+ (green) of
MgATP. In the first coordination
sphere are oxygens (large red
spheres) from the β- and γphosphates of ATP and β-Thr156
hydroxyl. In the second coordination
sphere are three waters (cyan)
liganded to carboxyl oxygens of βAsp242 and β-Glu185. Solid black
lines show bonds. Dashed black
lines are used to outline the
octahedron formed by the Mg2+
ligands. The figure was created using
Rasmol software, courtesy of Dr
Roger Sayle, based on the X-ray
structure of the βTP catalytic site of
Abrahams et al. (1994). Escherichia
coli residue numbering is used.

1999a,b; S. Nadanaciva and A. E. Senior, unpublished work).
Mutagenesis of any one of these had a strong effect on
catalysis, reducing ATPase activity by three or more orders of
magnitude. These three residues are well-placed to hydrogen
bond to a pentacovalent trigonal bipyramidal phosphorus
transition state, as shown in Fig. 3. In addition, residues βLys155 and β-Arg182 also drive hydrolysis forward by
providing substantial binding energy for MgATP through
interaction with the γ-phosphate, especially at site 1 (Löbau et
al., 1997b; Nadanaciva et al., 1999b), yet at the same time they
do not stabilize binding of product MgADP to any significant
extent. Interestingly, residue α-Arg376, despite its apparent
proximity to the bound nucleotide in the X-ray structures,

Fig. 3. Proposed structure of the catalytic transition state in the F1
catalytic site. A pentacovalent phosphorus transition state is
shown. The Mg2+ is green, the putative attacking water is cyan.
Solid black lines represent the apical bonds. Dashed black lines
represent interactions that stabilize the transition state. The figure
was created using Rasmol software, courtesy of Dr Roger Sayle,
based on the X-ray structure of the βTP catalytic site of Abrahams
et al. (1994). Escherichia coli residue numbering is used.

appears to have little effect on MgATP or MgADP binding (S.
Nadanaciva and A. E. Senior, unpublished work). This residue
therefore shows certain parallels to the Arg residues from
GTPase-activating proteins that activate catalysis in G-proteins
by inserting into the catalytic site (Scheffzek et al., 1997;
Rittinger et al., 1997). In F1, catalysis will be possible only
after assembly of α and β subunits into a complex, because
only then will α-Arg376 be inserted into the catalytic site. This
requirement provides an explanation for the fact that isolated
β-subunit is hydrolytically inactive (Al-Shawi et al., 1991) and
provides a neat regulatory device to prevent ATP hydrolysis
by newly synthesized β subunit during assembly of F1Fo in the
cell.

Rate acceleration of ATP hydrolysis by F1Fo-ATP synthase
Residue β-Glu181 stabilizes the transition state and binds
the attacking water
β-Glu181 appears to ligand through its carboxyl oxygens to
a specific water molecule positioned appropriately to make
nucleophilic attack at the γ-phosphorus (Abrahams et al.,
1994). Whether base-catalysis is involved has been debated
elsewhere (Weber and Senior, 1997b). Mutagenesis of βGlu181 has very large impairing effects on catalysis (Senior
and Al-Shawi, 1992; Park et al., 1994), reducing hydrolysis by
three or more orders of magnitude, e.g. in the Gln mutant.
Transition-state stabilization was abolished by mutagenesis of
β-Glu181 to Gln (Nadanaciva et al., 1999a); however, no
significant effects were seen on MgATP or MgADP binding
(Löbau et al., 1997b) or Mg2+ liganding (Weber et al., 1998a).
The unique role of β-Glu181 therefore appears to be to
immobilize and polarize the attacking water, and the data
provide good evidence for a substantially associative reaction
mechanism. Fig. 3 shows the position of β-Glu181 in our
representation of the likely transition-state structure, with the
attacking water also shown.
Two mutations studied in earlier work and known to have
large, deleterious effects on catalysis were β-Met209 to Ile and
β-Arg246 to Cys (Al-Shawi et al., 1990). A ready explanation
for the effects of these mutations is now apparent from the Xray structures; both are in close proximity to residue β-Glu181.
β-Met209 lies 0.3–0.4 nm away from β-Glu181 (depending on
the exact atoms compared) and directs it towards the γphosphate of MgATP, consistent with our previous conclusion
that mutagenesis of β-Met209 perturbs the environment of the
catalytic site close to the site at which chemical bond cleavage
occurs (Al-Shawi et al., 1990). β-Arg246 is even closer to βGlu181, and a hydrogen bond is likely between the Arg NE
nitrogen and one of the Glu carboxyl oxygens, at a distance of
0.29 nm. We suggested previously a role for β-Arg246 in
conformational signal transmission necessary for multisite
catalysis (Al-Shawi et al., 1990); in all probability, this role is
linked to movement of β-Glu181. These mutations emphasize
the need for strict stereochemisty in this region, consistent with
the proposed role of β-Glu181.
Rate acceleration achieved by F1Fo-ATP synthase
Non-enzymatic rates of MgATP hydrolysis at neutral pH
in the literature are as follows: 10−5 s−1 at 80 °C (Tetas and
Lowenstein, 1963), 2×10−6 s−1 at 60 °C (Admiraal and
Herschlag, 1995) and 5×10−7 s−1 at 50 °C (Milburn et al.,
1985). Thus, the value of 3.8×10−9 s−1 at 23 °C quoted by
Mildvan (1997) seems reasonable. At neutral pH and 23 °C,
typical MgATP hydrolysis rates for different ATP synthases
are 50–100 s−1. The rate acceleration achieved by ATP
synthase is therefore of the order 1011 (Mildvan, 1997, gives
an estimate of 1010.7). It is apparent that, as Mildvan has
already pointed out, the effects of mutations within the
catalytic site are not additive. Considering β-Lys155, βArg182, α-Arg376 and β-Glu181 only, the sum of the
impairment created by mutation of these residues
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individually already exceeds the total catalytic capacity of the
enzyme, and further contributions to rate acceleration from
other residues, e.g. β-Tyr331, which are known to contact the
substrate, would be expected. Thus, the catalytic effects
of these residues are cooperative, as expected for the
mechanisms proposed here.

Conclusions
Rate acceleration of ATP hydrolysis in ATP synthase is
brought about by a number of factors. (1) Provision of substrate
binding energy by residues lining the catalytic site. β-Lys155
and β-Arg182 are specific examples, both of which show
differential binding of substrate MgATP versus product
MgADP and also differential binding of MgATP at the three
catalytic sites. (2) Liganding of Mg2+ in the Mg–nucleotide
substrate, involving catalytic site side-chains from residues βThr156, β-Glu185 and β-Asp242. (3) Stabilization of the
catalytic transition state by positively charged β-Lys155, βArg182 and α-Arg376. (4) Binding of the substrate water and
stabilization of the transition state by the specific ‘catalytic
carboxylate’ β-Glu181. (5) Positive catalytic cooperativity,
induced by binding of MgATP to the second and third sites on
the enzyme. The molecular basis of this last factor remains to
be elucidated.
This work was supported by NIH grant GM25349.
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